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ABSTRACT OF THE DISSERTATION 

 

Spectroscopy of Levitated Single Droplets: 

 Unraveling Physical and Chemical Properties of Atmospheric Aerosols 

 

 

by 

 

Pyeongeun Kim 

 

Doctor of Philosophy in Chemistry 

 

University of California San Diego, 2022 

Professor Robert E. Continetti, Chair 

 

 

Atmospheric aerosols are ubiquitous, and they have substantial impacts on climate and 

human health thus it is important to understand their physical and chemical transformation. 

However, physicochemical properties of aerosols are poorly understood due to the complexity 

of the system and difficulties in experiment. To accurately simulate the atmospheric aerosols in 
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the laboratory environment, particle levitation and non-destructive probing are crucial to 

monitor the change in physicochemical properties in real-time without contact. An environment-

controlled mobile electrodynamic balance (EDB) coupled with dual-beam laser spectroscopy 

setup was developed, achieving stable trapping of single droplet over a long period of time (~72 

hours) and providing information on size, phase, and chemical composition of trapped droplet 

by Mie scattering imaging (MSI) and Raman spectroscopy. 

The implementation of the custom-built EDB apparatus revealed new findings about the 

physical and chemical evolution of aerosol droplets. First, kinetic limitation of water diffusion 

was observed by the measurements of water diffusion coefficients in aqueous sucrose and 

aqueous citric acid droplets. The rates of water diffusion in single levitated droplets over a wide 

range of relative humidity (RH) were directly measured by H2O/D2O isotopic exchange. 

Although sucrose droplets show slower rate of water diffusion, the incomplete exchange of H2O 

to D2O was only observed for citric acid droplets. Second, the evolution of hydrogen bond 

interactions in sucrose and citric acid droplets versus RH was thoroughly investigated by 2D 

correlation analysis of Raman spectra. It was found that the hydrophilic functional groups 

govern the structures of hydrogen bond interactions with water, especially at lower RH 

conditions where the droplets experience metastable states. Next, the accelerated keto-enol 

tautomerization kinetics of malonic acid were quantized by spectroscopically monitoring the 

rate of C-H to C-D exchange at α-carbon. Lastly, reactions of nitrate anion (NO3ˉ) by the 266 

nm photoexcitation of sulfanilic acid were investigated in single acidic droplets. Absorption-

emission analysis supported by computational calculations of excitation energies suggest that 

the triplet-triplet energy transfer from sulfanilic acid triggers the reactions of nitrate. The 
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experimental results and analysis presented in this thesis can improve the fundamental 

understanding of physical and chemical transformations of atmospheric aerosols. 
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CHAPTER 1:  Introduction 

 

1.1:  Physical and Chemical Properties of Atmospheric Aerosols 

Atmospheric aerosols are ubiquitous in nature. The size of aerosols suspended in air can 

vary from few nanometers (nm) to hundreds of micrometers (µm).1 There are variety of sources 

that emit aerosols in the atmosphere such as breaking ocean waves,2,3 volcanic eruptions,4–6 dust 

storms,7,8 fuel combustion, and respiratory activities.9–11 When aerosols are directly emitted from 

the sources, they are called primary aerosols. Aerosols can also be formed by the nucleation of gas 

phase organic molecules with low volatility, which is often caused by photochemical reactions and 

oxidation with reactive atmospheric species.12,13 In this case where aerosols are formed by series 

of chemical reactions of gaseous precursors, and they are called secondary aerosols. A detailed 

understanding of the physical and chemical transformations of atmospheric aerosols is critical to 

accurately estimate their impacts on climate and human health. The goal of this thesis is to obtain 

such better understandings by studying single electrodynamically-levitated aerosol particles in 

controlled environments with Raman spectroscopy. 

Aerosols impact the temperature of the Earth by altering cloud albedo and radiative 

forcing.14 Aerosol particles serve as condensation nuclei for the formation of cloud droplets and 

atmospheric ice particles.15 Aerosols can directly affect the temperature of earth (direct effect). For 

example, collection of cloud droplets and ice particles can reflect sunlight, therefore they have a 

net cooling effect.16 Soot particles, however, have a heating effect on the atmosphere because they 

can absorb sunlight effectively.17 There are indirect effects of aerosols as well; microphysical 
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properties of cloud aerosols influence precipitation such as rain, snow, and hail.15 According to 

the report by intergovernmental panel on climate change (IPCC), the effect of anthropogenic 

aerosols on the radiative forcing of climate bears the largest uncertainty among other forcing 

agents, such as greenhouse gases, ozone, and surface albedo.18  

In addition to the impact on the climate, aerosols have significant negative effects on public 

health. Epidemiological and toxicological studies have shown that ambient PM2.5 (particulate 

matter diameter < 2.5 µm) induces variety of adverse health effects such as cardiopulmonary 

disorders, initiation and progression of diabetes, and adverse birth outcomes.19 In addition to poor 

outdoor air quality, it has been shown that indoor air pollution due to aerosols is also a significant 

threat to human health, especially in developing countries where biomass fuels are still used as an 

energy source.20 Recently, a number of studies have shown the viability of pathogenic bacteria and 

viruses in the aerosol forms including SARS-CoV-2, which is the cause of global coronavirus 

pandemic started in 2020.9–11,21,22    

Aerosols can undergo a variety of photochemical and oxidation reactions in the 

atmosphere, often referred toas aerosol aging, which in turn alters their physical and chemical 

properties related to the impacts on Earth’s climate and human health discussed above.23,24 Aging 

of aerosols occurs through reactions with oxidants in the atmosphere such as hydroxyl radicals 

(∙OH), and through various of photo-induced reactions by solar UV radiation.25–27 There is a strong 

correlation between the chemical composition of aerosols and important properties of aerosols 

related to climatic effects such as cloud condensation nuclei (CCN) activity and ice nucleation 

(IN) activity.28–30 Oxidation of organic molecules in aerosols can change the hygroscopicity, 

viscosity, and rate of water diffusion by increasing the O:C ratio of the aerosols.31–33 In addition, 

reactions of organic aerosols with solar UV radiation can lead to the generation of molecules with 
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a large number of chromophores, altering the light-absorbing properties of aerosols.14,34 Aging of 

atmospheric aerosol directly affects human health by forming amorphous coatings on the surface 

of aerosols, which enable long-range transport of carcinogens, such as polycyclic hydrocarbons.35–

37 

In terms of experimental methods for studying physical and chemical evolution of 

atmospheric aerosols, there are two distinctive approaches: ensemble-averaged studies of many 

particles, and single particle methods. For ensemble-averaged studies of aerosols, cloud chambers 

are used for measuring CCN and IN activities in terms of molecular composition of aerosols,38–40 

and flow tube reactors, often coupled with mass spectrometric analysis, are used to monitor the 

heterogeneous reactions of aerosols with reactive gases such as hydroxyl radical or ozone.41–43 

Aerosol samples from the cloud chamber or flow tube reactors are collected on the substrate for 

further chromatographic or spectroscopic analysis. The ensemble averaged method is useful, 

however, there are inherent limitations because the typical time needed for collection is relatively 

long (12 – 24 hours) and the samples can undergo modifications on substrate during storage and 

extraction.44 To overcome these limitations, analytical instrumentations for single particle 

approach to the aerosol physics and chemistry have been developed. Techniques such as single 

particle mass spectrometers,45,46 micro Raman spectroscopy,47 optical tweezers,48,49 and 

electrodynamic balances (EDBs)50–53 provide complementary information about the physical and 

chemical characters of single aerosol particles or droplets of dynamic size ranges (nm to µm). In 

particular, single particle levitation techniques such as optical tweezers and EDBs have large 

benefits for accurately mimicking atmospheric aerosols because of the lack of surface contact, 

which can lead to the heterogeneous nucleation. Since aerosols in the atmosphere can reach high 

solute concentrations above the solubility limit, especially in dry conditions, the contactless 
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levitation is essential for studying this metastable state of aerosol.51,54,55 The coupling of single 

particle levitation technique and vibrational spectroscopy such as Raman spectroscopy has 

facilitated a more thorough understanding of physical and chemical properties of aerosols by 

providing valuable information about the functional groups and molecular interactions in a non-

destructive manner. In the next two sections, an introduction of single particle levitation techniques 

and Raman spectroscopy will be given successively.  
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Figure 1.1:  The physical and chemical evolution of atmospheric aerosols have substantial 

effects on the global climate and human health. 

 

 

  

Figure 0.1:  The physical and chemical evolution of atmospheric aerosols 
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1.2:  Single Particle Levitation Techniques 

Levitation of small particles and droplets have drawn considerable attention of scientists 

in the past century.56 It is interesting that three breakthrough experiments in the field of particle 

levitation led to three Nobel Prizes throughout the development of the technique.  

Robert A. Millikan, a faculty at the University of Chicago designed an electrostatic 

balance, and measured the charge of the electron by analyzing the rate of falling charged oil 

droplets with and without the applied electric field.57 The measured value of elemental electric 

charge from this experiment is about 0.6% different from the currently accepted value of 1.602 × 

10-19 C. Millikan received the Nobel Prize in Physics in 1923. Electrostatic balances were used for 

the next decades for the study of levitated particles and droplets such as light scattering,58 droplet 

evaporation,59 photoionization,60,61 and thermophoretic force measurements.62,63  

In 1953, a major advance in particle levitation started at the University of Bonn, when the 

quadrupole ion trap mass spectrometer was developed by Wolfgang Paul.64 This apparatus was 

used to filter the molecular ions by quadrupole AC field, but it was soon recognized that it could 

also stably trap charged particles. Paul’s trap is also referred to as a quadrupole ion trap (QIT) or 

electrodynamic balance (EDB). Wolfgang Paul was awarded Nobel Prize in Physics in 1989. 

Wuerker et al. later adapted Paul’s configuration of quadrupole trap and designed another version 

of the EDB using a four-electrode system with a bi-hyperbolic cross section.65  

Lastly, trapping of a spherical particle or droplet can be achieved by using a highly focused 

laser beam and the optical gradient force exerted on the particle, and the instruments for this optical 

levitation technique are called optical tweezers. The principles of optical levitation by a single 

laser beam were established by Arthur Ashkin and by Roosen and Imbert.66–68 Nobel Prize in 
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Physics were awarded to Ashkin in 2018 for the invention of the optical tweezer. Optical tweezers 

have wide range of applications such as aerosol studies, nanoengineering, quantum optics and 

biological research.48,69 There are other techniques for particle levitation such as acoustic levitation 

and aerodynamic levitation.70,71 In this thesis, however, the levitation of aerosol particles or 

droplets was achieved using an EDB.  

EDBs have been widely used for the studies of atomic ions and aerosols. Davis and 

coworkers pioneered the research of aerosol physics and chemistry using EDB and light scattering 

properties.72,73 The analysis of angular-dependent Mie scattering intensity profiles and parameters 

of trapping condition such as AC frequency and levitation voltage provided information about 

evaporation rate, size, mass, phase-separation, and chemical reactions in aerosol particles.59,73–76 

Reid et al. extensively studied the important physical properties of atmospheric aerosols such as 

density, concentration, and refractive index as a function of relative humidity (RH).77–80 Chan and 

his group coupled an EDB with Raman spectroscopy to investigate hygroscopic properties and 

heterogeneous reactions of single aerosol particles.81–86 Recently, EDBs were combined with 

mass-spectrometer thus simultaneously allowing optical and mass spectrometric analysis.53,87,88 In 

the experiments described in later chapters single levitated particles inside the EDB were irradiated 

by a dual-beam laser with wavelengths of 266 nm and 532 nm. The 266 nm UV laser beam induces 

photoexcitation of organic photosensitizers in the droplet. Irradiation with the 532 nm laser probes 

chemical compositions by Raman spectroscopy and size and phase of the aerosol particle or droplet 

by Mie scattering imaging (MSI) in real-time.50–52 The application of Raman spectroscopy to 

aerosol research will be discussed in the next section.  
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Figure 1.2:  Schematic diagram of levitated droplet (blue sphere) in EDB with irradiation of 266 

nm and 532 nm laser beams. 

 

 

 

  

Figure 0.2:  Schematic diagram of levitated droplet in EDB 
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1.3:  Raman Spectroscopy 

To probe the physical and chemical properties of levitated aerosol particles or droplets, a 

non-destructive probing technique is necessary. Raman spectroscopy and Mie scattering imaging 

(MSI) are two laser-based techniques that utilize Stokes shifted and Rayleigh scattered light, 

respectively, from the levitated particle or droplet. In this section, a basic introduction of Raman 

spectroscopy will be given, and theoretical details will be described in Chapter 2.  

Along with infrared (IR) absorption, Raman scattering is used to obtain information about 

the structure and properties of molecules from their vibrational transitions.89 Figure 1.3 depicts 

the fundamental differences between IR absorption and Raman scattering in terms of interaction 

between vibrational energy levels and incoming light. In short, IR absorption spectroscopy utilizes 

the linear phenomena of light absorption by vibrating dipoles, which is polarized chemical bonds 

in this case, according to the natural frequencies of the vibration. When the energy incoming 

photon is resonant with the energy difference between ground (ν = 0) and first excited vibrational 

states (ν = 1), the molecule absorbs the photon and is elevated in vibrational energy. For this 

absorption to take place, it is necessary for the vibrational motion to involve changes in dipole 

moment of the molecule. For example, the bending mode of CO2 (linear O=C=C) is IR active but 

symmetric stretching mode is IR inactive because net change of dipole moment is zero for 

stretching motion. On the other hand, Raman scattering is a result of non-linear interaction of light 

and molecules, involving changes in polarization of electron clouds with respect to the molecular 

vibrations. For Raman scattering to occur, the changes in polarizability of the molecule at zero-

point of given vibration needs to be non-zero. Therefore, in the example of CO2, bending mode is 

Raman inactive but symmetric stretching mode is Raman active. The interaction between incoming 
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light and polarizability of the molecule promotes the molecule to the virtual state from ground 

vibrational state (ν = 0) and rarely, relaxing to the first excited vibrational state (ν = 1) as shown 

in Figure 1.3, as an example of Stokes-shifted Raman scattering.  

The intensity of Raman scattering with respect to the vibrational frequency of the molecule 

can be described in spectrum with x-axis defined as Raman shift in wavenumber (cm-1) as shown 

in Figure 1.4. Molecular vibrational motions such as libration (frustrated rotation), torsional, 

bending, rocking, wagging, symmetric, and asymmetric stretching can be detected by Raman 

spectroscopy with respect to the frequency of the specific vibration. Computational tools such as 

Gaussian09 software are often used to assign spectral peaks to the molecular vibrations through 

ab-initio or density functional theory (DFT) calculations.90,91 For example, Figure 1.4 shows the 

spectrum of an aqueous citric acid droplet revealing the C-H stretch peak near 2950 cm-1, broad 

O-H stretch band centered near 3300 cm-1, carbonyl stretch near 1700 cm-1, CH2 bending near 

1400 cm-1, and skeletal vibrations below 1000 cm-1.  

Raman spectroscopy has been a powerful tool for observing physical and chemical 

properties of atmospheric aerosols. The non-destructive nature of Raman scattering rules out the 

altering of physicochemical properties, which is often not the case for mass spectrometry or X-ray 

photoelectron spectroscopy. It also provides a real-time information about the sample which is 

important for monitoring the evolution of aerosol particles over time, making it especially useful 

for the single particle or droplet experiments. Raman spectroscopy has been widely used in the 

field of aerosol science, including but not limited to chemical characterization of single aerosol 

particles,92,93 rate of water diffusion in model organic aerosols,54,94 measuring aerosol pH,48,95,96 

hydrogen bond interactions,47,97 and heterogeneous reactions.82,83 The experimental setup used in 
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the studies described in this thesis couples single particle levitation of charged aerosol in an EDB 

with laser Raman spectroscopy, and will be discussed in detail in Chapter 2. 

 

 

 

 

Figure 1.3:  Energy-level diagram for IR absorption and Stokes Raman scattering for a 

vibrational transition between ν = 0 and ν = 1. On the left, a molecule absorbs a photon with 

energy of hν while on the right the scattered light lost energy of hν. 

 

  

Figure 0.3:  Energy-level diagram for IR absorption and Stokes Raman scattering 
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Figure 1.4:  Raman spectrum of an aqueous citric acid droplet. Assignments to the characteristic 

Raman peaks are given in the spectrum. ν and δ stands for stretching and bending of the atoms 

along the chemical bonds, respectively.  

 

 

  

Figure 0.4:  Raman spectrum of an aqueous citric acid droplet 
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1.4:  Structure of the Thesis 

This introduction has provided the background for the understanding of physicochemical 

properties of atmospheric aerosols and their impact to the environment and health. In the second 

chapter the experimental apparatus for single particle levitation and spectroscopy are described, 

including methods of data acquisition and analysis. With experimental methods established, a 

water diffusion study of model organic aerosols (sucrose and citric acid) is presented in the third 

chapter. In particular, the observed kinetic limitation of water in citric acid droplets is discussed in 

detail. This study of water diffusion provided the motivation for the concept of the fourth chapter, 

examining the evolution of hydrogen bond interactions in sucrose and citric acid droplets. 

Following these investigations of physical properties of organic aerosols, studies of chemical 

reactions will be presented. In the fifth chapter, accelerated kinetics of keto-enol tautomerization 

in malonic acid droplets will be reported. Finally, photo-induced reactions of nitrate anions by 

sulfanilic acid will be discussed in the sixth chapter. 
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CHAPTER 2:  Experimental Methods 

 

2.1:  Introduction 

In natural environments most aerosol particles and droplets are levitated in the air; 

therefore, to accurately investigate the physical and chemical properties of aerosols in-situ, 

levitation techniques and non-destructive probing are necessary. The single-particle approach to 

aerosol science has been developed and improved over the last 40 years to better understand the 

fate and environmental impacts of atmospheric aerosols.1 Unlike analyzing ensembles of particles, 

as most field and laboratory studies, experiments on single particles can provide a detailed picture 

of physicochemical evolution without averaging different mixing states and sizes of the particles. 

Important physicochemical properties have been studied in terms of single-particle aerosol or 

droplet, e.g., hygroscopicity,2–4 phase state,5,6 refractive index,7,8 hydrogen bond interactions,9,10 

water diffusion,11,12 pH,13,14 and heterogeneous reactions.15–17  

To further investigate the physics and chemistry of atmospheric aerosols at the single-

particle level, an EDB equipped with environment-control features and dual-laser beam (266 and 

532 nm) spectroscopy setup has been developed. A single charged particle or droplet can be 

levitated inside the trap for up to 3 days at controlled relative humidity (RH) and temperature for 

spectroscopic observation. The chemical composition of the droplet can be characterized by 

analyzing vibrational the vibrational spectrum through laser Raman spectroscopy by 532 nm probe 

beam, thus enabling real-time monitoring of chemical reactions in a single droplet. In addition, 

266 nm irradiation can induce photochemical reactions in the droplets. The phase and size of the 
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trapped particle were determined by Mie scattering imaging (MSI), which arises from the resonant 

interaction between incoming probe beam and the spherical particle. 18–20 

In this chapter, the theoretical principles of the EDB are described to provide detailed 

explanation of how a charged particle can be stably trapped in oscillating electric field. Then, the 

theoretical background for Raman spectroscopy is discussed from both classical and quantum 

mechanical perspectives. Lastly, fundamentals of MSI are examined in terms of the geometrical 

optics approximation. The theoretical development of each experimental technique is followed by 

a section showing practical applications and data acquisition procedures in the laboratory setting. 

 

2.2:  Electrodynamic Balance 

2.2.1:  Theory of Electrodynamic Levitation 

The electrode geometry of EDB used for the experiments in this thesis is based on the open-

electrode configuration by Schlemmer et al.,21 as later characterized by Trevitt et al.22,23 

Electrodynamic levitation of charged particles or droplets is achieved by oscillating quadrupole 

electric fields. The geometric configurations of EDBs are designed to provide sinusoidally time 

varying forces to the droplet, where the strengths are proportional to the distance from a center.24 

In this special case, the electric potential of oscillating quadrupole field can be given in cylindrical 

coordinates as 

𝜙𝑟,𝑧 =
𝜙0
𝑟0
2
(𝑟2 − 2𝑧2)                                                         (2.1) 
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where r0 is a trap-specific geometric parameter, 𝜙0 is the AC driving potential applied to 

hyperbolic electrodes. Here, 𝜙0 can be given as 

𝜙0(𝑡) = 𝑈0 + 𝑉0 sin(𝛺𝑡)                                                    (2.2) 

where 𝛺 = 2𝜋𝑓 is the angular frequency in hertz (Hz), U0 is the DC offset voltage applied, and V0 

is the voltage of the applied AC field. 

Under this condition, Mathieu’s differential equation can be used to describe the equations 

of motion of charged particles in electric field in terms of cylindrical coordinates.1,21 

𝑑2𝑢

𝑑𝑥2
+ (𝑎 − 2𝑞cos2𝑥)𝑢 = 0                                               (2.3) 

In equation 2.3, u represents either z or r axis, and 𝑥 = 𝛺𝑡/2 where 𝛺 is angular frequency and t 

is time. The dimensionless constants (a and q) in equation 2.3 are referred to as stability parameters 

given as, 

𝑎𝑧 = −2𝑎𝑟 = −
8𝑞𝑈0
𝑚𝑧0

2𝛺2
                                                       (2.4) 

and 

𝑞𝑧 = −2𝑞𝑟 = −
4𝑞𝑉0
𝑚𝑧0

2𝛺2
                                                        (2.5) 

where q is the charge of the particle and m is the mass of the particle.21,24 

Now, the equation of motion (equation 2.3) is solvable, and the solution can be expressed 

as an infinite series of harmonic functions, each proportional to exp (±𝛽𝑟,𝑧𝛺/2𝑡), where 𝛽𝑟,𝑧 are 
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functions of stability parameters 𝑎𝑟,𝑧 and 𝑞𝑟,𝑧.
24 When the voltage of the AC and offset DC fields 

are given, i.e., U0 and V0 are known, the two fundamental frequencies of orthogonal r and z 

components 𝜔𝑟,𝑧 = 𝛽𝑟,𝑧𝛺/2 govern the motion of the particle. These two frequencies (𝜔𝑟 and 𝜔𝑧) 

are often referred to as secular frequencies of motion. By measuring the secular frequencies of 

motion, mass-to-charge ratio (m/q) of the oscillating particle can be determined. In the adiabatic 

limit, where the amplitude of micromotions is negligible compared to the amplitude of the secular 

motion, motion of the trapped particle can be described by an effective harmonic potential 𝑉𝑒𝑓𝑓  in 

z-direction.21 

𝑉𝑒𝑓𝑓 =
1

2
𝑚𝜔𝑧

2𝑧2                                                                (2.6) 

In this case, the relationship between 𝜔𝑟,𝑧 and m/q can be given simply by using stability 

parameters (𝑞𝑟,𝑧), 

𝜔𝑧 =
|𝑞𝑧| 𝛺

2√2
=
√2𝑉0
𝑧0
2𝛺
(
𝑚

𝑞
)
−1

                                                   (2.7) 

and 

𝜔𝑧 = 2𝜔𝑟 .                                                                        (2.8) 

Using the relationships above, m/q can be expressed as equations 2.9 and 2.10.21,23 

𝑚

𝑞
=

𝑉0

√2𝜔𝑟𝛺𝑧0
2
                                                                (2.9) 

𝑚

𝑞
= √2

𝑉0
𝜔𝑧𝛺𝑧0

2                                                              (2.10) 
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Therefore, m/q of the trapped particle can be obtained by measuring secular frequencies (𝜔𝑟 or 

𝜔𝑧) of particle in oscillatory motion and knowing physical parameters (𝛺, 𝑧0, and 𝑉0) of the 

quadrupole electric field.21–26 

In case where the mass of the charged particles become sufficiently large, an external DC 

potential is required to compensate the gravitational force exerted on the particle. Here, the voltage 

of applied external DC (𝑉𝐷𝐶) can be used to determine m/q for the levitated particle.27,28  

𝑚

𝑞
=
𝐶0𝑉𝐷𝐶
2𝑔𝑧0

                                                               (2.11) 

In equation 2.11, 𝑔 is the acceleration of gravity, and 𝐶0 is an empirical constant dependent on the 

specific geometry of the EDB. Comparing equation 2.11 with equations 2.9 and 2.10 shows that 

the m/q of the levitated particle can be determined without measuring the secular frequencies when 

the particle is heavy enough to require external DC potential.29 
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Figure 2.1:  Graphical description of charged particle (red circle) trapped in the saddle point of 

oscillating quadrupole electric field. 

 

 

  

Figure 0.1:  Graphical description of charged particle trapped in the saddle point of oscillating 

quadrupole electric field 
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2.2.2:  Layout of the Electrodynamic Balance 

 

Although the theoretical and experimental development of EDBs have been significantly 

advanced over the decades, none of them are available commercially today. Therefore, the EDB 

used in this thesis was built in-house and upgraded over the past five years to investigate various 

aspects of aerosol chemistry and physics.30 As noted before, the geometry of the EDB used in this 

thesis is based on the open-electrode configuration by Schlemmer et al.21 and Trevitt et al.22,23  

Figure 2.2 shows the geometry of the EDB including all electrodes and the configuration 

of the charged droplet generator. For levitation of a charged droplet, two conical-shaped endcap 

electrodes carry the high-voltage (1.5 kV) AC potential. The sine wave with 2 V (rms) amplitude 

is generated by the Agilent Model 32210a waveform generator (synthesizer). This signal is then 

amplified to 10 V by a Krohn-Hite Model 7602M pre-amplifier, followed by high-voltage 

amplification to 1.5 kV by Matsusada AMS 1.5B20 HV amplifier. The synthesizer is connected to 

the data acquisition (DAQ) PC, enabling control of the frequency and amplitude of the initial sine 

wave. The connections for high-voltage AC potential generation are shown in Figure 2.3. The 

typical AC frequency range for droplet trapping is 60 to 180 Hz. In general, a lower AC frequency 

is required for larger droplets (higher mass), and higher frequency is needed for smaller droplets 

(as determined by equations 2.7 and 2.8). The endcap electrodes have a 1.5 mm cylindrical channel 

at the center, which enables a laser beam to pass through. This channel provides a pathway for 

calibration and alignment of the droplet when a 633 nm He-Ne laser is used, or for photoexcitation 

when the 266 nm output of the Nd:YAG laser is used.  
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Figure 2.2:  Schematic representation of the EDB with a charged droplet generator. 

 

  

Figure 0.2:  Schematic representation of the EDB with a charged droplet generator 
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Figure 2.3:  Electrical connections for high-voltage AC potentials applied to the endcap 

electrodes. 

 

  

Figure 0.3:  Electrical connections for high-

voltage AC potentials applied to the endcap 

electrodes. 
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Additionally, there are eight rod electrodes mounted on the ceramic discs, surrounding the 

endcap electrodes. Six of the eight rod electrodes (steering rods) are electrically grounded and 

stabilize the alternating quadrupole electric field inside the trap. Two rod electrodes below the 

endcap electrodes provide compensation to the gravitational force applied to the charged droplet 

using a DC potential applied with the same polarity of the droplet charge. The DC potential for 

droplet levitation is provided by a SRS PS350 power supply, and the amplitude varies from 0 to 

±900 V depending on the mass of the droplet.  

Droplets introduced to the EDB are generated on-demand by the droplet generator module 

(Engineering Arts DE03) which controls the motorized syringe and piezoelectric dispense head 

with the tip. Overall layout for droplet generation is shown in Figure 2.4. The motorized syringe 

is equipped with a stepping motor and a 3-way valve which connects two of the three input/output 

ports. One of the ports is connected with the H2O reservoir. All the tubes are filled with water from 

the reservoir. To generate droplets from the sample solution, a small volume of the solution (~20 

µL) is aspirated into the dispense head with the diameter of 24, 40, or 67 µm diameter depending 

on the desired droplet size (bigger droplets with bigger diameter dispense head). A pulse signal is 

then sent from the computer to the piezoelectric drivers lined up along the dispense head to fire 

droplets into the trap. Typical conditions for droplet firing use a pulse frequency of 12.75 kHz and 

10 inbursts per trigger, i.e., 10 droplets are generated on one-click.  
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Figure 2.4:  Droplet generator with motorized syringe and USB controller.  

 

  

Figure 0.4:  Droplet generator with motorized syringe and USB 

controller 
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The metallic tip of piezoelectric droplet generator is grounded while a DC potential is 

applied to the inductive charging ring right below the tip using a SRS PS310 power supply. As 

droplets are generated from the tip, the electric field between charging ring and grounded tip 

induces an ionic imbalance in the solution, charging the droplets as they are shot through the 

tip.20,31 Typical amplitude for inductive charging of droplets is ±600 V. It is important to set 

opposite polarities of DC potential on inductive charging ring and levitation rods to provide 

Coulombic repulsion between the charged droplet and levitation rods.  

As the droplets are introduced into the EDB chamber, they equilibrate to the surrounding 

RH of the inner-chamber environment. The RH is controlled by using three digital mass flow 

controllers (MFCs, Alicat MC-500sccm) which mix dry nitrogen (N2) with the humidified N2 from 

the headspace of bubblers containing H2O or D2O. The layout for the humidity controller system 

is shown in Figure 2.5. MFCs are connected to the DAQ PC via USB and the mixing ratio of dry 

to humid N2 as well as the total flow rate can be controlled using LabVIEW software. The 

H2O/D2O switching is achieved by three solenoid valves as shown in Figure 2.5. Valves 1 and 2 

serve as an on-and-off switch for D2O bubbler while valve 3 switches the coupling between H2O 

and D2O with exhaust and input channel to the EDB chamber. The three solenoid valves are 

connected to the DAQ PC by a relay system and controlled by the LabVIEW software as well. The 

relays in the circuit can be activated by the 5 V signal from the National Instrument USB-6008 

multifunction I/O device.  

The dry and humid mixed N2 with desired RH is directed through copper tubing wrapped 

around and welded to a copper standoff in thermal contact with a Stirling cryocooler (Sunpower 

Cryotel CT) for a temperature-control capability. The RH and temperature inside the EDB are 

measured using a capacitive thin film polymer RH and temperature probe (Vaisala HMP110, 
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±1.5 % accuracy) placed into the Teflon channel approximately 25 mm above the trap where the 

airflow is passed directly over the sensor to the exhaust. 

Once the droplets are fired, the AC frequency of the endcap electrodes and DC levitation 

voltage are adjusted to successfully trap a single droplet at the focus of the 532 nm laser. Typical 

trapping conditions for medium-sized (~50 µm diameter) droplets are 120 Hz for AC frequency 

and ±250 V for DC levitation. When the trapped droplet is located at the focus of 532 nm laser, 

light scattering from the droplet reaches a maximum intensity. The image of the droplet with light 

scattering from the laser is shown in Figure 2.6. An ethernet-interfaced CCD camera (Allied 

Vision Mako GigE) is used to stream the image of the droplet real-time to the DAQ PC. The 

computer-controlled motorized shutter is opened when the droplets are introduced into the trap 

and closed once the droplet is trapped stably, to isolate the environment of the trap from the 

laboratory. 
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Figure 2.5:  Layout for automated humidity and H2O/D2O control. 

 

 

  

Figure 0.5:  Layout for automated humidity and H2O/D2O control 
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Figure 2.6:  The real-time image of the trapped droplet located at the focus of 532 nm laser. The 

path of the laser is seen as a dashed line along the center of the image. The scattered light shows 

hexagonal diffraction spikes due to the shape of the camera aperture.32 Two endcap electrodes 

can be seen on the left and right side of the image. 

 

  

Figure 0.6:  The real-time image of the 

trapped droplet located at the focus of 532 

nm laser 
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2.3:  Aerosol Spectroscopy 

2.3.1:  Theory of Raman Spectroscopy 

Raman scattering is a fundamental form of molecular spectroscopy.33 Unlike elastic 

Rayleigh scattering, Raman scattering involves changes in energy in the process, due to the 

interaction between light-induced polarizability change and molecular motion. Raman scattered 

light can gain or lose the energy with respect to the incoming irradiation, and the amount of change 

in energy is related to the energy difference between the Raman-active vibronic states of the 

molecule.34,35 In this thesis, vibrational Raman scattering caused by the change in the polarizability 

of the molecule with respect to its vibrational motion will be mainly discussed. The energy-level 

diagrams for Rayleigh and Raman scattering (Stokes and anti-Stokes shifted) are given in Figure 

2.7.  

To understand how the interaction between light (electromagnetic wave) and molecules 

produces Raman scattering, it is necessary to picture the dipole moment of the molecule with the 

external electric field. Using a Taylor’s series expansion, the dipole moment of the molecule can 

be expanded in a power series in the applied electric field (𝐸⃗ ), 

𝜇 = 𝜇 0 + 𝛼 ∙ 𝐸⃗ +
1

2
𝛽: 𝐸⃗ 𝐸⃗ + ⋯                                             (2.12) 

where 𝜇  is the net dipole moment of the molecule, 𝜇 0 is the permanent dipole moment, and the 

second and third terms describe induced dipole moments depend on polarizability (𝛼) and 

hyperpolarizability (𝛽). Raman scattering can be explained by the second (linear) term of the 
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equation 2.12, where the polarizability 𝛼 is involved. 𝛼 is a second-rank tensor whose components 

𝜌𝜎 terms are defined as equation 2.13.35 

 

 

 

 

Figure 2.7:  Energy-level diagram for Rayleigh (elastic) scattering and Raman scattering for 

vibrational transitions of a molecule from ν = 0 to ν = 1. The green dashed line represents 

excitation light with the energy hνi. The resulting Raman scattering can be lower in energy 

(Stokes-shifted) or higher in energy (anti-Stokes shifted).  

  

Figure 0.7:  Energy-level diagram for Rayleigh (elastic) scattering and Raman scattering 

for vibrational transitions of a molecule 
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𝛼𝜌𝜎 = (
𝜕𝜇𝜌

𝜕𝐸𝜎
)
0

                                                                   (2.13) 

The polarizability of an atom or molecule describes the response of the electron cloud to the 

influence of an external electric field. Therefore, large molecules with small permanent dipole 

moments are more polarizable than small molecules with large permanent dipole moments.36,37  

In molecules, the ability of the external field to induce a dipole moment depends on the 

vibrational frequencies because chemical bonds have their own natural vibrations. Using the 

harmonic oscillator approximation, a molecular vibration can be viewed as a motion of a spring. 

Then, Hooke’s law for restoring force (𝐹) can be applied to the chemical bond, 

𝐹 = −𝑘𝑥 = −𝑚𝜔0
2𝑥                                                           (2.14) 

where the force constant 𝑘 is related to the mass and the harmonic frequency 𝜔0.33,38 If a single 

electron along the bond axis is displaced by 𝑥 by the external field 𝐸, the induced moment 𝜇 can 

be given as  

𝜇 = −𝑒𝑥 = 𝛼𝐸                                                                (2.15) 

using the second term of equation 2.12. When the restoring force (𝐹) is balanced by the electric 

force −𝑒𝐸, the polarizability (𝛼) can be expressed as a function of vibrational frequency. 

𝛼 =
𝑒2

𝑚𝜔0
2                                                                     (2.16) 

Here, when the external electric field is a function of time,  

𝐸(𝑡) = 𝐸0 exp[𝑖(𝑘𝑦 − 𝜔𝑡)]                                                       (2.17) 
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the equation of motion of a vibrating electron with external field can be given as 

𝐹 = 𝑚
𝑑2𝑥

𝑑𝑡2
= −𝑒𝐸(𝑡) −𝑚𝜔0

2𝑥(𝑡) − Γ
𝑑𝑥

𝑑𝑡
                                      (2.18) 

In this equation the net force 𝐹 has three contributions, the first term as an electric force, the second 

term as a restoring force, and the third term a frictional force. The constant Γ represents a 

dampening that slows down the oscillation.35  

If the external field is polarized in the x direction and propagates in the y-direction, the 

displacement of the electron due to the field will be in x-direction. With this observation in mind, 

the solution for displacement x can be given as 

𝑥(𝑡) = 𝑥0 exp[𝑖(𝑘𝑦 − 𝜔𝑡)].                                               (2.19) 

Plugging equation 2.19 into equation 2.18 leads to equation 2.20 

𝑥(𝑡) =
−(𝑒/𝑚)𝐸(𝑡)

𝜔0
2 −𝜔2 − 𝑖𝜔/𝜏

                                                    (2.20) 

where 𝜏 = 𝑚/Γ is the relaxation time for damping of the dipole oscillation. Expressing this result 

in terms of polarizability (𝛼) and generalizing by total of N electrons divided into 𝑓𝑗𝑁 groups 

having harmonic frequencies 𝜔𝑗 yield equation 2.21. 

𝛼(𝜔) =
𝑒2

𝑚
∑

𝑓𝑗

𝜔𝑗
2 −𝜔2 − 𝑖𝜔/𝜏

𝑗

                                           (2.21) 

This is the classical description of polarizability where the electron is interacting with the external 

time-dependent electric field. It is clear that the value of 𝛼 becomes large when the frequency of 
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external field (𝜔) is in resonance with one of the inherent vibrational frequencies of the molecule 

(𝜔𝑗). The derivation of equation 2.21 given here provides the groundwork for the theory behind 

relationship between the intensity of Raman scattering and molecular vibration.35 

From a quantum mechanical point of view, the Kramers-Heisenberg-Dirac (KHD) 

equation can be used to describe the transition polarizability tensor (𝛼𝜌𝜎)𝑖𝑓 

(𝛼𝜌𝜎)𝑖𝑓 =
1

ℏ
∑[

⟨𝑖|𝜇𝜎|𝑛⟩⟨𝑛|𝜇𝜌|𝑓⟩

𝜔 + 𝜔𝑛𝑓 + 𝑖Γ𝑛
−
⟨𝑖|𝜇𝜌|𝑛⟩⟨𝑛|𝜇𝜎|𝑓⟩

𝜔 − 𝜔𝑛𝑖 − 𝑖Γ𝑛
]

𝑛

≡ ⟨𝑖|𝛼̂𝜌𝜎|𝑓⟩             (2.22) 

where ℏ is Planck’s constant (h) divided by 2π, and the polarizability tensor with 𝜌 and 𝜎 Cartesian 

directions is connecting vibrational states i and f.34 Equation 2.21 has a similar physical 

interpretation with equation 2.20, i.e., the transition polarizability becomes large when the 

frequency of incident light 𝜔 is close to that of a i → n transition 𝜔𝑛𝑖. The case when the value of 

𝜔 is close to the value of 𝜔𝑛𝑖  is referred as a resonance condition.35,39 

The transition operator (𝛼̂𝜌𝜎) for Raman scattering in a polyatomic non-linear molecule 

with N atoms is given as equation 2.23 

𝛼̂𝜌𝜎 = ∑ (
𝜕𝛼𝜌𝜎

𝜕𝑄𝑖
)
0

3𝑁−6

𝑖=1

𝑄𝑖                                                       (2.23) 

where 𝑄𝑖 is the normal coordinate of i-th normal mode, and there are 3𝑁 − 6 normal modes. For 

linear molecules, the total number of normal modes would be 3𝑁 − 5. The subscript zero means 

the derivatives are evaluated at zero electric field. The Raman activity of a vibration depends on 

(𝜕𝛼/𝜕𝑄)0, the change in polarizability during the vibrational motion, i.e., (𝜕𝛼/𝜕𝑄)0 of a 

molecular vibration mush have be non-zero value to be Raman-active.33 Figure 2.8 depicts two 
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cases of polarizability versus normal coordinate during vibration. The slope of the graph at 𝑄0 

must be non-zero to have Raman activity. For example, the slope at Figure 2.8A is zero, thus this 

vibration is Raman inactive, and the vibration in Figure 2.8B is Raman active because the slope 

has non-zero value. 33 

 

 

 

 

 

 

Figure 2.8:  Polarizability versus normal coordinate for (A) Raman inactive and (B) Raman 

active normal modes. 

 

  

Figure 0.8:  Polarizability versus normal coordinate for Raman-

inactive and Raman-active normal modes 
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When the energy of incident radiation has far less energy than the resonance condition (off-

resonance limit), the expression for polarizability can be simplified as 

(𝛼𝜌𝜎)v′v′′ =
1

ℏ
∑[

(𝜇𝑔𝑒
0 )

𝜌
(𝜇𝑔𝑒
(𝑖))

𝜎
⟨v′|𝑄𝑖|v

′′⟩

𝜔0 + 𝜔𝑒𝑔
−

(𝜇𝑔𝑒
0 )

𝜎
(𝜇𝑔𝑒
(𝑖))

𝜌
⟨v′|𝑄𝑖|v

′′⟩

𝜔0 −𝜔𝑒𝑔
]

𝑛

 

≡ 𝛼𝜌𝜎
(𝑖)⟨v′|𝑄𝑖|v′′⟩                                                                                       (2.24)     

where the transition dipole moment from the ground to excited electronic state according to 

Franck-Condon approximation is given as 𝜇𝑔𝑒
0 , the derivative of transition dipole moment is 

defined as 𝜇𝑔𝑒
(𝑖)

, and index of v represents vibrational quantum numbers. Since the eigenfunctions 

of harmonic oscillator form an orthogonal basis set,40,41 ⟨v′|𝑄𝑖|v′′⟩ vanishes unless v′′ = v′ ± 1, 

thus giving the selection rule for Raman scattering (𝛥𝜈 = ±1). Finally, the matrix element of the 

normal coordinate contributing to the polarizability is for Stokes-shifted Raman scattering when 

v′′ = v′ + 1 and anti-Stokes when v′′ = v′ − 1 (Figure 2.7).34,35 

In conclusion, Raman spectroscopy uses the inelastic scattered light which is shifted in 

frequency (energy) from the incident radiation by the vibrational energy that is gained or lost in 

the molecule. Therefore, measured Raman spectra provide information about the structure of 

molecules and the intermolecular interactions in Raman shift as a unit in wavenumber (cm-1). This 

technique is non-destructive because the energy of irradiation – usually laser – is far lower than 

the energy of electronic excitation of small molecules of interest.42 For these reasons, Raman 

spectroscopy can be considered as one of the ideal tools to probe physical and chemical properties 

of levitated aerosol particles or droplets in real-time.9,11,43,44  
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2.3.2:  Mie Scattering Imaging 

The phase and size of the trapped single particles or droplets can be measured from the 

angular scattering pattern of elastic scattering intensity. The interaction of light with spherical 

particles was described by Gustav Mie, and the theoretical treatment is referred to as Mie theory.45 

According to the Mie theory, the amplitude of an elastically scattered photon (I) is dependent on 

the scattering angle (θ) and the size parameter of the sphere defined as 𝑥 = 2𝜋𝑟/𝜆 where r is the 

radius, m is the refractive index of the sphere, and λ is the wavelength of light (electromagnetic 

wave). This relationship can be expressed as equation 2.22. 

𝐼(𝑥,𝑚, 𝜃) = ∑
2𝑛 + 1

𝑛(𝑛 + 1)
[𝑎𝑛(𝑥,𝑚)𝜋𝑛(cos𝜃) + 𝑏𝑛(𝑥,𝑚)𝜏𝑛(cos 𝜃)]

𝑁

𝑛=1

           (2.25) 

Here, 𝑎𝑛(𝑥,𝑚) and 𝑏𝑛(𝑥,𝑚) are defined as scattering coefficients, and 𝜋𝑛(cos 𝜃) and 𝜏𝑛(cos𝜃) 

are angular coefficients. Using a 2D CCD detector, light scattered from the spherical particle or 

droplet can be collected with 20 – 30° solid angle then information on size and refractive index 

can be obtained through Mie theory.  

Mie theory is developed by applying Maxwell’s equations to the sphere, and a somewhat 

rigorous calculation is needed to derive the planar wave equations (light) in spherical harmonics 

(particle).46 However, when the size of the sphere is significantly larger than the wavelength of 

light, the geometric optics approximation can be made for simpler applications of Mie theory.18 

The geometric optics approximation treats the spherical particle as a spherical lens and the path of 

the incoming light can be describes in terms of partial reflection and refraction for each ray that 

interacts with the particle. Glantsching et al. showed the angular scattering intensity of water 

droplets with diameter 10 and 50 µm calculated using geometrical optics approximation agrees 
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well with the Mie theory.18 According to the geometrical optics approximation, the radius of the 

droplet can be determined by equation 2.23 

𝑟 =
𝜆

𝛥𝜃

(

 cos
𝜃

2
+

𝑛 sin
𝜃
2

√1 + 𝑛2 − 2𝑛 cos
𝜃
2)

 

−1

                                  (2.26) 

where 𝛥𝜃 (radian) is the spacing between light scattering pattern, 𝜃 is the median scattering angle, 

and n is the refractive index. Equation 2.23 can be applied to the determination of spherical droplet 

size by measuring 𝛥𝜃 from the image collected from CCD camera. This method of droplet-size 

measurement is referred to as Mie scattering imaging (MSI). An example of scattering image of 

the levitated droplet and processing is shown in Figure 2.9. The intensity values of the 2D image 

array are summed along the vertical axis of the image to produce the intensity spectrum as a 

function of scattering angle as shown in the plot below the scattering image in Figure 2.9. The 

intensity spectrum is then processed by a fast Fourier transform (FFT) to convert scattering angle-

domain information into the frequency-domain. As a result of the FFT, frequency (𝛥𝜃, degree-1) 

of the scattering image can be obtained my locating the maximum magnitude of the frequency-

domain plot (right-hand side of Figure 2.9). The computational processing of the geometric optics 

approximation with FFT is less demanding than the Mie theory calculations, enabling real-time 

size determination of a trapped droplet when refractive index (n) of the droplet is known. The 

geometrical optics approximation of Mie theory and MSI has been used in various aerosol studies, 

such as measuring evaporation rate of volatile components,47 size determination of small 

particles,19 vapor pressures of organic-inorganic mixture droplets,48 and hygroscopicity of organic 

aerosols.4 
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Figure 2.9:  Mie scattering imaging (MSI) of a levitated droplet.  

 

 

  

Figure 0.9:  Mie scattering imaging (MSI) of a levitated droplet 
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2.3.3:  Laser and Spectrometer Setup 

The environmental-controlled EDB is equipped with a dual-beam laser spectrometer setup 

that enables in-situ monitoring of droplet size by MSI, chemical compositions as well as 

intermolecular interactions by Raman spectroscopy, and studies of single-droplet photochemistry 

using the 266 nm laser. The layout of EDB with laser paths and optics are shown in Figure 2.10. 

The 266 and 532 nm output (4th and 2nd harmonic) of pulsed Nd:YAG laser (RPMC Wedge XF, 

3.5 µs pulse width, 80kHz repetition rate) irradiate the levitated droplet perpendicular to each 

other. The laser produces both output wavelengths simultaneously, and a motorized filter flip 

(Thorlabs MFF 101) mounted with 266 nm long-pass filter (Semrock RazorEdge U-grade) is used 

as a switch for 266 nm output. When UV irradiation is not required, the 266 nm output is filtered 

out and only 532 nm output is directed to the trap. A harmonic beamsplitter (Thorlabs HBSY134) 

is located past the motorized filter flip, where the 266 nm beam is reflected, and the 532 nm beam 

is transmitted. After the harmonic beamsplitter, the 532 nm beam is directed to the trap by Nd:YAG 

mirror (NB1-K13) and 532 nm dichroic beamsplitter (Semrock RazorEdge). The dichroic 

beamsplitter serves as a mirror for 532 nm beam, thus the path of the beam is aligned to the droplet 

by adjusting the Nd:YAG mirror and the beamsplitter. The 532 nm beam is then focused on the 

levitated droplet by a focusing lens (Thorlabs LA1590 0.5” F = 25.0 mm) attached to the stainless-

steel trap housing. 

The droplet irradiated by the 532 nm laser produces elastic (Mie) and inelastic (Stokes-

shifted Raman) scattering, and both signals contain valuable information. The Mie scattering 

image is collimated by a lens attached to the trap housing, then collected by a CCD camera (Allied  
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Figure 2.10:  The EDB with Raman spectroscopy and MSI setup. 

 

  

Figure 0.10:  The EDB with Raman spectroscopy and MSI setup 
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Vision Mako GigE) equipped with a polarizer which enhances the definition of the image. The 

collection angle for Mie scattering is 135° with respect to the laser path (45° forward) and the solid 

angle is 16.3°. An example of the image collected by the CCD is shown in Figure 2.9. Because 

the regular pattern is observed only when the droplet is perfectly spherical, information about the 

phase can be achieved from the shape of the pattern. For example, when the droplet undergoes 

efflorescence, the Mie scattering image no longer shows a regular fringe pattern, instead a noisy 

laser-speckled signal is observed. When the droplet is in the liquid phase, i.e., spherical shape, the 

size of the droplet can be measured by MSI described in Figure 2.9 and equation 2.23. This method 

of FFT processing the image can achieve an accuracy of ± 100 nm for droplets.4  

The back-scattered Raman signal is collimated by the focusing lens attached to the trap 

housing, focused by a F = 100 mm plano-convex lens (Thorlabs LA1251-A), and collected to the 

multimode optical fiber (Thorlabs BFL105LS02 round-to-linear, ϕ105 µm). The optical fiber is 

connected to the f/4.1 spectrometer (Horiba iHR 320) with a fiber adapter (Horiba 220F). The 

spectrometer is equipped with a turret with three diffraction gratings (600 g/mm & 500 nm blazed, 

1200 g/mm & 500 nm blazed, and 1200 g/mm holographic). 600 g/mm grating was used for most 

of the measurements because it can cover the whole Raman spectral range from 300 cm-1 to 4000 

cm-1. The spectrum is collected by the TE-cooled, back-illuminated CCD detector (Horiba 

SynapsePlus BIUV) with 2048 x 512 pixels. The exposure time for Raman spectral measurements 

was 10 – 30 s, depending on the desired signal-to-noise ratio (S/N). Raman spectra of bulk samples 

(solution or solids) can be measured by inserting an NMR tube filled with sample into the trap. 

The calibration of the Raman spectrum was made by using four sharp Raman peaks of solid 

naphthalene (Raman shift: 513.8, 763.8, 1382.2, and 3056.4 cm-1) as shown in Figure 2.11. These 
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four peaks were used as reference points, and a linear regression was made between the 

corresponding pixel numbers and wavelength of the peaks converted from wavenumbers.  

 

 

 

 

 

 

Figure 2.11:  Raman spectrum of solid naphthalene used for CCD calibration. 

 

  

Figure 0.11:  Raman spectrum of solid naphthalene used for CCD calibration 
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Photochemistry of droplets with UV-absorbing molecules can be triggered using the 266 

nm beam of the Nd:YAG laser. When the motorized filter is lifted, the 266 nm output is reflected 

by the harmonic beamsplitter and directed to the trap by two laser-line mirrors (NB1-K04) 

perpendicular to the 532 nm output. The path of the laser is fine adjusted to pass through the holes 

of the endcap electrodes, so that the droplet is located within the path of the 266 nm beam (Figure 

2.10). The same path is used for calibration of the position of the levitated droplet and alignment 

of 532 nm laser with the droplet. For the alignment, 633 nm He-Ne laser (Uniphase Helium-Neon 

Gas Laser) with two broadband mirrors (Thorlabs BB1-E02) are used. The optimum position of 

the droplet is determined at where the 633 nm scattering signal measured from the spectrometer is 

maximum. After the position of the droplet is fixed, the path of 532 nm beam is adjusted for 

maximum illumination which can be observed from the real-time image collected by the Camera 

(Figure 2.6). Because there is only a single path available passing through two endcap electrodes, 

mirrors need to be altered according to the desired application (broadband mirror & 633 nm for 

alignment or laser line mirror & 266 nm for photochemistry). 

To summarize, in order to investigate the physical and chemical transformations of 

aerosols, the single particle levitation technique (EDB) is coupled with spectroscopic capabilities 

in the work described in this thesis. Droplets of sample solutions can be charged using an 

piezolelectric droplet generator in conjunction with an inductive charging ring, then introduced 

into the trap and stabilized by adjusting the AC frequency and amplitude and DC levitation 

trapping voltages. Once a single droplet is trapped, the 532 nm beam can be used to probe the 

phase, size, and chemical composition in real-time. The 266 nm beam can further induce 

photochemical reactions in the droplet in the presence of UV-absorbing molecules. In the 

following chapters, the applications of the EDB system to studies of physical properties (water 
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diffusion and hydrogen bond interactions) as well as chemical reactions (keto-enol tautomerization 

and photosensitized reactions of nitrate) of single levitated droplets will be discussed. 
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CHAPTER 3:  Kinetic Limitation of Water Diffusion in Aqueous Citric 

Acid Droplets 

 

3.1:  Introduction 

The discovery of highly viscous and glassy atmospheric aerosols1,2 has attracted attention 

due to the prospect for very slow kinetics governing chemical change in these systems.3–5 The 

reduced translational mobility of molecules in high viscosity droplets reduces the rate of 

equilibration while aqueous droplets with low viscosities establish equilibrium with the 

surrounding environment rapidly. This reduced mobility leads to decreases in heterogeneous 

reaction rates,6,7 impedes hygroscopic growth,8–10 and enhances ice nucleation.11,12 In order to 

quantify and model these phenomena accurately, an understanding of water diffusion within such 

aerosol particles is critical as water is often the most mobile component in a viscous aqueous 

solution. This work presents a method of measuring water diffusion spectroscopically using 

H2O/D2O isotopic exchange in single model organic aerosol using an electrodynamic balance 

(EDB). 

The Stokes-Einstein relation describes the diffusivity of solutes as a function of viscosity. 

A number of experimental techniques, both in the field and the laboratory, have been 

developed4,13–15 to measure the viscosity of individual aerosol particles. In particular, recent studies 

have examined the impact of chemical composition and oxidation state of a variety of organic 

compounds on viscosity spanning a dynamic range from 10-3 Pa·s to values above the glass 

transition of 1012 Pa·s.16 Experimental techniques for measuring viscosity are important for 
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understanding of how environmental factors impact the phase state and heterogeneous reaction 

rates of ambient aerosol. Aqueous sucrose droplets have been used as model systems for validating 

new techniques to measure viscosity of single aerosol, because they can undergo a change in 

viscosity of greater than 10 orders of magnitude between 0 – 100 % RH, allowing for the 

comparison of methods over a wide dynamic range.9,15 Sea spray aerosols (SSAs) has been shown 

to contain a significant fraction of organic material, particularly in the smaller size range (d < 

1µm).17 Sucrose-water and CA-water droplets can serve as benchmark systems to study the 

impacts of oxidized organic solutes to the viscosity of sea spray aerosols at varying RH conditions. 

However, application of the Stokes-Einstein relation to aerosols using viscosity measurements 

alone has been shown to provide only a lower bound to the estimation of the diffusion coefficient 

because of the ability of water molecules to percolate through channels in viscous matrices.16,18,19 

Therefore, techniques for measuring water diffusion rates independent from using viscosity data 

and Stokes-Einstein relation are necessary to accurately predict heterogeneous reaction rates and 

cloud activation processes. 

The development of methods to directly measure slow diffusion of water has been a 

challenge, and several complementary methods have been reported only in recent years. Zhu et al. 

quantified maltose diffusion using Raman microscopy and isotopic labeling by compressing a non-

deuterated and deuterated drop of maltose between two glass slides, creating an interface between 

the droplets where maltose molecules are being exchanged from both sides.20 The Raman C-D and 

C-H stretches near 2100 cm-1 and 2900 cm-1, respectively, were used to observe the diffusion of 

the molecules across the interface as a function of temperature and relative humidity.20 Price et al. 

extended the method of isotopic exchange to measure the diffusion coefficient for water in a 
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sucrose-water disk by monitoring the substitution of D2O vapor for H2O in the solution with 

Raman microscopy.21  

However, compared to studying water diffusion of atmospheric aerosols on a substrate, 

contactless single particle techniques are preferred, because the aerosol is free from impacts of 

surface perturbations at concentrations above the solubility limit. In addition, single particle 

measurements are preferred over ensemble-averaged experiments, because composition and local 

chemical environments vary from particle to particle. Optical tweezers are one technique for 

spectroscopic studies of single, spherical particles from 1-10 µm in diameter trapped at the center 

of a tightly focused laser beam by a balance of photon gradient forces that are insensitive to charge 

state.22 Scattering from the focused laser is collected to provide high-resolution size measurements 

using cavity enhanced features of the light scattering such as morphology dependent resonances, 

as well as chemical identity from the Raman scattering or fluorescence.23,24 The response of a 

single particle to changes in humidity or ambient gaseous composition provides measurements of 

chemical kinetics,25,26 and hygroscopicity.27 For example, Davies et al. combined the isotopic 

exchange technique with an aerosol optical tweezer for single-particle confinement28 allowing for 

a reduction in the sample size to less than 6 µm radius, speeding up the experimental timescales 

from weeks to hours. Isotopic tracer experiments have been carried out at a constant relative 

humidity (RH) leading to a constant size and solute concentration. Using Fick’s second law of 

diffusion, Davies et al. modeled the time-dependent intensities of the ν(O-D) and ν(O-H) Raman 

peaks to quantify the diffusion coefficient as a function of concentration or water activity.28 

The electrodynamic balance (EDB) is a technique for single particles that offers similar 

advantages including contactless levitation. However, it is not limited by size or morphology, as 

the trapping potential depends solely on mass-to-charge (m/q) ratio. EDBs have been used 
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extensively to measure physicochemical properties of single aerosol particles such as evaporation 

rates29–32 and nucleation,33–37 and provide complementary results to optical tweezers. For example, 

Zobrist et al used an EDB to conduct water diffusion measurements by creating a step change in 

the RH and observing the change in particle size using Mie resonance spectroscopy.38 The result 

was interpreted using a theoretical framework based on principles of mass transport by dividing 

the particle into a discrete number of shells, within which water molecules translationally move to 

establish equilibrium. The flux of water molecules between shells, along with dynamic adjustment 

to the time-steps and shell thickness, was calculated to extract a concentration-dependent diffusion 

coefficient. Under high viscosity conditions the particle was assumed as a core-shell phase state 

as the surface established equilibrium rapidly while the core remained viscous, creating a non-

linear radial concentration gradient. This led to the refractive index becoming a fit parameter along 

with the radius, decreasing the accuracy of the model at low RH.  Despite differences in 

experimental setups, the isotope tracing model and mass transport model produce similar water 

diffusion coefficients in sucrose over a wide range of RH.21,28,38  

The present work reports a technique that combines the Raman spectroscopic isotope 

tracing method previously applied on single aerosol in optical tweezers by Davies et al.28 with an 

RH-controlled EDB to trap single charged aerosol droplets for measuring water diffusion. Aqueous 

sucrose and aqueous citric acid (CA) microdroplets are serially trapped and equilibrated at a 

specific RH, and then exposed to D2O at the same RH. Raman spectra of the droplet are acquired 

as a function of time, in order to assess the progression of D2O diffusing into the droplet. In the 

analysis of these measurements, it is assumed that the entire droplet is irradiated with the laser and 

the total content of water remains constant throughout an experiment so that a volume-averaged 

Fickian diffusion model can be used to describe the exponential growth of the ν(O-D) Raman peak. 
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In the case of sucrose, D2O was observed to eventually replace all H2O, as indicated by complete 

disappearance of the ν(O-H) asymmetric stretch peak in the Raman spectrum. At RH below 10% 

CA was not observed to completely exchange, indicating a kinetic limitation. In the following 

section, the experimental approach is described followed by presentation of the data for sucrose-

water and CA-water.  

 

3.2:  Experimental Methods 

Water diffusion in single, charged aqueous microdroplets was studied using a D2O/H2O 

isotope exchange method in the EDB. Schematics of the experimental setup and optical layout are 

shown in Figure 3.1. The geometry of EDB electrodes is based on the design of Schlemmer et 

al.39 later characterized in detail by Trevitt et al.40 In brief, the EDB is composed of two conical 

endcap electrodes separated by 5.3 mm with a 2.5 mm axial channel for laser optical access. Eight 

concentric rod electrodes replace the ring electrode in a traditional Paul trap, allowing for optical 

access over a wide range of angles. Each rod is electrically isolated, however an external DC 

levitation voltage is applied to the two rods directly below the trap center to counterbalance the 

gravitational force of the trapped microdroplet. The AC voltage is applied to the endcap electrodes 

only, at typical values Vp = 1500 V and f = 150 Hz. During an experiment the levitation voltage is 

adjusted using an automated LabView feedback control loop for maintaining the droplet in the trap 

center, while the AC frequency is maintained approximately constant. 

The droplet generator is located above the balance, allowing droplets to be injected directly 

into the trapping area. An electronic shutter is located at the opening of the chamber that opens for 

the introduction of a new droplet. A piezoelectric droplet generator (Engineering Arts DE03) is  
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Figure 3.1:  Schematic diagrams of EDB with spectrometer setup. (A) EDB chamber is equipped 

with a charged droplet generator and dual bubbler RH control system. (B) Optical layout for a 

trapped droplet irradiated by a 532 nm laser. 

 

 

  

Figure 0.12:  Schematic diagrams of EDB with spectrometer setup 
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connected to an electronic syringe pump for precise control of the production of the aqueous 

droplets. Filtered aqueous sucrose or CA solutions are aspirated into the capillary of the droplet 

generator from which single droplets approximately 40 µm diameter are generated on demand 

using computer-controlled pulse generator to drive the piezoelectric element. A charging ring 

located above the shutter and electrically connected to the grounded piezoelectric tip inductively 

charges the droplets by causing ionic imbalance in the solution.  

The RH in the environmental chamber is controlled with digital mass flow controllers 

(Alicat MC-500SCCM) by mixing dry N2 with the humidified vapor headspace of a bubbler 

containing water. The temperature of EDB was maintained at the ambient laboratory temperature, 

approximately 20-23° C. The temperature is recorded using a temperature probe (Vaisala HMP60) 

with ±1° C accuracy. Two bubblers, one containing distilled H2O and the other containing high 

purity D2O (>99.8% D atom, Acros Organics), are arranged using 3-way valves as shown in 

Figure 3.1A so that air from one bubbler is selected to flow into the chamber while the other 

bubbler is exhausted. Experiments are carried out at constant RH by first trapping a single sucrose 

or CA droplet in H2O RH and allowing sufficient time for equilibration. Then D2O vapor at the 

same RH is introduced to the chamber, replacing the gas-phase H2O in the balance and eventually 

diffusing into the H2O droplet. During each experimental run, the H2O humidified air is initially 

directed into the chamber for droplet equilibration while the D2O bubbler is exhausted to fill 

intermediate tubing lines, minimizing changes in RH during the gas transition in the trap. The 

relative humidity and temperature are monitored using a humidity probe (Vaisala HMP60) with 

±3% RH accuracy located approximately 25 mm downstream of the RH flow. For each water 

diffusion measurement the relative humidity is maintained constant to ±1%, or within the error of 
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the probe. When the chamber atmosphere is switched to D2O, the humidity probe measurement 

must be corrected for the difference in equilibrium vapor pressure of D2O versus H2O
41. 

Two spectroscopic methods are used to characterize a trapped particle: Mie scattering for 

determining the particle size and Raman spectroscopy for chemical analysis. Shown in Figure 

3.1B the trapped droplet is irradiated with a focused 80 kHz, 532 nm Nd:YAG laser beam (RPMC 

Wedge XF). The elastic Mie scattering is collimated using an f/2 lens with a solid angle of 24.5° 

centered at 45° in the forward-scattering direction and imaged onto a monochromatic CCD camera. 

The morphology of the trapped droplet is determined by the Mie scattering pattern. Spherical 

droplets exhibit evenly spaced bands and crystalline or amorphous solid particles exhibit an 

irregular pattern.33 Figure 3.2 shows an example Mie image of a single droplet and the resulting 

angular intensity spectrum, previously demonstrated in the literature to follow closely with Mie 

theory.24 The diameter of droplets in these experiments is significantly larger than the wavelength 

of light, allowing a geometric optics approximation to be applied. The intensity spectrum is 

processed using a fast Fourier Transform (FFT) to compute an average band spacing, Δθ, (rad-1). 

The band spacing is used in conjunction with the index of refraction, n, to calculate the particle 

radius, r, using equation (3.1):42  

𝑟 =
𝜆

𝛥𝜃
(cos (

𝜃

2
) +

𝑛𝑠𝑖𝑛(
𝜃

2
)

√1+𝑛2−2𝑛 𝑐𝑜𝑠(
𝜃

2
) 

)

−1

    (3.1) 

where λ is the laser wavelength (µm) and 𝜃 is the median scattering angle (rad).  

Calculation of the index of refraction for the droplet as a function of varying RH requires 

parameterization of the mass fraction solute (MFS) and density (ρ). The dependence of MFS on 
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water activity, aw, has been well studied for sucrose solutions and the treatment by Norrish43 has 

been shown to correlate with experimental measurements over the entire RH range:  

𝑎𝑤 = 𝑥𝑤 𝑒𝑥𝑝(𝑘𝑥𝑠
2)      (3.2) 

where xw and xs are the mole fractions of water and solute, respectively, and k is an empirical 

constant equal to -6.47 for sucrose.44 While other parameterizations have been proposed,38,45 the 

Norrish parametrization was shown to be most appropriate for sucrose solutions over a wide range 

of RH.16,28 The density of a sucrose-water mixture can be taken as the volume additivity of pure 

component densities (VAD), with the pure component density of water, ρw = 1000 kg·m-3, and 

sucrose,44 ρs = 1580.5 kg·m-3 giving: 

1

𝜌
=
1−𝑀𝐹𝑆

𝜌𝑤
+
𝑀𝐹𝑆

𝜌𝑠
     (3.3) 

The refractive index of a sucrose solution varies with MFS and is parameterized using a 

linear fit with the refractive index for water, n = 1.33, at MFS(0) and n = 1.558 at MFS(1).46 The 

calculated index of refraction of the sucrose droplet at a given RH is then used in equation (3.1) to 

calculate the droplet diameter. The uncertainty in droplet size (±10 nm) due to wavelength-

dependent dispersion is negligible compared the experimental error (±500 nm) from the RH 

probe,8 making it unnecessary to implement the highly accurate parameterization for sucrose 

solutions reported by Rosenbruch et al.47 For CA, comprehensive parametrization of MFS with aw 

and the refractive index of CA solution by Lienhard et al. was adopted.48 

The evolving chemical composition of the trapped droplet from H2O to D2O is analyzed 

using the intensity of the stretches ν(O-D) and ν(O-H) centered near 2500 cm-1 and 3400 cm-1, 

respectively in the Raman spectrum. A representative Raman spectrum for a sucrose droplet is 
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shown in Figure 3.2, and a representative spectrum for a CA droplet is shown in Figure 3.3. The 

integrated intensity of the O-H and O-D stretches features allows calculation of the fractional 

concentration of D2O in the droplet over time. The Raman spectra are fit using a 7-term Gaussian 

expansion of the form: 

𝐹𝑖𝑡 =  ∑ 𝑎𝑒𝑥𝑝 (−
(𝑏−𝑥)2

𝑐2
)7

𝑖=1      (3.4) 

 

The back-scattered Raman signal is collected using f/2 optics, transmitted through the 532 

nm laser edge beam splitter, and focused into a fiber optic cable coupled into a spectrometer (Acton 

SpectraPro 275) with an open-electrode TE-cooled CCD detector (Horiba Syncerity). The 

spectrometer is equipped with a 600 g/mm grating with a 750 nm blaze for optimized quantum 

efficiency between 620 - 660 nm. The integration time for each spectrum is varied (30-120 

seconds) to achieve adequate signal-to-noise ratio. The LabView control and data acquisition 

program records the Mie and Raman spectra at a designated interval along with trap settings and 

conditions.  

The solution to Fick’s second law of diffusion applied to a sphere is used to model the 

time-dependent dimensionless fractional concentration of the diffusing D2O:28,49  

𝜙𝐷2𝑂 = 1 − (
6

 𝜋2
)∑

1

𝑛2
𝑒𝑥𝑝 (−

𝑛2𝜋2𝐷𝑤𝑡

𝑎2
)∞

𝑛=1      (3.5) 

where a is the particle radius and Dw is the translational diffusion constant. A three-term expansion 

of equation (3.5) with a single adjustable parameter is used to calculate Dw for each of the 

experimental runs at a different RH. The upper limit for diffusion coefficients measured using this 

technique is calculated as ~5 x 10-13 m2s-1.  The sources of the upper limit include the rapid 
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diffusion in the droplet sizes at high RH, the acquisition time required for adequate spectral signal-

to-noise, and the time delay associated with fully replacing the composition of the atmosphere in 

the trapping volume.28 

 

 

 

Figure 3.2: Raman spectra collected during an isotope exchange of a sucrose droplet carried out 

at 50% RH at early (top) and late (bottom) time points. The spectra are deconstructed into 7 

Gaussians as described in the manuscript, which are shown here individually. The C-H stretches, 

peaks 4 and 5 peaking at 2930 cm-1, are used for normalization.  

 

  

Figure 0.13:  Raman spectra collected during an isotope exchange of a 

sucrose droplet 
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Table 3.1:  Gaussian fit parameters for each of the 7 Gaussians in a single sucrose droplet 

spectrum accompanying Figure 3.2 where a, b, and c follow equation (3.4).  

 

 

 

 

 

 

 

Lower Peak a b c 

 1 0.012 2915 2000 

 2 0.349 2475 145 

 3 0.150 2790 95 

 4 0.779 2898 39 

 5 0.637 2954 45 

 6 0.009 3290 200 

 7 0.010 3450 120 

 

 

 

 

 

 

 

 

  

Upper Peak a b c 

 1 0.010 2915 2000 

 2 0.017 2475 150 

 3 0.164 2794 100 

 4 0.791 2900 45 

 5 0.549 2957 45 

 6 0.196 3290 194 

 7 0.127 3450 123 
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Figure 3.3:  8 Gaussians fit for CA droplets. Spectra for the early stage of exchange (top, blue 

line) and near the completion of exchange (bottom, purple line) conducted at 21% RH are 

shown. Black curves represent the overall Gaussian fitting as the sum of the 8 Gaussian functions 

with different colors. Normalization of the data was done using the C-H stretch feature peaking 

at 2950 cm-1. Representative Gaussian fit parameters for these data are shown in Table S2.  

 

 

  

Figure 0.14:  8 Gaussians fit for CA droplets 
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Table 3.2:  Gaussian fit parameters for Figure 3.3, two spectra of CA droplets showing pre/post 

H2O/D2O exchange. 8 sets of parameters are used. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Upper Peak a b c 

 1 0.0194 2050 80 

 2 0.0197 2350 210 

 3 0.0163 2550 80 

 4 0.1215 2880 350 

 5 0.6362 2938 38 

 6 0.4267 2977 45 

 7 0.1537 3202 200 

 8 0.1811 3473 198 

Lower Peak a b C 

 1 0.0753 2050 80 

 2 0.2810 2354 206 

 3 0.1742 2547 81 

 4 0.0626 2880 350 

 5 0.6702 2935 36 

 6 0.4779 2977 45 

 7 0.0000 3200 200 

 8 0.0225 3480 140 
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3.3:  Results and Discussion 

The water diffusion coefficients measured for sucrose-water droplets at RH between 26-

54% at room temperature are shown in Figure 3.4. The RH is reported with absolute error of the 

probe, ±3 %, and the error in the Dw measurement is estimated as 50%, calculated from an 

uncertainty of ±20% in the model fit, ±1 µm uncertainty in the size calculation, differences in self-

diffusion between H2O and D2O (10-24%)21, the fluctiation in RH (±1%) and temperature 

stabilization (± 1 °C) over the course of an experiment. The results are compared with 

parameterizations from literature reported by Zobrist et al.,38 Price et al.,21 and Davies et al.28 Over 

the range where data was obtained, the results agree well with the Vignes-type parameterization 

that describes the variation of the water diffusion coefficient, Dw, with composition in a binary 

mixture:50 

𝐷𝑤 = (𝐷𝑤,𝑤
0 )

𝑥𝑤
(𝐷𝑤,𝑠

0 )
(1−𝑥𝑤)

      (3.6) 

where xw is the mole fraction of water, D0
w,w is the translational diffusion coefficient in pure water 

(2 x 10-9 m2s-1), and D0
w,s is the self-diffusion coefficient of water in pure solute (1.9 x 10-27 m2s-1, 

reported by Davies et al.28). Excellent agreement was found between the present results using the 

EDB and previous reports with various techniques28,51,52 showing the viability of this method for 

quantifying the translational diffusion coefficient over a range of water activities. However, the 

agreement deviates when approaching at the high RH limit. At 54% the timescale for diffusion is 

comparable to the turnover time for replacing the air in the chamber, allowing for isotopic 

exchange to occur rapidly in the droplet while exposed to an effectively lower D2O concentration 

because the air is still a mixture of H2O and D2O.  The resulting Dw at high RH, approximately 1 

x 10-13 m2s-1, is lower than the Vignes-type trend followed by other published results and serves 
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as an upper bound to the dynamic range of the diffusion coefficients that can be quantified using 

this experimental setup. 

 

 

 

 

 

Figure 3.4: Calculated water diffusion coefficients in sucrose droplets at varying RH studied in 

this work compared with parameterizations provided by Zobrist et al.,
38

 Price et al.
21

 and Davies 

et al.
28

  

 

 

  

Figure 0.15:  Calculated water diffusion coefficients in sucrose droplets at 

varying RH 
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The results in Figure 3.4. are consistent with measurements carried out using isotope 

exchange over 6 – 300 µm diameter samples which suggests there is not a significant impact of 

droplet size on the water diffusion coefficient in the 35 – 60 µm size range studied. The droplet 

diameters studied in this work were significantly larger than the <10 µm diameter droplets used 

by Zobrist et al.38 and Davies et al.28 and significantly smaller than the 200 – 300 µm diameter 

substrate-supported disks used by Price et al.21 This suggests that the droplet size does not have a 

significant effect on the diffusion coefficient as a correlation between Dw and diameter across these 

different size ranges is not observed. Dw of sucrose solution below 25% RH is of great interest 

because prediction from two methods (isotope exchange and mass transport) diverges orders of 

magnitude. The large discrepancy is due to different assumptions used in two models. In the mass 

transport model, the radius of the droplet changes as it experiences sorption and desorption of 

water with the RH change. On the other hand, the isotope exchange model assumes a constant 

radius of the droplet held at fixed RH. Thus, the mass transport model involves a moving and 

nonlinear boundary condition while the isotope exchange model assumes a fixed linear boundary 

condition.49,51 Measuring Dw at RH below 25% in the case of sucrose was beyond the scope of the 

current measurements due to the diffusion timescales.53,54 

The present results can be compared with both charge-neutral particles in the case of the 

isotope-exchange measurements of Price et al.21 and Davies et al.28 and charged particles in the 

mass-transport measurements of Zobrist et al.38 The comparison suggests that the surface charge 

density on the droplets in this work (<40 elementary charges/µm2) do not significantly influence 

D2O diffusion into droplets. If the charge state significantly impacted the diffusion of D2O into the 

droplet the best agreement would be expected between the results conducted in EDBs, which is 

not the case. Instead, the best agreement was found with the optical tweezer measurements on 
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neutral microdroplets using the isotope labeling technique. These results can be understood in the 

context of studies on the influence of charge on both ice nucleation and efflorescence. 

Homogeneous ice nucleation rates of pure water droplets were measured in a temperature-

controlled EDB as a function of temperature and absolute charge and it was concluded that while 

temperature strongly influenced the nucleation rate, no correlation with the surface charge was 

observed over a range of ±200 charges/μm2.34,55 Charged droplets with 10x greater surface charge 

density compared to the droplets in the current work were examined and no effect of the charge 

on nucleation was found, supporting the conclusion that excess charges are not interfering with 

bulk processes such as diffusion within a droplet. Another recent study measured the dependence 

of the efflorescence relative humidity on the magnitude of the surface charge in sodium chloride 

microdroplets and found no correlation below 500 elementary charges/µm2.37 Molecular dynamics 

simulations showed that above this charge density threshold, the charges interact with dissolved 

ionic species to form stable critical cluster sizes necessary for overcoming the energetic nucleation 

barrier at higher RH compared to neutral droplets. In the present work, the sucrose droplets contain 

surface charge density significantly below the threshold suggested by Hermann et al.37 to impact 

efflorescence behavior. Thus, the present work demonstrates an alternative way that can be used 

to study particles imcompatible with optical trapping techniques, e.g., amorphous (or glassy) 

aerosols or solid particles which have non-spherical morphology.  

Water diffusion in citric acid solution droplets was measured over a lower RH range (7-25 

%) compared to sucrose. The RH-dependent refractive index of a CA solution was parameterized 

using the MFS of CA and water to deduce droplet size.48 The RH dependent Dw values of CA 

droplet  are shown in Figure 3.5, revealing good agreement with the other isotope exchange 

measurements using optical tweezers28 and a significant deviation from from Dw values measured  
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Figure 3.5:  RH dependent Dw for CA droplets compared to other experiments. Isotopic exchange 

using optical tweezer (Davies et al.)
28

, mass transfer (Lienhard et al.)
52

, and S-E prediction from 

viscosity data (Marshall et al.)
53

  

 

  

Figure 0.16:  RH dependent Dw for CA droplets 
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by mass-transfer56 as well as the predictions of the the S-E equation.57 Isotope-exchange derived 

Dw values of CA below 10% RH at room temperature are reported here for the first time, and it is 

found that in this regime,  the intensity of Raman O-H band at 3400 cm-1 does not diminish to zero 

in the exchange process. This may arise from inhibited diffusion of water in CA droplet under very 

dry conditions. In addition, the results at RH lower than 15% reveal that the aqueous CA droplets 

do not undergo full isotope exchange, with all labile hydrogens replaced by deuterium, over a 

period up to 65 hours. This observation may be a result of the much larger size of the droplet 

compared to the study of Davies and Wilson.28 Because equation (3.7) assumes  complete 

H2O/D2O exchange, it is no longer valid for describing water diffusion at  RH < 15%. To analyze 

incomplete H2O/D2O exchange for CA at lower RH’s we introduce a modified solution to Fick’s 

2nd law, equation (3.7). The equation contains an additional parameter χ that represents the 

fractional exchange as a function of RH, and reveals the kinetic limitation of water diffusion. For 

instance, χ = 1 means complete exchange of H2O to D2O and equation (3.7) is analogous to 

equation (3.5) while χ = 0.7 indicates 70% of total H2O in the droplet is exchanged to D2O. 

𝜙𝐷2𝑂 = 𝜒(1 − (
6

 𝜋2
)∑

1

𝑛2
𝑒𝑥𝑝 (−

𝑛2𝜋2𝐷𝑤𝑡

𝑎2
))∞

𝑛=1    (3.7) 

 Application of the two equations (3.5) and (3.7) to the isotope exchange data at low RH is 

illustrated in Figure 3.6, showing that equation (3.7) represents the physical phenomena 

significantly better than equation (3.5). Figure 3.7 shows the strong observed dependence of χ on 

RH illustrating the incomplete H2O/D2O exchange at lower RH (χ < 1) and full exchange of H2O 

to D2O at RH higher than 15% (χ ~ 1). It is not surprising for CA droplets of this size to develop a 

radial concentration gradient under dry conditions. Consequently, the true values of Dw are 

expected to be smaller than the values calculated using equation (3.7) because the diffusion of D2O  
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Figure 3.6:  The result of using 1-parameter (equation 3.5, red) and 2-parameter (equation 3.7, 

black) fitting to 𝜙𝐷2𝑂 for CA droplet at 11% RH. Setting 𝜒 < 1 represents the physical behavior 

better than assuming complete H2O/D2O exchange (χ = 1). 

 

 

  

Figure 0.17:  The result of using 1-parameter and 2-parameter fitting 
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Figure 3.7:  Kinetic limitations of water diffusion are evident at RH below 15% shown as nonunity 

𝜙𝐷2𝑂 values given by equation (3.7). Error bars represent the 95% confidence interval of the fitting 

parameter χ. 

 

  

Figure 0.18:  Kinetic limitations of water diffusion 
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into the droplet core is not complete. The Fickian diffusion model assumes a homogeneous mixture 

after sufficient equilibration time, which is not truly achieved here owing to the kinetic limitation, 

but it was chosen for analysis of Dw in the CA droplets as well owing to its simplicity  and 

applicability to both sucrose and CA data. A kinetic multi-layer model58 or Maxwell-Stefan 

diffusion model59 may be used in future studies to describe the formation of concentration gradient 

within the droplet as these models explicitly consider the droplet as a series of spherical shells. 

Similar kinetic limitations of diffusion have previously been observed for ambient organic 

aerosol, particularly in highly viscous or glassy state aerosol where formation of a significant radial 

concentration gradient in the droplet, inhibits reaching thermodynamic equilibrium.1,60 The 

inhibited diffusion of water in CA droplets may be attributed to formation of molecular clusters in 

the supersaturated solution. It is worth comparing the results of H2O/D2O exchange at the lower 

RH bound for sucrose (26%) and CA (7%). The exchange was incomplete for CA over several 

days while sucrose showed full exchange (𝜒 = 1) even though the Dw value of CA (9.19 x 10-16 

m2 s-1) is notably higher than that of sucrose (4.52 x 10-16 m2 s-1) at the stated conditions. In 

addition, the viscosities of the droplets show orders of magnitude difference (~1010 Pa·s for sucrose 

vs ~104 Pa·s for CA). Taking these observations into account, one can suppose that CA has a much 

higher propensity to form organized molecular structures with water than sucrose does within the 

highly saturated solution (MFS > 0.9). This is supported by studies that observed solute clustering 

in supersaturated CA solutions.61–64 From a chemical perspective, citric acid is a tricarboxylic acid 

that will have much stronger interactions with water through the acidic hydrogens and the polar –

COOH groups compared to sucrose.  Similar kinetic inhibition for diffusion of reactive condensed-

phase species have been reported for glassy aerosol at low RH8,9,56 but our result explicitly shows 

the strong dependence of this phenomenon on RH. Aggregation of solute-water clusters in 
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supersaturated droplets may lead to radial concentration gradients that promote formation of a 

core-shell morphology, preserving the unreacted core species with potential implications for 

surface-sensitive phenomena such as cloud condensation nucleation (CCN) and ice nucleation (IN) 

activities.65 Mie scattering measurements remained consistent with liquid droplets even at these 

low RH, so the question that arises is how ‘liquid’ or ‘solid’ a particle needs to be to distinguish 

the particle phase by Mie scattering.66,67  

 

3.4:  Conclusions 

The translational water diffusion coefficient was measured in aqueous sucrose and CA 

droplets as a model system for sea spray aerosol at humidities ranging from 26-54% RH for sucrose 

and 7-25% RH for CA at room temperature. Water diffusion has been quantified using H2O/D2O 

isotope tracing measured with Raman spectroscopy of a single charged droplet trapped in a 

humidity-controlled EDB. The measured water diffusion coefficients-molar concentration 

relationship follows an exponential dependence, described as a Vignes-type parameterization. The 

data were compared with previous studies of the CA-water system using the isotope exchange 

technique on neutral samples and a mass transport method on charged droplets. The comparison 

between our results and other Raman spectroscopy based methods shows good agreement of water 

diffusion coefficients across a wide range of sample sizes and volumes, suggesting the Dw values 

are not size-dependent. The agreement of this work using charged droplets in an EDB with neutral 

particles in an optical trap suggests that charge does not play a significant role under the conditions 

studies. Moreover, kinetic limitation of water diffusion observed from the CA droplets provides 

evidence of ultra-slow water diffusion which is predicted for glassy organic aerosols.  
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CHAPTER 4:  Evolution of Hydrogen Bond Interactions Within 

Aqueous Sucrose and Citric Acid Droplets 

 

4.1:  Introduction 

Atmospheric aerosols are of great interest because of their significant impacts on the 

environment and human health by affecting climate through radiative forcing, providing reaction 

sites for heterogeneous chemistry, and causing respiratory and cardiovascular deseases.1,2 Recent 

studies have shown viability of pathogenic bacteria and viruses in the aerosol form, including 

SARS-CoV-2 which is known to cause coronavirus disease 2019 (COVID-19).3–5 Therefore, it is 

important to understand the unique physical and chemical properties of atmospheric aerosols that 

often differ from bulk properties of the same compounds, e.g., owing to the large surface to volume 

ratio and high supersaturation. Organic aerosols (OAs) can be emitted directly from the source 

(primary OAs) or produced by a series of oxidative reactions (secondary OAs). It has been 

discovered that OAs can exist as metastable liquid as well as amorphous solid (glassy) droplets.6–

8 This range of phenomena poses a significant difficulty for treating atmospheric aerosols in 

climate models because current models assume aerosols are in thermodynamically equilibrated 

liquid or solid states.9 Moreover, recent studies have revealed phase separation and kinetic 

limitations for diffusion within highly supersaturated and glassy OAs, which are nonequilibrium 

phenomena mediated by intermolecular interactions including hydrogen bonding.10,11 These 

results have  substantial ramifications on the physical and chemical properties of atmospheric 

aerosols, such as water uptake, heterogeneous chemical reactions, ice nucleation, and long-range 

transport of toxic pollutants.12–14 To provide further insights into these systems, the present study 
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examines fundamental molecular interactions in supersaturated OAs, focusing on the hydrogen 

bonding network in these aerosol as a function of relative humidity. 

Primary and secondary OAs can undergo oxidative reactions, forming less volatile and 

more hygroscopic oxygenated organic aerosols (OOAs).15 To understand the unique properties of 

supersaturated OOAs, it is critical to characterize the hydrogen bond interactions within them. In 

supersaturated OOAs water acts as a bonding media between organic molecules and leads to 

significant intermolecular interactions through hydrogen bonds. Hydrogen bond interactions 

manifest themselves in macroscopic properties of OOAs such as phase state, viscosity, nucleation, 

and cloud condensation.16 Although a water molecule has a simple structure, liquid water forms 

complex local structures, due to extensive hydrogen bond networks. Vibrational spectroscopy 

(FTIR or Raman) is a powerful experimental tool to unravel such intricate hydrogen bond 

interactions because of their sensitivity to O-H stretching vibrations. Studies on these topics have 

provided insights into the structure of water at ambient to extreme conditions,17–19 effects of ions 

on the structure of water,20–22 and hydrogen bond interactions in organic-water systems.23  

Aqueous citric acid (CA) and aqueous sucrose droplets were chosen as model OOAs. They 

are common compounds in OOAs, and they both exhibit the ability to form glassy states under 

certain conditions.14,24,25 In the form of an aqueous droplet, both CA-water and sucrose-water 

systems can exist in a supersaturated state at ambient temperature.26 However, in detail, the 

hydrogen bond interactions in these two systems differ considerably because CA and sucrose have 

distinctive hydrophilic functional groups, i.e., CA is a tricarboxylic acid with one hydroxyl group 

and sucrose is a disaccharide containing 8 hydroxyl groups and three ether groups (Figure 4.1). In 

dilute aqueous solution, the difference of the solute effects on hydrogen bond interactions may be  
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Figure 4.1:  Molecular structure of citric acid (a) and sucrose (b). 

 

 

 

  

Figure 0.19:  Molecular structure of citric acid and sucrose 
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minute as both solutes only disturb the local water-water interactions through solvation. The 

dissimilarity arises in high solute supersaturation as the fraction of solutes in the aqueous droplet 

become significant, and solute-solute interactions become increasingly important. Thus, it is 

expected that the different structures of the hydrophilic groups in these solutes can lead to 

differences in the hydrogen bond interactions in aqueous CA and aqueous sucrose droplets in 

highly supersaturated OOAs.  

Contact-free levitation is a key condition in the investigations reported here because 

heterogeneous nucleation sites, such as surface contact, can trigger crystallization of metastable 

droplets. Aerosol optical tweezer (AOT) and electrodynamic balance (EDB) instruments are 

commonly used to confine single microdroplets in a contact-free manner.27 AOT traps a single 

spherical droplet at the center of a tightly focused laser beam by balancing gravity with the photon 

gradient force. AOTs have been used in aerosol chemistry and physics including studies of 

chemical kinetics,28 hygroscopicity,29 optical properties,26 and water diffusion.30 EDBs are another 

widely-used technique in aerosol research, making use of a combination of AC and DC electric 

fields to confine single charged droplets.31 The levitation ability of EDBs is not limited by size or 

morphology. Thus EDB can effectively perform studies involving phase transitions or 

nucleation.32,33  

In spite of a number of theoretical investigations on understanding hydrogen bond 

structures in atmospheric aerosols, there has been a lack of laboratory studies.16,34 The present 

work uses an environment-controlled EDB to trap single model OOAs (CA or sucrose) for study 

with in situ-Raman and Mie scattering spectroscopy. Integration of these techniques with the EDB 

allows measuring the spectroscopic signatures of hydrogen bonding in metastable liquid OOAs. 

Raman spectra of single droplets as a function of relative humidity (RH) were obtained. Mie 
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scattering image analysis was used to probe the size and phase state of the droplet under study. 

The Raman spectral region of 3000 - 3800 cm-1 (O-H stretch band, ν(O-H)) upon evaporation was 

primarily analyzed by using Gaussian deconvolution as well as a 2D correlation method. The 2D 

correlation method provides a great advantage in this study because of the sensitivity to 

asynchronous intensity changes in different spectral regions, which are often overlooked by 

conventional spectrum analysis.35,36 Thus, the 2D correlation method enables a detailed description 

of the evolution of the intermolecular hydrogen bond interactions in these systems. Combination 

of linear and 2D spectral analysis clearly shows the evidence of different hydrogen bond dynamics 

within CA and sucrose droplets. It was found that the persistence of local hydrogen bond 

interactions is determined by the functional groups of the solute, especially at high supersaturation. 

The results imply that carboxylic groups in CA lead to the sequential evolution of strong and weak 

hydrogen bond interactions as evaporation of a metastable CA droplet occurs. On the other hand, 

hydrogen bond interactions in a sucrose droplet display correlated network-like behavior.  

 

4.2:  Experimental Methods 

4.2.1:  Single Particle Confinement and In-situ Spectroscopic Techniques 

The environment-controlled EDB with Mie and Raman spectroscopy setup has been 

previously described in detail.11 Schematic layout of the EDB system is shown in Figure 4.2. In 

brief, a combination of AC and DC voltages from conical endcaps and 8 rod electrodes confines a 

single charged droplet at the null point of the trap. An inductive charging ring and a grounded 

piezoelectric tip charge the droplets. The principle and applications of EDB have been well   
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Figure 4.2:  The electrodynamic balance (EDB) apparatus setup with Raman spectroscopy and 

Mie scattering imaging. A droplet is located at the center of the trap (blue dot). A 532 nm pulsed 

laser is focused on the droplet generating an elastic Mie scattering pattern (green shade) and 

inelastic Raman scattering signal (red shade).  

 

  

Figure 0.20:  The electrodynamic balance apparatus setup 

with Raman and Mie spectroscopy 
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established.37,38 The trapped droplet was irradiated by a pulsed 532nm Nd:YAG laser beam  

(RPMC Wedge XF, 3.5 µs pulsewidth, 80kHz repetition rate) with 25 mW average power. Back-

scattered Raman signal with all polarizations was collected through a fiber optic coupled into a 

spectrometer (Acton SpectraPro 275, f/3.8) equipped with a 600 g/mm grating and an open-

electrode TE-cooled CCD detector (Horiba Syncerity). The exposure time was 30-60 s, and two 

spectra at each RH were averaged to obtain high signal to noise ratio spectra for single droplets. 

The effective spectral resolution was 6 cm-1. Spectrometer calibration was done using four strong 

Raman peaks of solid naphthalene (764, 1382, 1577, 3056 cm-1).39 The forward scattered (45°) 

Mie scattering pattern was collected using a CCD camera with 16.3° solid angle. Typical diameters 

of the droplets determined by analysis of the Mie scattering patterns was 40-60 µm, with the 

analysis carried out as described in ref. 11 and earlier study.40,41 Based on previous studies, the 

surface charge density of the droplet in this work (<40 elementary charges per µm2) was assumed 

to have only negligible effects on the Raman spectra.11,42,43  

Aqueous solutions were prepared by dissolving citric acid (99% purity, Macron Fine 

Chemicals) and sucrose (99.9% purity, Fisher) in deionized water. Typical initial concentrations 

of both solutions before injection into the trap was 1.5-2.0 M. Measurements were made over the 

RH range between 88% to 0.6% (±1.5%) as determined using a capacitive humidity sensor 

(Vaisala Humicap 180R). The relative humidity inside the trap was controlled by a bubbler system 

consisting of digital mass flow controllers (Alicat MC-500SCCM) coupled with dry and humid 

N2. Both droplets are expected to have concentration inhomogeneity at lower RH region due to the 

slow diffusion rate of water (RH 11% and below for CA and 52% and below for sucrose). The 

inner concentration gradient of the droplets is modeled by using kinetic multi-layer model by 

Zobrist et al., and described in detail on Supporting Information Figure S4.1. Raman spectra 
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collected at non-equilibrium conditions represent ensemble average of molecular vibrations of the 

droplets, not accountable for concentration gradient.  All measurements were made at ambient 

temperature (19-21 °C). Over the entire RH range studied here, the Mie scattering images for both 

CA and sucrose droplets exhibited regular diffraction patterns, indicating that the droplets 

maintained spherically symmetric metastable liquid states without noticeable phase transition 

during these studies. Raman spectrum of neat water was obtained by using cuvette holder with 

optical fiber adapter (Thorlabs CVH100) located in the laser path past the EDB. 

4.2.2:  Raman Spectrum of Liquid Water: O-H Stretching Modes 

The Raman spectrum of liquid water, especially the broad band of the O-H stretching 

region (ν(O-H); 2800 – 3800 cm-1) is of great interest, and many studies have attempted to explain 

its unique spectral characteristics. 17,19,44,45 In the present study, this feature is examined using a 

conventional three-Gaussian peak deconvolution of the ν(O-H) band.21,46,47 For analysis of liquid 

phase Raman spectra, Gaussians are commonly used because complex interactions between O-H 

oscillators lead to inhomogeneous broadening of the spectral lineshape.48 Figure 4.3 shows the 

Raman spectrum of bulk liquid water in the ν(O-H) region and its three-Gaussian fit. Following 

generally accepted peak assignments, the broad ν(O-H) band of liquid water consists of a strong 

hydrogen bond peak (3250 cm-1), a weak hydrogen bond peak (3450 cm-1), and a weakest 

hydrogen bond, or non-bonded O-H (3650 cm-1) peak.21,49 As a general principle in the harmonic 

oscillator approximation for the O-H stretching oscillators, hydrogen bond interactions alter the 

force constants of the oscillators leading to the peak frequency shifts (stronger interactions lowers 

the force constant and frequency, and vice versa). In Figure 4.3, the first two peaks at 3250 and 

3450 cm-1 have notably higher intensity than the non-bonded O-H peak (3650 cm-1). The overall  
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Figure 4.3:  Raman spectrum of the O-H stretching band of neat liquid water at 20°C. Three 

Gaussian peaks are applied to represent different hydrogen bond interactions: peak 1 as strong, 

peak 2 as weak, and peak 3 as weakest (non-bonded O-H). 

 

 

  

Figure 0.21:  Raman spectrum of the O-H stretching band of 

neat liquid water 
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shape of the ν(O-H) band transforms in response to physical (temperature and pressure)17,18,44,50,51 

and chemical (concentration and character of solutes)20–23,52 perturbations due to changes in the 

hydrogen bonding structure. In the present study the evolution of strong and weak hydrogen bond 

interactions represented by the peaks at 3250 and 3450 cm-1 of CA-water and sucrose-water 

systems is studied. 

4.3.3:  2D-Correlation Analysis 

The 2D correlation method for linear IR spectrum analysis was first introduced by Noda 

and has been widely used in various applications including analysis of the structure of water, 

protein structure and dynamics, and studies of catalytic mechanisms.19,35,36,53 In 2D correlation 

analysis, spectral data are treated as matrices as described by equation 4.1,  

 𝑿̃(𝑣) = [

𝑥̃(𝑣, 𝑡1)

𝑥̃(𝑣, 𝑡2)
⋮

𝑥̃(𝑣, 𝑡𝑚)

]      (4.1) 

where 𝑣 is a spectral variable (wavenumber), 𝑡𝑚 is the external variable, and 𝑚 is the number of 

spectra at given range of external perturbation (RH).  𝑥̃ is the dynamic spectrum defined by The 

difference between the raw and reference spectra is referred to as the dynamic spectrum 𝑥̃(𝑣, 𝑡), 

 𝑥̃(𝑣, 𝑡) = 𝑥(𝑣, 𝑡) − 𝑥̅(𝑣)     (4.2) 

where 𝑥̅(𝑣) is the reference spectrum chosen in this study to be the spectrum at a chosen RH (67% 

for CA and 60% for sucrose). These RH points were chosen because the spectral intensities in the 

linear spectra exhibit more subtle changes at lower RH, making the 2D correlation method more 
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useful in the analysis. Using a matrix notation for the dynamic spectrum of the system under study, 

the synchronous 2D correlation spectrum is obtained by: 

 𝜱(𝑣1, 𝑣2) =
1

𝑚−1
𝑿̃(𝑣1)

𝑇𝑿̃(𝑣2)    (4.3) 

Following Noda, the asynchronous 2D correlation spectrum can be described as: 

 𝝍(𝑣1, 𝑣2) =
1

𝑚−1
𝑿̃(𝑣1)

𝑇𝑵𝑿̃(𝑣2)    (4.4) 

where 𝑵 is the Hilbert-Noda transformation matrix that orthogonalizes the matrix of experimental 

data.54 Equations 4.3 and 4.4 are generalizations of 2D correlation spectroscopy. In the results 

presented here, this method will be applied to understanding the evolution of the Raman spectra 

as RH decreases. All data analysis was carried out using Matlab (Mathworks, Naticks, USA). 

 

4.3:  Results and Discussion 

In the following, first the Raman spectra of the aqueous CA and sucrose droplets as a 

function of RH will be presented, followed by examining the peak shifts observed as the droplets 

are dried and reach extreme levels of supersaturation. It should be noted that the intensity 

distribution of exciting laser within heterogeneous droplets is not homogeneous because different 

refractive indices in the outer and inner regions can cause the light focused in to particular 

region.55,56 This effect should influence the spectral probe region as the droplets dry and from 

shell-core structures. In the dry particle case, the spectra spatially emphasize the molecular 

vibrations of outer shell than the inside core of droplets. The 2D correlation analysis of the spectral 

changes will then be presented.  
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4.3.1:  Aqueous Citric Acid Droplets 

A set of ten Raman spectra of the aqueous CA droplet versus decreasing RH (from 82% 

down to 1%) are shown in Figure 4.4(a). All Mie scattering images obtained over the course of 

experiment showed regular fringe pattern (Figure S4.2), indicating that the droplet did not 

crystallize even at 1% RH, instead persisting as a spherically symmetric metastable liquid.26 The 

wavenumber range of interest (2300 - 3800 cm-1) consists of multiple narrow and wide peaks. 

Figure 4.4(b) shows one example of Gaussian deconvolution of a droplet Raman spectrum. Seven 

Gaussian components were used to represent different vibrational modes in the spectra. The ν(C-

H) peak near 2950 cm-1 is minimally affected by RH, and thus it is used to normalize the spectral 

intensities over the measurements. As the droplet loses water content, the total number of O-H 

oscillators decreases accompanied by a reduction in the overall intensity of the ν(O-H) bands from 

3000 - 3800 cm-1. However, the intensity does not decrease at a uniform rate across the band 

because the aqueous CA droplet Raman signature contains several distinct O-H oscillators, 

including the carboxyl group (R-COOH), the hydroxyl group (R-OH), and the water solvent 

(HOH). These features evolve differently in the drying environment. To study evolution of the 

hydrogen bond interactions as a function of RH, it is necessary to deconvolute the Raman spectrum 

in Gaussian peaks assigned to the various O-H containing functional groups.  

Compared to the Raman spectrum of water (Figure 4.3), spectrum of CA (Figure 4.4(b)) 

has unique features. First, the weak and broad shoulder at ~2600 cm-1 shows negligible intensity 

change over the evaporation of water. Given that this broad shoulder peak is not shown in the 

sucrose spectrum (Figure 4.4(d)), it can be considered as a unique interaction of carboxylic acid  
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Figure 4.4:  (a) Raman spectra of aqueous CA droplet versus RH. (b) Gaussian deconvolution of 

the Raman spectrum of the CA droplet at 67% RH. Peak assignments are as follows: ~2600 cm-

1: ν(O-H) with strongest hydrogen bond, ~2950 cm-1: ~2880 cm-1: combinational, ν(C-H), 

~3250 cm-1 (peak 1): ν(O-H) with strong hydrogen bond, ~3500 cm-1(peak 2): ν(O-H) with 

weak hydrogen bond, and ~3600 cm-1: non-bonded ν(O-H). Frames (c) and (d) show Raman 

spectra of aqueous sucrose droplet and its Gaussian deconvolution. Peak assignments for sucrose 

droplet are: ~2800 cm-1: combinational, ~2950 cm-1: ν(C-H), ~3250 cm-1 (peak 1): ν(O-H) with 

strong hydrogen bond, ~3450 cm-1(peak 2): ν(O-H) with weak hydrogen bond, and ~3630 cm-1: 

non-bonded ν(O-H). Complete sets of fitting parameters are available in the Supporting 

Information Table S4.2 and S4.3.  

 

  

Figure 0.22:  Raman spectra of aqueous CA and sucrose droplet versus RH 
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and water. Ab-initio study on hydrated acetic acid showed the strong hydrogen bond of water-

bridged acetic acid dimer which leads to the vibrational wavenumber at ~2750 cm-1.57 Thus, this 

broad shoulder peak can be assigned as strongest water-CA hydrogen bond interaction which is 

least affected by the evaporation of water. Similar strong hydrogen bond interactions were also 

observed recently in biomimetic self-assemblies by vibrational sum frequency generation 

spectroscopy.58 Second, width of assigned peak 1 in CA spectrum is larger than the water or 

sucrose spectrum. According to vibrational spectroscopic studies on various carboxylic acids, 

small Raman peaks of the acidic O-H stretch lie in the 2800 – 3100 cm-1 range as weak shoulders 

on the strong C-H stretch peak (~2950 cm-1).59–61 Therefore, peak 1 contains acidic O-H character 

from CA along with the major contribution from water solvent. 

The evolution of the hydrogen bond structures during evaporation of the CA droplet is 

evident in the overall shape change of the ν(O-H) band. Qualitatively, at the beginning of the 

measurement (82% RH) the weak hydrogen-bonding peak at 3500 cm-1 (peak 2) is more intense 

than the strong hydrogen-bonding peak at 3250 cm-1 (peak 1). In contrast, at the end of the 

measurement (1% RH), peak 1 is the dominant hydroxyl feature in the spectrum. This change can 

be explained by the interaction of CA and water molecule. Interactions of water molecules in the 

CA-water solution system can be classified into two broad classes: direct participation in the 

hydration of CA (first shell of solvent molecules) or only weakly (or not) engaged in the hydration 

of CA. Stronger hydrogen bond interaction is expected when the water molecules are in the first 

hydration shell of CA due to the stronger C=O∙∙∙H-O interaction compared to water-water 

interactions by ~1 kcal/mol.62,63 As strong hydrogen bond redshifts the vibrational frequency, one 

can assume a large contribution to peak 1 comes from water molecules in the first hydration shell 

and peak 2 has the character of water molecules outside of the hydration shell.  
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The different decreasing rates of the peaks 1 and 2’s intensities upon dehumidifying 

supports this assignment. As the droplet evaporates, the increase in concentration of CA diminishes 

the probability of water-water interactions (peak 2) compared to direct water-CA interactions 

(peak 1), thus the overall intensity decrease is faster for peak 2. The decrease in intensity of peak 

1, however, plateaus below 67% RH in spite of continuous evaporation of water. This behavior 

reinforces the hypothesis that peak 1 mainly originates from the water molecules in the first 

hydration shell. Given that the CA droplet maintained a spherically symmetric liquid state, as 

determined by Mie scattering, even under the driest conditions, it can be inferred that CA 

molecules must stay hydrated to a certain level. These observations are consistent with 

spectroscopic studies that have shown stronger hydrogen bonding in C=O∙∙∙H-O interaction 

compared to H-O∙∙∙H-O as determined by spectral red-shifts.60,63,64 

4.3.2:  Aqueous Sucrose Droplets 

Raman measurements on aqueous sucrose droplets have also been made over the range 

from 88% down to 1% RH. Thirteen Raman spectra as a function of RH are shown in Figure 

4.4(c), exhibiting distinct spectral evolution compared to a CA droplet. At a glance, the intensities 

of all peaks decrease at similar rates as RH decreases. Figure 4.4(d) shows an example of the 

Gaussian deconvolution for sucrose. As seen in CA, the non-bonded ν(O-H) peak rapidly 

diminishes below 60% RH. The water-sucrose system contains hydroxyl groups (-OH), ether 

groups (-O-), as well as the water solvent (HOH). These different functional groups lead one to 

expect different structural evolution as supersaturation increases compared to the water-CA 

system. It is notable that the hydrogen bond interaction between sucrose-water (hydroxyl OH-

water) is energetically closer to the water-water interaction than CA-water (acidic OH-
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water).63,65,66 This means that in a sucrose droplet the formation of a strongly bound first hydration 

shell is not expected, and a randomized network-like liquid structure is expected to be maintained. 

Therefore, the overall intensity of the O-H band shows a commensurate decrease of both peaks 

upon evaporation, maintaining a balanced population ratio of strong to weak hydrogen bonds. 

Thus, the hydroxyl groups of sucrose and water molecules contribute almost equally to the Raman 

ν(O-H) spectral feature within the sucrose droplet. The striking dissimilarity of the spectral 

intensity changes between CA and sucrose droplets provides qualitative insight into the hydrogen 

bond interactions in these distinct solute systems.  

4.3.3:  Quantitative Analysis of Spectral Peak Shifts 

In addition to the characteristic intensity changes of peak 1 and 2 of the CA and the sucrose 

droplets discussed earlier, the frequency shifts of the peaks provide further information on the 

hydrogen bond interactions. The strength of the intermolecular interactions of the O-H ensembles 

can be probed by examination of the blue- or red-shift of the peaks as a function of RH. The 

frequency shift of peak 1 and peak 2 of CA and sucrose droplets as a function of RH is shown in 

Figure 4.5. The unitless supersaturation ratio 𝑆 is defined by 𝑆 = 𝐶/𝐶𝑒, where 𝐶 is the solute 

concentration of the droplet and 𝐶𝑒 is the molar concentration of the solution at the saturation point 

(𝐶𝑒(𝐶𝐴) = 3.08 and 𝐶𝑒(𝑆𝑢𝑐𝑟𝑜𝑠𝑒) = 1.95).67,68 At each RH measurement, values of 𝑆 and water 

mole fraction (𝑥𝑤) has been calculated using the measured volume of the droplet (equilibrium 

RHs) and a kinetic model with existing parametrization from the literature.14,69 Values of 𝑆 

increase from 1.2 to 2.6 for CA and 1.2 to 2.0 for sucrose as the droplets evaporate (data for RH 

versus 𝑆 and 𝑥𝑤 are available in Table S4.1). For the CA droplet, peak 1 shows a steady red-shift 

down to 10% RH. This frequency shift is consistent with increasingly strong hydrogen bond  
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Figure 4.5:  Frequency shifts of peak 1 and 2 for CA (squares) and sucrose (triangles) droplets 

versus RH. Lines are guides to the eyes. Error bars are expressed as 95% confidence intervals in 

the Gaussian fitting method. 

 

  

Figure 0.23:  Frequency shifts of peak 1 and 2 for CA and sucrose droplet 

versus RH 
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interactions as the droplet evaporates and equilibrates to higher concentration. Below 10% RH, an 

abrupt diminution in the red-shift of peak 1 in this region is observed. The red-shift of peak 2 in 

CA exhibits a sudden change at high supersaturation (RH < 20%). This suggests that these different 

rates of frequency shift are related to the dependence of the distribution of hydrogen bonds in the 

water-CA system on the water content. The total frequency shift of peak 1 (120 cm-1) is as large 

as the red-shift observed in the water to ice phase transition.70 This comparison and the steady 

dependence of the red-shift support the assertion that C=O∙∙∙H-O-H interactions in the hydration 

shell constitute the main contribution to peak 1. As the droplet evaporates, the CA molecules, 

including the hydration shell, gain more proximity and may form water-bridged (CA-water-CA) 

liquid structures. In addition, the local cyclic (COOH∙∙∙HOOC) interaction of CA-CA can appear 

in such high solute concentration.57 The strength of C=O∙∙∙H-O hydrogen bond between cyclic 

CA-CA interaction is even stronger than that of COOH-water, and accompanied shift in the ν(O-

H) frequency can be observed at the spectral region of peak 1 (3000~3200 cm-1).62 This increased 

probability for these strong interactions may lead to the substantial monotonic red-shift of peak 1 

in CA droplets. Therefore, not only the increasing probability of CA-water contributes to the large 

red-shift of peak 1 but also the augmenting number of events in COOH∙∙∙HOOC interactions play 

an important part as the evaporation of the droplet continues. These changes in overall hydrogen 

bond interactions and their spectral contribution can explain the peculiar read-shift (120 cm-1) of 

peak 1. 

On the other hand, the rapid red-shift of peak 2 below RH ~20% suggests that weaker 

hydrogen bond interactions are mainly affected at low RH, unlike peak 1 (strong interaction). 

These observations on peak shifts draws general molecular picture of hydrogen bond evolution in 

supersaturated CA-water system under continuous evaporation: CA molecules form water-bridged 
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complex liquid structure early and the remaining water molecules start being incorporated with the 

structure. This de-coupling behavior of strong and weak interactions in CA droplet will be 

discussed in detail using 2D correlation analysis at later section. 

In the case of sucrose droplet, the frequency shift of peak 1 is negligible considering the 

uncertainty of peak position determination using the Gaussian deconvolution. Unlike CA, the 

molecular structure of sucrose does not favor the formation of strongly bound water-bridged 

structures given the more weakly hydrogen-bonded hydroxyl groups that are involved. This is 

consistent with the absence of a pronounced red-shift of peak 1 in sucrose. For the weaker 

hydrogen bonds (peak 2), sucrose droplets exhibit a linear red-shift of about 18 cm-1 over the 

evaporation. This red-shift may be caused by increased hydrogen bond interactions as the mobility 

of water molecules decrease. According to the calculation with the kinetic multi-layer model, 

sucrose droplet formed glassy outer shell and the rate of equilibration of the droplet dramatically 

decreases below 50% RH (Figure S4.1). Thus, frequency shift of peak 1 and 2 at this non-

equilibrium RH region showed minimal variation considering large uncertainty (Figure 4.5). 

Overall, in sucrose droplets the strengthening of hydrogen bond interactions as shown by the red-

shift of peak 2 (18 cm-1) is minor compared to the red-shift of CA droplets (peak 1: 120 cm-1, peak 

2: 30 cm-1).  
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Figure 4.6: (a) Two-Gaussian fit of the 1550 – 1850 cm-1 region of the CA droplet at 82% RH. 

Here, the spectrum is deconvoluted with contributions from a broad water bending peak, δ(O-H), 

and a more strongly peaked carbonyl stretch, ν(C=O). (b) Upon the evaporation of the droplet, a 

red-shift of the ν(C=O) peak was observed. A full table of fitting parameters are given in 

Supporting Information Table S4.4. 

 

 

  

Figure 0.24:  Two-Gaussian fit of the 1550 – 1850 cm-1 region of the CA droplet at 82% 

RH 
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In addition to the frequency shift of the ν(O-H) band, the evolution of the C=O stretch (~ 

1730 cm-1) and O-H bending (~1650 cm-1) modes are demonstrated using a two-Gaussian analysis 

in Figure 4.6. Along with the decrease in RH, cyclic hydrogen bond interactions between carboxyl 

groups (COOH∙∙∙HOOC) intensifies as the CA molecules gain more proximity as well as the CA-

water-CA interaction. These growing interactions lead to the red-shift of ν(C=O) peak as shown 

in Figure 4.6(b). The trend of red-shift of ν(C=O) peak is qualitatively similar to the peak 1 than 

peak 2 in Figure 4.5. This similarity strengthens the argument that the main contribution to peak 

1 in CA droplets is the strong CA-water interaction within the first hydration shell.  

3.3.4: 2D-Correlation (2DCOS) Analysis of Raman Spectra 

2D correlation spectroscopy is a powerful analytical method especially for comparing 

multiple spectra with physical or chemical perturbations.36 In the present study, dehydration 

through the reduction in the ambient RH is the perturbation for the system, and the 2D correlation 

Raman spectra (2DCOS) of aqueous CA and sucrose droplets provide insights into the nature of 

that perturbation independent of the linear spectra presented above. In what follows, the 

synchronous and asynchronous 2D correlation spectra for CA and sucrose aqueous droplets are 

presented.  

In the 2D synchronous spectrum, simultaneous or coincidental changes of spectral 

intensities at ν1 and ν2 appear as diagonal autopeaks and cross peaks which are symmetric with 

respect to diagonal axis. When a certain region of the spectra exhibits greater intensity changes as 

a function of the perturbation, a strong diagonal autopeak appears in that region. Cross peaks 

emerge in off-diagonal positions when simultaneous spectral changes occur at two different 

frequencies. A significant cross peak provides evidence for the possibility of a coupled or related 
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origin for the spectral variations at different frequencies. In the 2D asynchronous spectrum only 

off-diagonal and antisymmetric cross peaks appear. A significant asynchronous cross peak 

indicates that two dynamic changes in spectral intensities are occurring as a function of the 

perturbation, and that they vary out of phase with each other. The sign of an asynchronous cross 

peak is positive when the intensity change at ν1 occurs before ν2 as the perturbation progresses, 

and it is negative if the change at ν1 occurs after ν2 in the ordered progression of changing external 

perturbation. 
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Figure 4.7:  2DCOS of CA and the sucrose droplets. On the left side of the frame, the 

synchronous spectrum (a), asynchronous spectrum (b), and slice spectra (c) are shown for a CA 

droplet. Synchronous spectrum (d), asynchronous spectrum (e), and slice spectra (f) for a sucrose 

droplet are placed on the right side. For synchronous spectra (a) and (d), all correlation intensity 

values are positive. In asynchronous spectra (b) and (e), yellow and blue lines represent positive 

and negative correlation intensities, respectively. Raw spectra were smoothed before 2D analysis 

until noise diminished. 

 

Figure 0.25:  2DCOS of CA and the sucrose droplets 
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Figure 4.7 shows the 2DCOS for CA (RH = 67 - 1%) and sucrose (RH = 60 - 1%) droplets. 

The frequencies (in wavenumbers) of the peaks observed in the synchronous and asynchronous 

spectra are given in Table 1. In the 2DCOS of the CA droplet, only a strong autopeak at (3475 cm-

1, 3475 cm-1) is evident in the synchronous spectrum (Figure 4.7(a)). Except for the minor peak 

at ~2900 cm-1 (negligible correlation between O-H and C-H), there is no off-diagonal correlation 

peak. Figure 4.7(c) shows the power spectrum (diagonal slice) generated from the synchronous 

spectrum. From the power spectrum it can be inferred that most of the spectral intensity variance 

takes place near 3500 cm-1. For the asynchronous spectrum (Figure 4.7(b)), strong asynchronicity 

near (3500 cm-1, 3250 cm-1) is observed and the corresponding slice spectrum is shown in Figure 

4.7(c). The presence of the asynchronous peak near (3500 cm-1, 3250 cm-1) informs that the 

intensity changes in the two frequency regions are out-of-phase, implying there are different kinds 

of interactions. The metastable CA-water system is not a simple two-component system otherwise 

asynchronous spectrum would not generate any peak. This asynchronicity and the absence of 

synchronous cross-peak in the CA droplet supports the hypothesis that there are different origins 

for the two peaks (~3250 cm-1 and ~3500 cm-1) along with the frequency shifts discussed in the 

previous section. It should be noted that not every spectral feature of the two peaks are due to the 

strong interaction (CA-water and CA-CA in hydration shell) and weak interaction (water-water 

interaction outside hydration shell). The overlapping ν(C-H) peak and hydroxyl ν(O-H) from CA 

make minor contributions to the intensity of peak 1. To elucidate the intermolecular interactions 

in detail, information beyond the band positions of vibrational spectra is necessary. 

2DCOS of the sucrose droplet shows distinct features compared to 2DCOS of CA droplets. 

The synchronous spectrum of the sucrose droplet (Figure 4.7(d)) features two overlapping 

autopeaks near 3235 cm-1 and 3450 cm-1 as well as a positive cross-peak at (3235 cm-1, 3450 cm-
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1). The position of this cross-peak corresponds with the initial assignment of strong and weak 

hydrogen bond interactions. The diagonal picture of the synchronous spectrum is explicitly shown 

in the power spectrum in Figure 4.7(f). Unlike the case of CA droplet, the existence of a 

synchronous cross-peak indicates that the spectral intensity changes at 3235 cm-1 and 3450 cm-1 

are correlated. Moreover, no significant spectral information can be obtained from the 

asynchronous spectra (Figure 4.7(e)). The slice spectrum at the highest correlation intensity (3460 

cm-1) shows small asynchronicity near 3100 cm-1 in Figure 4.7(f) but this band is indiscernible 

from the noise-like feature. The overall interpretations on the 2DCOS of the sucrose droplet further 

strengthens the supposition that the strong and weak hydrogen interactions in this system are 

correlated with each other and the ν(O-H) spectral features share the common origin (intertwined 

H-O∙∙∙H-O interactions of sucrose-sucrose, sucrose-water, and water-water).  

Up to this point, 2DCOS on the CA and the sucrose droplet has provided considerable 

information on the dynamic behavior of the Raman spectra. Peak assignment from the earlier 

section and the position of synchronous and asynchronous cross-peaks of each system manifest 

excellent agreement. This consistency may be the reinforcement for the theory: in CA droplets 

strong (CA-CA and CA-water) and weak (water-water) interactions are not associated, while in 

sucrose droplets both strong and weak interactions share the same origin. Even the simple 

observation that the synchronous and asynchronous spectra of both systems demonstrate 

contrasting patterns reveals that the different functional groups of the solute molecules govern the 

characters of hydrogen bond interactions, especially in the metastable liquid system.  

The significant difference in the extent of strong and weak hydrogen bond interactions in 

CA versus sucrose can explain the peculiar behaviors of the corresponding droplets at their 

metastable states. First, it must be noted that the viscosity of sucrose droplets is 4 to 9 orders of 
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magnitude higher than CA droplets in the range of RH = 10 – 50%.71 According to the studies on 

the relationship between hydrogen bond and viscosity by Okada et al., the strength of hydrogen 

bond is not the main factor that affects viscosity.47 Instead, our in-depth spectroscopic analysis on 

the CA and the sucrose droplet suggests that the large difference in the viscosity between two 

systems is due to the characteristic hydrogen bond structure of the solutions. As shown in the 

asynchronous spectrum of CA (Figure 4.7(b)), the strong hydrogen bond interactions within the 

hydration shell and the weak interactions change at different rates. For the sucrose droplet, it was 

argued that the evident correlation between strong and weak interaction may lead water and 

sucrose to be intertwined through hydrogen bond and form network-like liquid structure. This 

divergence in correlated intermolecular behavior may give rise to the orders of magnitudes lower 

viscosity of CA compared to the sucrose. NMR studies on the viscosity of organic acids in 

alcohol/water system supports this hypothesis by reporting the change in viscosity is due to the 

long-range interaction between non-adjacent molecular segments.72 Strong long-range interactions 

mentioned in this study may correspond to the network-like liquid structure of the sucrose droplet. 

Viscosity of OAs is analyzed and predicted using O:C ratio or the types and the number of 

functional groups of organic molecules.73,74 In addition to these methods, the results from this 

study suggest that investigating hydrogen bond dynamics can provide valuable insights to the 

viscosity of OAs, especially for the aqueous droplets. 
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Table 4.1:  Peak positions (cm-1) determined by 2DCOS analysis in the ν(O-H) vibrational band 

Citric Acid  Sucrose 

Synchronous Asynchronous   Synchronous Asynchronous 

3475 3500   3450  - 

- 3250   3235  -  
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In addition, a previous study measuring diffusion coefficients of water (𝐷𝑤) using 

H2O/D2O exchange from this laboratory presented evidence for significant diffusion inhibition of 

water in CA droplets at RH below 15%, while sucrose droplets showed slow but complete 

diffusion.11 To account for incomplete exchange of H2O to D2O in CA droplets, a parameter χ ( 0 

< χ < 1) to represent the asymptotic isotope exchange fraction was adopted. For example, at 8% 

RH, the H2O/D2O exchange of the droplet was found to be ~82% complete (χ = 0.82), and the 

measured 𝐷𝑤 value was 2.45·10-15 m2 s-1. In contrast, sucrose droplets showed complete H2O/D2O 

exchange at 26% RH, where measured value of 𝐷𝑤 was nearly an order of magnitude lower 

(4.52·10-16 m2 s-1) than the case of incomplete diffusion in the CA droplet at RH 8%.11 This 

distinctive behavior of limitation of water diffusion in metastable CA droplets was attributed to 

the strong hydrogen bond interactions leading to the formation of local water-bridged CA-water-

CA oligomer liquid structures. The result of Raman 2D-COS of this study adds more evidence to 

the hypothesis that inhibition of diffusion is caused by strong hydrogen bond structures, and these 

metastable liquid structures lead to a significant internal barrier for diffusion of water within the 

droplet. The diffusion inhibition has been observed by others and our study sheds light on the 

fundamental cause of the phenomenon.7,75  

It is counterintuitive that CA droplets with lower viscosity shows diffusion inhibition 

compared to the sucrose droplets with much higher viscosity. However, from the result of ν(O-H) 

frequency shift of the CA droplet, it is plausible that stronger hydrogen bond interaction may lead 

trapping and immobilization of water molecules around CA molecules. In other words, the primary 

reason for apparent incomplete H2O/D2O exchange of CA droplet below 15% RH described in 

previous paper is the thermodynamic limitation of water diffusion caused by strong hydrogen 

bonds. It is well known that the common form of CA crystal in ambient condition is monohydrated 
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structure.76 Similar to the hydrated crystal structure, highly supersaturated CA droplet may have 

water-bridged solute liquid structure, and this can be the cause of the diffusion inhibition of water.  

 

4.4:  Conclusions 

In-situ Raman spectral observations on single aqueous CA and sucrose droplets in the ν(O-

H) region over the RH range of 1 - 88 % exhibit changes in the hydrogen bond structures which 

are related to the differences in the functional groups of these solutes. Gaussian deconvolution of 

the Raman spectra allowed examination of the spectral reconstruction of the weak and strong 

hydrogen bond regions. The Raman spectra were analyzed using 2DCOS, showing the decoupling 

of strong and weak hydrogen bonds for CA droplet and correlation for sucrose droplets at a high 

level of solute supersaturation. The distinctive macroscopic properties of supersaturated OOAs 

such as viscosity and water diffusion can be governed by the liquid structures as demonstrated in 

the intensity ratio of strong and weak hydrogen bond peaks. Use of the environment controlled 

EDB system in this case allows access to extreme solute supersaturation states of model OOAs 

and their Raman spectroscopic analysis. These measurements have provided valuable insights into 

the evolution of hydrogen bond structures, and the molecular origin of nontrivial physical 

properties of metastable or glassy state OOAs. Further studies include spectral analysis of the 

temperature effect on these droplets, possibly providing more quantitative information on the 

energetics and dynamics of hydrogen bond interactions in OOAs.  
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4.5:  Supplementary Information 

In these experiments, the levitated single CA and sucrose droplets are not in equilibrium 

with the gas phase at low RH (11% and below for CA and 52% and below for sucrose). Since the 

equilibration time required for the droplets used in this experiment can be as large as a month, a 

kinetic multi-layer model of water diffusion described by Zobrist et al. (ETH model) is applied to 

the droplets to simulate internal concentration gradient.14 According to the ETH model, droplets 

consist of concentric shells with water flow between each shell are dependent on the mole 

fraction of water (𝑥𝑤) of adjacent shells. Following application of the ETH model by O’Meara et 

al., we treated the droplets as 40 concentric shells, and the outermost shell (shell #1) is assumed 

to rapidly establish equilibrium with the gas phase.77 The contour plots in Figure S4.1 below 

show the simulated response of the internal concentration gradient to step RH changes at the 

driest condition for CA (S1(a)) and sucrose droplets (S1(b) and S1(c)). For citric acid droplets, 

the concentration gradient profile showed characteristic relaxation behavior similar to other 

kinetic multi-layer modeling studies by Shiraiwa et al. and O’Meara et al.78,79 However, the 

response of the inner concentration gradient of a sucrose droplet to step RH change became non-

linear due to the formation of highly-viscous outer shell layer, greatly reducing the water 

diffusion rate and acting as a barrier to gas-droplet equilibration. Therefore, the timescale for 

establishing the gas-droplet equilibrium becomes much slower than the relaxation of the inner 

concentration gradient. Figure S4.1(b) and (c) describes the non-linear diffusion phenomena of 

the ‘glassy shell with liquid core’ droplet. In Figure S4.1(b), the color bar scale is incapable of 

describing the droplet behavior due to the large concentration disparity of outer shell and inner 

core. The glassy shells have 𝑥𝑤 value of less than 0.3 while the 𝑥𝑤 of the liquid core stays near 

0.6. The plot in Figure S4.1(c) excludes the outermost shells 1-4, so that the equilibrium process 
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of the liquid fraction of the droplet can be shown. The inner core equilibrates after +40 hours but 

the concentration discrepancy between the core and shell is still present. This peculiar diffusion 

profile of sucrose droplets will further be investigated in later studies. Water mole fraction (𝑥𝑤) 

and supersaturation ratio (𝑆) of both droplets are calculated and given in Table S4.1. For 

sucrose, 𝑥𝑤 and 𝑆 values of the droplet at equilibrium RH ranges are derived from the measured 

droplet diameter, while values of non-equilibrium RH ranges are calculated using ETH model. 

For CA droplets, the density and refractive index parametrization by Lienhard et al. was used.69 

 

 

 

 

 

 

 

  



118 

 

 

 

 

 

 

Figure S4.1:  Radial concentration profile of the CA (a) and sucrose (b, c) droplets as a function 

of time. Note that y-axis of the plot is the shell number (#1: outermost shell and #40: innermost 

sphere). (a) Citric acid, step RH change from 8% to 1% at t = 0. (b) Sucrose, step RH change 

from 7% to 1% at t=0. (c) Sucrose, step RH change from 7% to 1% at t=0, excluding the 

outermost shells 1 - 4. 

 

 

 

  

Figure 0.26:  Radial concentration profile of the CA and sucrose droplets as a function of time 
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Table S4.1:  Water mole fraction (𝑥𝑤) and supersaturation ratio (𝑆) of the droplets as a function 

of RH. Note that in the case of the sucrose droplet (b), the decrease of 𝑥𝑤 becomes minimal 

below 25% RH. 

 

 

(a) Citric acid 

 
 Equilibrium Non-equilibrium 

RH (%) 82 67 60 50 41 30 19 11 8 1 

𝑥𝑤 0.889 0.806 0.761 0.686 0.614 0.513 0.360 0.259 0.232 0.156 

𝑆 1.24 1.68 1.84 2.04 2.18 2.32 2.48 2.55 2.56 2.60 

 

 

 

(b) Sucrose  

 
 Equilibrium 

RH (%) 88 80 72 60 52 

𝑥𝑤 0.924 0.886 0.843 0.770 0.722 

𝑆 1.18 1.44 1.63 1.85 1.94 

 

 

 Non-equilibrium 

RH (%) 43 33 25 20 16 11 7 1 

𝑥𝑤 0.690 0.670 0.649 0.646 0.645 0.644 0.643 0.643 

𝑆 1.99 2.02 2.05 2.05 2.05 2.05 2.06 2.06 
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Table S4.2:  Gaussian fit parameters for each of the 7 Gaussians in a CA droplet at the full range 

of RH measurements.  

𝐹𝑖𝑡 = ∑𝑎𝑖𝑒
−
(𝑥−𝑏𝑖)

2

2𝑐𝑖
2

7

𝑖=1

 

 

RH 

1 2 3 4 

𝑎 𝑏 𝑐 𝑎 𝑏 𝑐 𝑎 𝑏 𝑐 𝑎 𝑏 𝑐 

82 0.1088 2640.0 250 0.1050 2884.3 80 0.6570 2955.0 32 0.4117 2996.8 45 

67 0.0896 2644.5 248 0.0812 2890.0 77 0.6843 2955.0 33 0.3973 2997.8 44 

60 0.0835 2642.0 250 0.0683 2880.3 75 0.6728 2955.0 33 0.4052 2996.1 45 

50 0.0786 2640.1 250 0.0648 2882.0 75 0.7441 2955.1 33 0.3918 2999.9 40 

41 0.0742 2640.9 250 0.0595 2886.4 75 0.7462 2955.0 34 0.3781 3000.0 40 

30 0.0732 2640.0 250 0.0590 2889.9 75 0.7638 2955.0 33 0.3715 3000.0 40 

19 0.0750 2640.0 250 0.0571 2889.9 75 0.7403 2955.0 34 0.3509 3000.0 40 

11 0.0835 2640.0 250 0.0712 2880.2 75 0.7486 2955.0 34 0.3794 2999.7 40 

8 0.0803 2640.0 250 0.0671 2885.8 80 0.7515 2955.0 35 0.3861 3000.0 40 

1 0.0767 2640.0 250 0.0599 2880.1 78 0.7612 2955.0 35 0.3589 3000.0 40 

 

RH 

5 (Peak 1) 6 (Peak 2) 7 

𝑎 𝑏 𝑐 𝑎 𝑏 𝑐 𝑎 𝑏 𝑐 

82 0.4724 3292.3 258 0.4589 3501.1 131 0.0712 3600.0 60 

67 0.2660 3250.6 277 0.3151 3499.9 126 0.0312 3600.0 60 

60 0.2325 3231.4 278 0.2715 3499.7 126 0.0230 3600.0 60 

50 0.2124 3204.0 280 0.2337 3497.9 125 0.0121 3600.0 60 

41 0.2050 3201.4 280 0.1946 3499.2 124 0.0018 3600.0 60 

30 0.2043 3190.0 276 0.1550 3496.7 121 0.0000 3600.0 60 

19 0.2101 3178.8 269 0.1114 3493.5 122 0.0000 3600.0 60 

11 0.2164 3169.8 228 0.1080 3482.1 140 0.0000 3600.0 60 

8 0.2260 3166.3 232 0.1058 3477.6 137 0.0000 3600.0 60 

1 0.2173 3167.6 234 0.0829 3472.2 132 0.0000 3600.0 60 
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Table S4.3:  Gaussian fit parameters for each of the 7 Gaussians in a sucrose droplet at the full 

range of RH measurements.  

 

RH 

1 2 3 4 

𝑎 𝑏 𝑐 𝑎 𝑏 𝑐 𝑎 𝑏 𝑐 𝑎 𝑏 𝑐 

88 0.1732 2800.0 110 0.7424 2890.0 45 0.5381 2945.0 45 0.0542 3010.0 70 

80 0.1815 2800.0 110 0.7332 2890.0 45 0.5432 2945.0 45 0.0537 3010.0 70 

72 0.1942 2800.0 110 0.7373 2890.0 45 0.5453 2945.0 45 0.0558 3010.0 70 

60 0.1990 2800.0 110 0.7211 2890.0 45 0.5452 2945.0 45 0.0608 3010.0 70 

52 0.1843 2800.0 110 0.7271 2890.0 45 0.5435 2945.0 45 0.0619 3010.0 70 

43 0.1878 2800.0 110 0.7312 2890.0 45 0.5489 2945.0 45 0.0580 3010.0 70 

33 0.2011 2800.0 110 0.7277 2890.0 45 0.5511 2945.0 45 0.0609 3010.0 70 

25 0.2109 2800.0 110 0.7293 2890.0 45 0.5375 2945.0 45 0.0614 3010.0 70 

20 0.2074 2800.0 110 0.7229 2890.0 45 0.5405 2945.0 45 0.0619 3010.0 70 

16 0.1830 2800.0 110 0.7369 2890.0 45 0.5462 2945.0 45 0.0596 3010.0 70 

11 0.1848 2800.0 110 0.7303 2890.0 45 0.5460 2945.0 45 0.0621 3010.0 70 

7 0.2117 2800.0 110 0.7161 2890.0 45 0.5438 2945.0 45 0.0619 3010.0 70 

1 0.2111 2800.0 110 0.7241 2890.0 45 0.5561 2945.0 45 0.0582 3010.0 70 

 

RH 

5 (Peak 1) 6 (Peak 2) 7 

𝑎 𝑏 𝑐 𝑎 𝑏 𝑐 𝑎 𝑏 𝑐 

88 0.3471 3214.3 147 0.4732 3431.3 150 0.0130 3630.0 60 

80 0.2665 3212.9 144 0.3803 3427.2 150 0.0044 3630.0 60 

72 0.2262 3215.9 145 0.3244 3424.8 150 0.0006 3630.0 60 

60 0.2045 3214.7 150 0.2990 3425.0 150 0.0000 3630.0 60 

52 0.1879 3222.2 150 0.2650 3425.6 144 0.0000 3630.0 60 

43 0.1653 3218.9 150 0.2442 3419.6 144 0.0000 3630.0 60 

33 0.1523 3219.3 150 0.2270 3416.9 146 0.0000 3630.0 60 

25 0.1472 3219.9 150 0.2126 3416.7 144 0.0000 3630.0 60 

20 0.1407 3217.9 150 0.2088 3414.9 144 0.0000 3630.0 60 

16 0.1378 3216.0 150 0.2097 3412.3 144 0.0000 3630.0 60 

11 0.1341 3216.8 150 0.2057 3411.2 144 0.0000 3630.0 60 

7 0.1315 3218.1 150 0.1983 3411.3 144 0.0000 3630.0 60 

1 0.1249 3212.0 150 0.2034 3406.9 146 0.0000 3630.0 60 
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Table S4.4:  Gaussian fit parameters for water bending peak and carbonyl stretch peak of the CA 

droplet 

 

RH 

δ(O-H) ν(C=O) 

𝑎 𝑏 𝑐 𝑎 𝑏 𝑐 

82.4 0.0880 1675.5 100 0.3058 1728.7 44 

67.1 0.0635 1672.8 100 0.2916 1726.9 47 

59.9 0.0620 1672.4 100 0.2956 1726.7 49 

49.7 0.0527 1663.7 100 0.2952 1725.1 53 

41.0 0.0536 1668.5 100 0.2669 1722.8 53 

30.3 0.0393 1654.1 100 0.2716 1720.3 58 

18.9 0.0465 1662.8 100 0.2399 1720.5 59 

11.0 0.0383 1626.7 100 0.2575 1720.2 65 

7.8 0.0382 1636.1 100 0.2578 1720.2 63 

0.8 0.0236 1598.4 100 0.2493 1717.1 67 
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Figure S4.2:  Mie scattering images of the droplets at the highest and the lowest RH over the 

course of the experiment (optical modification for the camera lens system was made between CA 

and sucrose measurement). (a) Citric Acid, droplet diameter: 51.6 µm (82% RH), 40.0 µm (1% 

RH). (b) Sucrose, droplet diameter: 59.3 µm (88% RH), 48.0 µm (1% RH). 

 

 

 

  

Figure 0.27:  Mie scattering images of the droplets at the highest and the 

lowest RH over the course of the experiment 
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CHAPTER 5:  Accelerated Keto-Enol Tautomerization Kinetics of 

Malonic Acid in Aqueous Droplets 

 

5.1:  Introduction 

Organic aerosol (OA) particles constitute a major fraction (20 – 90%) of the submicron 

particulate mass in the troposphere, and their impact on climate and human health has been 

recognized for several decades.1–3 When OA is directly emitted from a source, it is known as 

primary OA (POA). On the other hand, secondary OA (SOA) can be formed through the oxidation 

of volatile organic compounds (VOCs) from various biogenic and anthropogenic sources. ‘Aging’ 

of POA and SOA occurs through reaction with hydroxyl radicals (OH) or other oxidants present 

in the atmosphere. Various efforts, from field observations to global atmospheric modeling, have 

been made to study the reactions in OA and its impact.4–6 However, aged OA contains a myriad of 

chemical compounds and this complexity adds significant uncertainty for understanding the 

physicochemical properties of OA.7–10 In this regard, it is of particular interest that organic 

reactions in the droplet phase have been reported to be accelerated compared to the reaction rate 

in bulk solutions.11–14 Suggested reasons for this acceleration of reaction rates include partial 

solvation, entropy effects, concentration effects, and/or fast diffusion.15 In spite of recent efforts, 

much remains to be learned about accelerated chemical kinetics in droplets. In this work we will 

examine this effect in the keto-enol tautomerization of malonic acid as studied by 

hydrogen/deuterium (H/D) isotopic exchange. 
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Malonic acid (propanedioic acid, CH2(COOH)2, MA) is the second acid in the series of 

aliphatic dicarboxylic acids, after oxalic acid, and it is widely found in atmospheric OA over 

oceans and urban areas.16 One characteristic reaction of MA is keto-enol tautomerization (Scheme 

5.1). In dilute aqueous solution states, the keto form of MA dominates over the enol form as the 

equilibrium constant (𝐾𝑒𝑞) for this reaction has been estimated to be ~10-4.17 However, a near-edge 

X-ray fine structure spectroscopy study of deliquesced MA particles by Ghorai et al. showed 

evidence for a large shift of 𝐾𝑒𝑞up to ~2.2 at 90% relative humidity (RH).18 This observation was 

supported by the theoretical study of Yamabe et al. that suggested possible reaction pathways for 

keto-enol tautomerization of MA with lower activation energy.19 They found that a system of six 

water molecules acts as a catalytic proton relay by forming a hydrogen-bond network with the MA 

molecule.19 Although the keto-enol tautomerization of MA in droplets has been studied in terms 

of keto-enol equilibrium and activation energy,18,19 no measurements of the chemical kinetics have 

been reported. Thus, the motivation of this work is to study the reaction kinetics of keto-enol 

tautomerization of MA and determine how the environmental conditions such as RH and droplet 

size affect the reaction rates. 

 

 

Scheme 5.1:  Keto-enol tautomerization of malonic acid (MA). 
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To investigate the reaction kinetics of MA in aqueous droplets, an environment-controlled 

electrodynamic balance (EDB) equipped with Mie scattering imaging (MSI) and a Raman 

spectrometer has been used. The EDB enables contactless levitation of a single charged droplet at 

chosen relative humidity (RH) conditions while MSI and Raman spectroscopy provide information 

about the size, phase, and chemical composition, as well as molecular interactions. One of the 

frequently used methods for studying reactions in droplets is electrospray ionization mass 

spectrometry (ESI-MS). Accelerated reactions of various organics in droplets using ESI-MS 

technique have been reported.13,20 However, recent study by Rovelli et al. asserted limitations of 

ESI-MS in quantitatively determining acceleration factors in droplets.21 The limitations include 

competition of droplet versus gas phase chemistry and differences in ionization efficiency of 

analytes.21 Unlike ESI-MS, the EDB coupled with MSI and Raman spectroscopy allows in-situ 

investigation of reaction kinetics in a single droplet of constant concentration, in a non-destructive 

way. Although the EDB setup of this study is incapable of identifying each species involved in the 

reactions, applying a kinetic model derived from the keto-enol tautomerization mechanism of MA 

enabled quantitative analysis of reaction rates in levitated MA droplets. 

Reaction kinetics of keto-enol tautomerization of MA in aqueous solution can be monitored 

by using H/D isotopic exchange.22 In the presence of D2O as a solvent, H atoms in the carboxylic 

acid functional groups of MA are rapidly exchanged to deuterium.22 On the other hand, the α 

hydrogen atoms attached to the center carbon of MA undergo slower isotopic exchange compared 

to the acidic hydrogens. This exchange of α hydrogen is mediated by the keto-enol tautomerization 

mechanism as shown in Scheme 5.2. During enolization, an α hydrogen of keto-MA is eliminated, 

resulting in a carbon-carbon double bond. When keto-MA is formed from enol-MA, addition of 

deuterium to the α carbon takes place in a deuterated environment. Eventually, the α hydrogens of 
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MA are completely exchanged to deuterium through the 4-step mechanism involving 5 MA species 

(keto_H2, enol_H, keto_HD, enol_D, keto_D2) shown in Scheme 5.2. 

In this study, the environment controlled EDB coupled with MSI and Raman spectroscopy 

was used to investigate the reaction kinetics of keto-enol tautomerization of MA in aqueous 

droplets of 28 – 91 µm diameter at RH conditions ranging from 90% to 30%. Hydrogen-deuterium 

isotopic exchange at the α carbon of MA provided a spectroscopic measure of the reaction 

progress, as the change of C-H stretch (ν(C-H), ~2950 cm-1) and C-D stretch (ν(C-D), ~2200 cm-

1) peaks can be readily analyzed. At 90% RH, an explicit step-by-step mechanism was applied to 

the data to obtain the enolization rate (k1) of MA. We discovered the enolization was accelerated 

by up to 10-fold in MA droplets at 90% RH compared to the literature value from a bulk solution 

study.22 At lower RH, viscosity increases and diffusion becomes a dominant contribution to the 

overall rate, and the detailed mechanism is no longer relevant. To account for this in a simplified 

quantitative analysis of the RH and size effect on the tautomerization rates, a pseudo-first order 

approximation was applied. Pseudo-first order approximations are widely used in a range of 

chemical kinetics studies such as adsorption of dye molecules, hydrolysis of fluorescein diacetate, 

and dehydration of secondary alcohols.23–25 Using this approximation, it was observed that the 

lower RH conditions and larger droplet size reduce the tautomerization rate of MA. The size effect 

becomes more evident for droplets at lower RH conditions. In the following section the 

experimental method will be presented in detail. 
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Scheme 5.2:  Propagation of hydrogen-deuterium exchange (C-H to C-D) of MA through keto-

enol tautomerization. 

 

 

5.2:  Experimental Methods 

Details of the environment-controlled EDB coupled with Mie and Raman spectroscopy 

have been described in previous work from this laboratory.26,27 The reagents, Malonic acid (99%, 

Aldrich) and D2O (99.9% D, Cambridge Isotope Laboratories) were used as purchased without 

further purification. MA was dissolved in HPLC-grade water (max. 1 ppm residue after 

evaporation, Fisher Chemical) with concentrations of 3 molal and 6 molal. 3 molal solutions 

generate relatively smaller size droplets compared to 6 molal solutions, because the size of the 

droplet is determined by the amount of solute present in each droplet at a given RH condition. The 

MA solutions were loaded into a piezoelectric droplet generator (Engineering Arts DE03) using a 

motorized syringe. The MA solution was then introduced as a burst of 30 droplets into the 

environmental chamber equilibrated at the desired RH of D2O. The RH inside the chamber was 

controlled by a constant flow of dry and humid N2 gas into the chamber, with the humidity 

controlled by bubbling N2 through a D2O bubbler held at room temperature. The flow rates of the 
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gases were controlled by digital mass flow controllers (Alicat MC-500SCCM) with a total flow 

rate of 120 sccm (cm3/min). The burst of droplets was generated by a user-selected waveform that 

drives the piezoelectric element to induce tip vibration and eject the loaded solution.  Droplet 

charging was controlled using the grounded metallic tip of the droplet generator in a circuit with 

an inductive charging ring to induce an imbalance of charge as the droplets were generated, 

yielding charged droplets (<40 elementary charges per µm2).26 A radio frequency (RF) sine wave 

generated from a frequency synthesizer (Agilent 33210A) was amplified by a set of amplifiers 

(Krohn-Hite 7602M wideband amplifier and Matsusada AMS 1.5kV high voltage amplifier) and 

directed to two conical-shaped endcap electrodes of the trap located at the center of the chamber. 

The combination of RF voltage from the endcap electrodes and a DC potential (Stanford Research 

Systems PS350) applied to two rod electrodes at the bottom of the trap were adjusted until a single 

droplet was confined and stabilized at the null point of the alternating electric field.28 Typical 

trapping conditions for MA droplets were 90 - 180Hz, 1.5kV (rms) AC and 200 - 400V DC 

depending on droplet size (mass).  

The schematic layout of MSI and Raman spectroscopy setup is shown in Figure 5.1. The 

levitated MA droplet was illuminated by a vertically polarized pulsed 532nm Nd:YAG laser 

(RMPC Wedge XF, 500 – 700ps pulse width, 1 – 40kHz repetition rate) with 25-50mW average 

power. The perpendicular-polarized Mie scattering pattern was collected in the 45° forward 

direction with respect to the laser path using a charge-coupled device (CCD) camera equipped with 

a polarizer. Collected Mie scattering images were processed using a MATLAB script to obtain the 

diameter of MA droplets in the geometrical optics approximation.29,30 The refractive index of MA 

droplets at all RH conditions were calculated using parameters adopted from the  
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Figure 5.1:  Schematic diagram of the EDB with MSI and Raman spectroscopy. A single MA 

droplet trapped inside the chamber is being illuminated by a pulsed 532nm laser. The MSI 

pattern (green shade) is captured from the camera located at the 45° forward direction of 

scattering whereas backscattered Raman signal (red shade) is collected through the fiber optic 

coupled with spectrometer and CCD detector. 

 

  

Figure 0.28:  Schematic diagram of the EDB with MSI and Raman 

spectroscopy 
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study by Cai et al (Figure S5.5 in the Supplementary Information (SI)).31 The droplet size 

calculated using MSI ranged between 28 – 91 µm in diameter (±0.5 µm error due to the uncertainty 

of RH). The Mie scattering images of MA droplets showed regular fringes of diffraction patterns 

under all RH conditions (Figure S5.2), indicating that no phase-transitions occurred under the 

conditions of these measurements. 

The Stokes-shifted Raman signal of all polarization was collected using a fiber optic 

located in the backscattering direction (180°) of the laser path into the chamber. The fiber optic 

introduced the Raman signal into the spectrometer (Acton SpectraPro 275, f/3.8) equipped with a 

600 g/mm grating. The spectral image obtained by the thermoelectric-cooled CCD detector 

(Horiba Syncerity) was converted into the Raman spectra presented here. Raman measurements 

were made after stable levitation of the droplet in the EDB was achieved. Typical time difference 

between introduction of the droplet into the chamber and measurement of the first Raman spectrum 

(t = 0 s) was ~2 minutes. The integration time varied between 30 and 120 seconds depending on 

the size of the droplets. Generally, smaller droplets needed longer exposure for better signal to 

noise ratio (S/N).  

Measurements were made at D2O RH conditions of 90%, 70%, 50%, and 30% (±1.5%) 

and ambient temperature (19–21 °C). The temperature and RH of the chamber was determined 

using a capacitive sensor (Vaisala Humicap 180R). The humidity data measured by the sensor 

were converted according to the difference in equilibrium vapor pressure of D2O versus H2O.32  

Analysis of the spectra was supported by density-functional theory calculations of the 

Raman signals using Gaussian 09 software. The level of theory used to calculate the Raman shift 
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and Raman activities for the optimized structures of MA molecules with every conformation in 

Scheme 2 was B3LYP/6-311++g(d,p). All other data processing was carried out using MATLAB.  

 

5.3:  Results and Discussion 

In the following section, dynamic Raman spectra of an MA droplet in the 1500 – 4000 cm-

1 spectral region will be presented. The dynamic spectra will be used to describe reaction kinetics 

of keto-enol tautomerization of MA by observing evolution of the ν(C-H) and ν(C-D) peaks as 

changes in these peaks are caused by H/D exchange during the tautomerization. The effect of size 

and RH on the H/D exchange and tautomerization rates will then be presented. 

5.3.1:  C-H/C-D Exchange of Malonic Acid 

Time-resolved Raman spectra of MA droplets levitated in the EDB and equilibrated under 

the desired D2O-RH conditions evolve in a manner consistent with C-H/C-D exchange kinetics. 

The rate of exchange was found to be affected by the RH in the EDB chamber and size of the 

droplet, and the time-resolved Raman spectra allow a quantitative analysis of the kinetics of 

isotopic exchange. Figure 5.2 shows dynamic spectra of a MA droplet (57 µm diameter) 

undergoing C-H/C-D exchange at 50% RH. The decrease in intensity of the ν(C-H) peak at ~2935 

cm-1 and the rise of ν(C-D) peaks at ~2166 and ~2223 cm-1 indicate the equilibrium of MA droplet 

shifts from keto_H2 ⇌ enol_H to keto_D2 ⇌ enol_D over the timescale of 1 – 2 hours. The RH 

and size dependencies of the rate of isotopic exchange will be discussed in later section. 
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Figure 5.2:  Dynamic Raman spectra of a MA droplet of 57.3 µm diameter undergoing H/D 

exchange at 50% RH. Timestep between each spectrum is 10 minutes (600 seconds). The rise of 

intensity of the ν(C-D) peaks (2166, 2208, 2223 cm-1) is highlighted with a red shade while the 

intensity decrease of the ν(C-H) peak (2950 cm-1) is emphasized with a blue shade. All spectra 

are normalized to the intensity of ν(C=O) peak (1700 cm-1). 

 

  

Figure 0.29:  Dynamic Raman spectra of a MA droplet of 57.3 µm 

diameter undergoing H/D exchange at 50% RH 
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In the dynamic Raman spectra recorded as a function of time in Figure 5.2, some 

spectroscopic features reveal valuable details of the C-H/C-D exchange process. First, it is worth 

noting that at the beginning of the experiment (t = 0 s), there was already no observable ν(O-H) 

band present at 3000 – 3800 cm-1 region. Conversely, the ν(O-D) band at 2000 – 2700 cm-1 exists 

from t = 0 s and the band does not show major intensity changes over the course of the experiment. 

The Raman ν(O-H) band would have two intensity contributions – from water (H-O-H) and the 

carboxylic acid functional groups (-COOH) from MA. Therefore, the analysis of the ν(O-H) and 

ν(O-D) bands supports our assumption that the MA droplets establish rapid equilibrium with the 

D2O-environment upon the initial droplet generation and levitation, and -COOH/-COOD isotopic 

exchange is much more rapid than C-H/C-D exchange. Second, the splitting of the ν(C-D) peak is 

observed as the exchange continues. The ν(C-D) peak near 2208 cm-1 emerges at the beginning (t 

= 600 – 1800 s) of the exchange and eventually splits in to two peaks at near 2166 and 2223 cm-1 

towards the end point of the exchange (t = 3600 – 6600 s). This splitting of the ν(C-D) peak can 

be explained by evaluating vibrational frequencies of molecules involved in the exchange process, 

in particular, for the C-D stretch vibrations of the keto_HD, keto_D2, and enol_D molecules. Table 

5.1 lists the calculated frequencies and Raman activities for the C-H and C-D stretch vibrations. 

During the course of isotopic exchange, the equilibrium shifts from keto_H2 ⇌ enol_H to keto_D2 

⇌ enol_D with keto_HD as an intermediate. From Table 5.1, it can be noticed that the ν(C-D) 

frequency of keto_HD (2268 cm-1) lies between those of keto_D2 (sym. 2236 and asym. 2315 cm-

1) and enol_D (2387 cm-1). Accordingly, assessing the calculated vibrational frequencies listed in 

Table 5.1, three ν(C-D) peaks (2166, 2208, 2223 cm-1) found in Figure 5.2 can be assigned as 

keto_D2, keto_HD, and enol_D of MA, respectively. The symmetric and asymmetric ν(C-D) 

frequencies are not distinguishable in these spectra possibly due to the smaller Raman intensity of 



142 

 

the asymmetric ν(C-D) compared to the symmetric ν(C-D) and the overlap between other ν(C-D) 

peaks.33 Lastly, the intensity of the ν(C=O) peak at 1700 cm-1 does not noticeably change during 

the progression of isotopic exchange. Thus, the dynamic spectra of Figure 5.2. are normalized 

using the Raman intensity of ν(C=O) peak. This near-steady intensity of the ν(C=O) peak indicates 

the keto:enol ratio of MA stays constant during the isotopic exchange of a MA droplet. The 

intensity of the ν(C=O) peak would fluctuate if the keto:enol ratio changed over time as keto-MA 

contains two carbonyl groups (C=O) while enol-MA has one C=O.18  
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Table 5.1:  Calculated values of Raman shift and Raman activity of ν(C-D) and ν(C-H) 

 

 

 ν(C-D) ν(C-H) 

Species 
Raman Shift 

(cm-1) 

Raman 

Activity 

(Å4/amu) 

Raman Shift 

(cm-1) 

Raman 

Activity 

(Å4/amu) 

keto_H2 - - 
3123 (asym) 48 (asym) 

3073 (sym) 106 (sym) 

Enol_H - - 3232 61 

Keto_HD 2268 42 3107 71 

Enol_D 2387 26 - - 

Keto_D2 
2315 (asym) 25 (asym) 

- - 
2236 (sym) 52 (sym) 
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Figure 5.3:  Integrated Raman intensity of ν(C-H) peak of MA droplets (28 – 91 µm diameter) 

as a function of time at 90% (A), 70% (B), 50% (C), and 30% RH (D). The inset of (A) is a 

magnified plot at 1000 – 2000 s timeframe to show the difference in intensities of various-sized 

droplets. Size dependency of isotopic exchange rates is more pronounced in lower RH 

conditions. 

 

  

Figure 0.30:  Integrated Raman intensity of ν(C-H) peak of MA droplets (28 – 91 µm diameter) 

as a function of time 
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Figure 5.4:  Integrated Raman intensity decrease of ν(C-H) peak over time for two different size 

ranges of MA droplets, 46 – 55 µm diameter (A) and 31-33 µm diameter (B). Smaller droplets 

show a faster overall rate of isotopic exchange than larger droplets. Additionally, there is larger 

influence of RH conditions on the larger droplets compared to smaller droplets. 

 

  

Figure 0.31:  Integrated Raman intensity decrease of ν(C-H) 

peak over time for two different size ranges of MA droplets 
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5.3.2:  Size and RH Dependency 

The rate of C-H/C-D exchange is affected by both RH and size of the droplet. Figure 5.3 

shows the ν(C-H) Raman intensity versus time at 90%, 70%, 50%, 30% RH for various sizes of 

the MA droplets (28 – 91 µm diameter). It has been observed that the size of MA droplet plays a 

more important role in isotopic exchange rates at lower RH conditions. Figure 5.3A shows that at 

90% RH, droplet size has a minimal effect on the exchange kinetics. As the condition gets drier 

(Figure 5.3B, C, and D), a general trend is observed that the exchange rates are relatively slower 

for larger MA droplets. The impact of RH on the exchange kinetics can be clearly noticed in Figure 

5.4. Figure 5.4A shows the data for droplets in the size range of 45 – 55 µm diameter while Figure 

5.4B shows the data for droplets of 31 – 33 µm diameter. For both size groups of MA droplets, it 

is observed that the rate of isotopic exchange is faster for droplets at higher RH.  

 

5.3.3:  Application of Pseudo-First Order Approximation 

For quantitative analysis of the isotopic exchange kinetics of MA droplets of various sizes 

and under varying RH conditions, a pseudo-first order approximation method is applied for the 

ν(C-H) Raman intensity versus time data. In this study, the premise for this approximation is that 

the entire system of isotopic exchange (Scheme 6.2) can be simplified to the reaction that only 

involves C-H and C-D functional groups. This simplified exchange reaction is schematically 

illustrated in Scheme 6.3. The hydrogen atom that is covalently bonded to the α carbon of MA 

undergoes the reversible isotopic exchange reaction with a D2O molecule, thus producing C-D and 

HOD. The rate coefficients for the forward (C-H to C-D) and reverse (C-D to C-H) are noted as 

𝑘𝑓 and 𝑘𝑟, respectively. In addition, HOD/D2O exchange at the droplet surface is considered as 

the droplet is in dynamic equilibrium with the vapor phase of D2O with a set RH condition. The 
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HOD/D2O exchange coefficient is given as 𝑘𝑒𝑥, thus the overall gas-droplet exchange rate at the 

surface is related to surface to volume ratio (S/V) and 𝑘𝑒𝑥.  

 

 

Scheme 5.3: Description of forward (𝑘𝑓) and reverse (𝑘𝑟) reaction of isotopic exchange as well 

as gas-droplet exchange interaction (𝑘𝑒𝑥) at the surface. Two scenarios for the pseudo-first order 

approximation can be considered depending on the rate of the reverse exchange reaction 

determined by 𝑘𝑟[HOD]. 
 

In this simplified picture of H/D exchange of MA, there are two possible scenarios for 

higher RH conditions and lower RH conditions. At higher RH conditions where diffusion rate and 

gas-droplet exchange are fast, reverse H/D exchange can be ignored due to the rapid extinction of 

HOD in the droplet. Therefore, in scenario A, observed rate coefficient (𝑘𝑜𝑏𝑠) is only dependent 

on the forward (𝑘𝑓) H to D exchange (Scheme 3). In this case where [𝐻𝑂𝐷] is negligible, the 

pseudo-first order rate of disappearance of ν(C-H) Raman intensity over time can be interpreted 

by defining 𝑘𝑜𝑏𝑠 from the experimental data. Figure 5.5 shows examples of the application of the 

pseudo-first order approximation to the experimental data for droplets at 90% RH and 50% RH. 

In Figure 5.5, the data were fit with the following equation, 

𝐼𝑜𝑏𝑠(𝑡) = 𝐼0𝑒
−𝑘𝑜𝑏𝑠𝑡     (5.1) 
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where 𝐼𝑜𝑏𝑠(𝑡) is the integrated intensity of ν(C-H) peak intensity, 𝐼0 is the initial integrated 

intensity of ν(C-H) peak, 𝑘𝑜𝑏𝑠 (observable rate coefficient) is the fitting parameter, and 𝑡 is time 

in seconds.  

For a 35 µm droplet at 90% RH (Figure 5.5A), 𝐼𝑜𝑏𝑠(𝑡) displays excellent agreement with 

the experimental data, suggesting the isotopic exchange kinetics under these conditions can be 

suitably approximated to the first order reaction. At 50% RH (Figure 5.5B), however, there exists 

a deviation of first-order exponential 𝐼𝑜𝑏𝑠(𝑡) from experiment, where the earlier stage of the data 

(≤ 1500 s) shows a linear decrease in intensity rather than exponential decay. To understand this 

divergence from the pseudo-first order approximation in the data, a second scenario where [𝐻𝑂𝐷] 

cannot be ignored must be considered. As seen in Scheme 3, C-D and HOD can undergo reverse 

exchange reaction and [𝐻𝑂𝐷] is highly dependent on S/V of the droplet, 𝑘𝑒𝑥, and overall diffusion 

rate in the droplet. Therefore, the value of 𝑘𝑜𝑏𝑠 is the result of competing of forward and backward 

H/D exchange reactions as well as the gas-droplet exchange at the surface. These perturbations are 

not the only source of deviation of the fit from the pseudo-first order (Figure 5.5B)—the size and 

RH dependency of 𝑘𝑜𝑏𝑠 can also be explained in terms of 𝑘𝑟 and 𝑘𝑒𝑥. Applications of the pseudo 

first-order approximation to MA droplets at all experimental conditions are shown in the SI in 

Figure S5.3. 

The observable rate coefficients (𝑘𝑜𝑏𝑠) are obtained under the various experimental 

conditions and are listed in Table 5.2. It should be noted that applications of the pseudo first-order 

approximation diverge more from the experimental data for lower RH and bigger droplets. 

Therefore, this discrepancy reflects the effect of 𝑘𝑟 and 𝑘𝑒𝑥. However, the pseudo-first order 

approximation with its fitting parameter 𝑘𝑜𝑏𝑠 provides a quantitative measure for overall C-H/C-
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D exchange rate and enables further analysis of kinetics for varying experimental conditions. The 

values of 𝑘𝑜𝑏𝑠 under the full experimental conditions are presented in Figure 5.6. It is apparent 

from the Figure 5.6 that the isotopic exchange rate is slower at relatively lower RH conditions. 

This deceleration of the kinetics at lower RH is due to the increasing viscosity which leads to the 

slow diffusion of the molecules in the droplet  following exchange at the gas-droplet interface.34,35 

Higher viscosity at lower RH results in a slower diffusion rate and exchange rate (𝑘𝑒𝑥), leading to 

the accumulation of HOD, which eventually promotes reverse reaction (𝑘𝑟) of Scheme 3 and 

lowers 𝑘𝑜𝑏𝑠. Along with the effect of RH on 𝑘𝑜𝑏𝑠, a larger droplet size also leads to slower isotopic 

exchange kinetics. Bigger droplets have lower surface to volume (S/V) ratios, limiting surface 

HOD-D2O exchange for the increased HOD production that is proportional to the volume of the 

droplet. In addition, in bigger droplets, it takes longer for HOD molecules to diffuse to the surface 

for the HOD-D2O exchange. Therefore, larger droplet sizes lower the value of 𝑘𝑒𝑥, eventually 

causing slower isotopic exchange (lower 𝑘𝑜𝑏𝑠) for conditions of RH 70% and below. Surprisingly, 

the size of the droplet has only minor impact on the isotopic exchange kinetics at 90% RH 

condition. Along with the fact that at 90% RH the experimental data for ν(C-H) intensity decrease 

over time showing a near first-order exponential decay, it can be argued that the diffusion rate of 

HOD and the gas-droplet interaction are fast enough to ignore the reverse reaction of Scheme 3. 

In other words, C-H/C-D exchange kinetics of MA droplets at 90% RH can be successfully 

approximated to the first-order reaction with a slight size effect. 
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Figure 5.5:  Result of least-squares fit of pseudo-first order approximation (eq. 5.1) to the 

experimental data of ν(C-H) intensity over time for 35µm diameter droplet at 90% RH (A) and 

32µm diameter droplet at 50% RH (B). Open circles represent experimental data and solid line 

curves are pseudo-first order fit. The MA droplet at 90% RH (A) show better agreement of the 

data to the pseudo first-order approximation compared to the droplet at 50% RH (B). 

 

 

  

Figure 0.32:  Result of least-squares fit of pseudo-first 

order approximation 
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Figure 5.6. Values of observable rate coefficient (𝑘𝑜𝑏𝑠) for all MA droplets plotted with droplet 

diameter and RH condition. Error bars represent 95% confidence interval of the fit (eq. 1 to the 

ν(C-H) intensity). 

 

 

 

  

Figure 0.33:  Values of observable rate coefficient (k_obs) for all MA 

droplets plotted with droplet diameter and RH condition 
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Table 5.2:  Values of 𝑘𝑜𝑏𝑠 derived from pseudo-first order approximation for all MA droplets. 

 

 

RH (%) 𝑑 (µm) 𝑘𝑜𝑏𝑠/10
−3 (s-1) RH (%) 𝑑 (µm) 𝑘𝑜𝑏𝑠/10

−3 (s-1) 

90 

90.5 1.29 ± 0.02 

50 

57.3 0.56 ± 0.02 

68.8 1.43 ± 0.02 46.2 0.64 ± 0.02 

55.0 1.33 ± 0.02 40.4 0.70 ± 0.02 

35.1 1.54 ± 0.06 31.7 0.85 ± 0.04 

32.0 1.54 ± 0.06 28.4 0.86 ± 0.04 

27.8 1.59 ± 0.05 

30 

49.1 0.34 ± 0.01 

70 

58.2 0.93 ± 0.01 41.5 0.38 ± 0.01 

49.3 0.98 ± 0.03 36.3 0.45 ± 0.1 

45.0 1.02 ± 0.03 31.4 0.59 ± 0.02 

39.7 1.10 ± 0.03 23.5 0.65 ± 0.06 

33.0 1.21 ± 0.04    

 

 

 

  



153 

 

5.3.4:  Rate of Enolization Estimated by Kinetic Model 

As discussed in the previous section, the isotopic exchange kinetics of MA droplets at 90% 

RH are the least size-dependent under the experimental conditions in this study, thus the reverse 

reaction involving HOD can be ignored due to fast diffusion and gas-droplet exchange. This 

assumption for MA droplets at 90% RH allows a step-by-step description of the isotopic exchange 

process as given in Scheme 4. It should be noted that Scheme 4 is a step-by-step representation of 

Scheme 2, with reactions involving HOD neglected under the assumption that as an intermediate 

in the deuterated environment it will not accumulate appreciably. Rate coefficients for keto to enol 

(enolization) and enol to keto (ketonization) are indicated as 𝑘1 and 𝑘2, respectively. 𝑘1
′  and 𝑘2

′  are 

the corresponding rate coefficients with the secondary kinetic isotope effect (KIE). The value for 

KIE=1.3 has been adopted from the 1H NMR study of malonic acid isotopic exchange by Hansen 

et al.22 To establish a mathematical model and to derive kinetic parameters from the data using the 

model, a minimum number of unknown variables is necessary. The X-ray absorption fine structure 

study of deliquesced MA particles by Ghorai et al. determined the value of the equilibrium constant 

(𝐾) for keto-enol tautomerization of MA droplet to be 2.2 ± 0.4 at 90% RH,18 and we have used 

that value to minimize the unknown variables in the step-by-step model.  
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Scheme 5.4:  Step-by-step kinetic model derived from C-H/C-D exchange mechanism of MA. 

𝑘1 and 𝑘2 are rate coefficient for enolization and ketonization, respectively. 

 

A series of ordinary differential equations (ODEs) describing the step-by-step kinetic 

model given in Scheme 4 can be simply represented in matrix notation (SI Note 1). This 

mathematical modeling is a standard method for quantitative analysis of H/D isotopic exchange 

reactions.20 Solving this series of ODEs with the aid of the relationships of kinetic parameters 

discussed above (Scheme 4) yields the concentration of each compound as a function of time, as 

shown for the five species in Figure 5.7. It is noticeable from Figure 5.7 that concentrations of 

initial compounds (keto_H2 and enol_H) decrease over time and those of deuterated compounds 

(keto_D2 and enol_D) rise while the concentration of intermediate keto_HD increases at first then 

decays, as expected for an intermediate in a multistep reaction sequence. This evolution of each 

specie from solving model ODEs can explain the splitting of ν(C-D) peak shown in Figure 5.2. 
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The dynamic series of spectra in Figure 5.2 show that the ν(C-D) peak initially emerges near 2208 

cm-1, then splits into two peaks around 2166 and 2223 cm-1. Referring to the DFT calculations 

(Table 5.1), the Raman shift of the intermediate keto_HD (2268 cm-1) lies between keto_D2 (2236 

cm-1, symmetric) and enol_D (2387 cm-1). Therefore, it can be suggested that initial increase of 

ν(C-D) peak at ~2208 cm-1 is caused by formation of intermediate keto_HD and the splitting of 

ν(C-D) peak is due to the conversion of keto_HD into of fully deuterated species (keto_D2 and 

enol_D). 

 The solutions of the system of ODEs can be combined to simulate the experimental data 

given in Figure 5.3A. To represent the ν(C-H) intensity decrease, the solutions of 𝑘𝑒𝑡𝑜_𝐻2(𝑡), 

𝑒𝑛𝑜𝑙_𝐻(𝑡), and 𝑘𝑒𝑡𝑜_𝐻𝐷(𝑡) need to be summed with appropriate coefficients. Although the 

number of C-H oscillators for each element is 2, 1, and 1, respectively, this does not consider the 

Raman intensities for these oscillators. Accordingly, the calculated Raman activity coefficient for 

every ν(C-H) and ν(C-D) vibration has been used to simulate the data with the maximum fidelity 

(Table 5.3). The equations for ν(C-H) and ν(C-D) intensity are given as, 

𝐼𝐶𝐻(𝑡) = (48 + 106) 𝑘𝑒𝑡𝑜_𝐻2(𝑡) + 61 𝑒𝑛𝑜𝑙_𝐻(𝑡) + 71 𝑘𝑒𝑡𝑜_𝐻𝐷(𝑡)  (5.2) 

𝐼𝐶𝐷(𝑡) = (25 + 52) 𝑘𝑒𝑡𝑜_𝐷2(𝑡) + 26 𝑒𝑛𝑜𝑙_𝐷(𝑡) + 42 𝑘𝑒𝑡𝑜_𝐻𝐷(𝑡)  (5.3) 

where 𝐼𝐶𝐻(𝑡) and 𝐼𝐶𝐷(𝑡) represent Raman intensity of (C-H) and ν(C-D) peak, respectively, and 

the integer factors are the relative Raman activities. The values of Raman activity coefficient for 

all the species are given in Table 5.1. Since the right side of equation 5.2 contains solutions of 

ODEs set up using step-by-step model (Scheme 5.4 and SI Note 1), 𝐼𝐶𝐻(𝑡) is a function of time 

with an unknown parameter, 𝑘1. Therefore, equation 5.2 can be used to fit the simulated Raman 

intensity (𝐼𝐶𝐻(𝑡)) to the time evolution of ν(C-H) peak to estimate the value of enolization rate 
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coefficient 𝑘1. Then, using the obtained value of 𝑘1 from the fit of equation 5.2, 𝐼𝐶𝐷(𝑡) is 

constructed from the solutions of ODEs to verify that equation 5.3 shows adequate agreement with 

the data of ν(C-D) intensity increase. The comparison of the simulated 𝐼𝐶𝐻(𝑡) and 𝐼𝐶𝐷(𝑡) with the 

experiment is shown in Figure 5.7B. Verification for the full range of droplet sizes is available in 

Supplementary Information (Figure S5.1). For MA droplets at RH 90% condition excellent 

agreement was found between the experimental data and the simulated intensity functions created 

using the step-by-step model. The values of [𝐷2𝑂]𝑘1 are listed in Table 5.4. The value of [𝐷2𝑂] is 

assumed to be same for every droplet at 90% RH because at the given experimental conditions, 

RH is the only factor that determines the water content in MA droplets. Similar to the pseudo-first 

order approximation analysis, small dependency on size is observed, as the difference of the value 

of 𝑘1 is about 22% for the biggest (90.5 µm) and smallest (27.8µm) MA droplets (Table 5.4). This 

minor size effect may originate from the elongated diffusion time of HOD to reach the surface for 

HOD-D2O exchange in larger droplets as discussed in the previous section. 

While there is no previous study on keto-enol tautomerization kinetics of MA in aqueous 

droplets, Hansen et al. reported the enolization rate coefficient ([𝐷2𝑂]𝑘1) of MA to be 1.066 x 10-

3 in 1M D2SO4 solution.22 Comparing this value of [𝐷2𝑂]𝑘1 with the data from this study, our 

result shows a 10-fold increase in the enolization rate coefficient. It should be noted that the bulk 

measurement was performed at a MA concentration of 0.25 M while the concentration of MA in 

a droplet at 90% RH is 3.35 M, thus the comparison is not a direct one.31 This dramatic acceleration 

is more striking considering MA droplets only consist of MA and D2O, without any acidic 

compound added to facilitate enolization. The pH of 1M D2SO4 solution is close to 0, and the pH 

of MA droplet at 90% RH is expected to be ~ 1 according to Raman spectroscopic study by Chang 

et al.36 C-H/C-D exchange can be catalyzed by the presence of acid, base, and/or water.20 It is safe 
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to say that the pH is not responsible for acceleration of enolization rate in MA droplet, because the 

droplets in this study have higher pH than 1M D2SO4. Yamabe et al. suggested that the activation 

energy of keto-enol tautomerization of MA can be significantly lowered by a hydrogen bonded 

water-MA network.19 According to their calculation, the transition state was most stabilized when 

a single MA molecule is surrounded by 6 water molecules as they form a proton-relay network.19 

Water-catalyzed reaction paths provide another explanation on why isotopic exchange rates are 

slower at lower RH conditions (Figure 5.6). The water to solute ratio (WSR) of MA droplets at 

given RH conditions can be modeled using the modified-UNIFAC (Universal quasichemical 

Functional group Activity Coefficients) parametrization (Figure S5.4).37,38 90%, 70%, 50%, 30% 

RH conditions correspond to the WSR of 10:1, 3:1, 1.5:1, 0.7:1 for MA droplets. The catalytic 

proton-relay facilitated by the hydrogen bond network (WSR of 6) would thus be more favorable 

for MA droplets at 90% RH than the drier conditions. Less solute-water interaction is available in 

droplets at lower RH, leading to slower keto-enol tautomerization rates.  

The hydrogen bond network of organic aerosol (OA) is highly affected by the RH, since 

the WSR and solute-water interaction change with respect to the functional groups of solutes.27 It 

should be noted that isotopic exchange kinetics in MA droplets is a complex system difficult to 

completely unravel because it is intertwined with numerous factors to consider such as reaction, 

diffusion, and gas-surface interaction. However, our result in Table 5.3 shows that the keto-enol 

tautomerization rate is significantly accelerated (10-fold) in the droplet phase compared to bulk 

solution, facilitated by the catalytic role of the hydrogen-bonded water-solute network on the 

enolization reaction of MA. In addition, the value of the estimated enolization coefficient (𝑘1) 

versus size of the droplet (Table 5.3) shows a similar trend as discussed earlier (Figure 5.6) in 

that the reaction rates are faster for smaller droplets. Although the size dependency of 
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tautomerization reaction rates in MA droplets are primarily due to the diffusion effect, the 

acceleration of reactions at gas-droplet interface may contribute to the overall reaction kinetics.39 

However, surface behavior of MA is outside the scope of this paper and requires further 

investigation with surface-sensitive techniques such as sum-frequency generation (SFG) 

spectroscopy.40–43  
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Figure 5.7:  Comparison of MA tautomerization kinetics between the simulation and 

experiment. (A) Normalized concentration of all the species in MA droplet (90.5 µm diameter) 

as a function of time from a solution of the ODEs describing the step-by-step kinetic model (SI 

Note 1) during isotopic exchange at 90% RH. (B) Application of the kinetic model to the 

experimental data. Solid blue line shows the least-squares fit of equation 5.2 to the experimental 

data. The solid magenta line represents equation 5.3 constructed using the value of 𝑘1 derived 

from the fitting of equation 5.2. Similar plots for MA droplets of all sizes at 90% RH are 

available in Figure S5.1. 

 

  

Figure 0.34:  Comparison of MA 

tautomerization kinetics between the simulation 

and experiment 
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Table 5.3:  Estimated enolization rate coefficients ([𝐷2𝑂]𝑘1) of MA in aqueous droplets at 90% 

RH. The value of [𝐷2𝑂]𝑘1 from the bulk solution study is 1.066 x 10-3 s-1.22 Errors of [𝐷2𝑂]𝑘1 
originate from the error of keto-enol equilibrium constant (𝐾) which value was assumed to be 2.2 

± 0.4.18 

 

 

 

 

 

 

  

RH (%) 𝑑 (µm) [𝐷2𝑂]𝑘1/10
−3 (s-1) 

90 

90.5 8.2 ± 1.1 

68.8 8.5 ± 1.1 

55.0 8.2 ± 1.1 

35.1 10.2 ± 1.4 

32.0 8.5 ± 1.2 

27.8 10.2 ± 1.4 
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There are important implications of the results of this study. First, accelerated keto-enol 

tautomerization kinetics of MA may promote unexpected chemical reactions in atmospheric OA 

particles. Usually, enols of simple aliphatic compounds have a short lifetime compared with their 

keto tautomers.44 However, for MA, the previous experimental18 and theoretical19 studies imply 

that the enol form of MA may exist in larger fractions in aqueous droplets compared to dilute bulk 

solutions. Furthermore, the work of Lim et al. has shown aqueous chemistry in SOA formation 

including aldol condensation, sulfur esters formation, and oligomerization of hydrated glyoxal 

enols.45 Another theoretical study by Lei et al. showed atmospherically relevant reactions of 

ethenol with OH radical, with glycolaldehyde is predicted to be the main product.46 According to 

these observations, our results strongly suggest that it may be possible that MA in the atmospheric 

OA particles can undergo unpredicted chemical reactions with other organic compounds and form 

low-volatility SOA products in the presence of highly reactive species such as OH radical. 

Furthermore, the rate of reactions involving MA can be faster than the general assumption for OA 

aging. This unpredictability of MA reaction kinetics can have considerable impact on aging of OA 

because MA is found in significant concentrations in aerosols.16,47 

Also, the enhanced enolization and unexpected chemical reactions of MA in aqueous 

droplets can hinder the accurate description of physicochemical properties of OA by 

thermodynamic models. For the complex system represented by OA, the AIOMFAC (Aerosol 

Inorganic-Organic Mixtures Functional groups Activity Coefficients) thermodynamic model has 

been widely used to predict activity coefficients of each compound in OA system.48 Models based 

on AIOMFAC need information about the number of organic functional groups present to calculate 

interactions between functional groups and inorganic ions, then predict physicochemical 

properties such as gas-particle partitioning and hygroscopic properties of OA.48,49 However, the 
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fact that MA can exist in dynamic equilibrium of keto form (2 -COOH and 2 C-H groups) and enol 

form (1 -COOH, 1 C-H, and 2 -OH groups) adds uncertainty to the precise prediction of 

physicochemical properties of MA-containing OA. Field observation studies by Kawamura et al. 

have shown that MA is the second most abundant dicarboxylic acid in marine aerosols.16 In 

addition, the variability of functional groups due to keto-enol tautomerization of MA can affect 

the overall hydrogen bond network in OA. The impact of hydrophilic functional groups (-OH and 

-COOH) on the hydrogen bond network of OA has been reported in our previous work.27 Changes 

in the hydrogen bond network of MA-water system due to the contribution from different 

functional groups may affect the macroscopic physicochemical properties of OA particles, i.e., 

viscosity, water diffusion, and hygroscopic properties.  

 

5.4:  Conclusions 

The reaction kinetics of keto-enol tautomerization of aqueous MA droplets were studied 

using in-situ Raman spectroscopy and hydrogen-deuterium isotopic exchange. The dynamic 

Raman spectra revealed the decay of the ν(C-H) peak and rise of the ν(C-D) peak as isotopic 

exchange took place at the α carbon of MA. A step-by-step model of keto-enol tautomerization 

and isotopic exchange of MA was used to simulate the decrease of the ν(C-H) peak (𝐼𝐶𝐻(𝑡)) and 

to derive the enolization rate coefficient (𝑘1) of MA at 90% RH. The result showed a 10-fold 

increase of 𝑘1 compared to the bulk measurements22 in the smallest droplets, with a factor 8 in 

larger droplets. In addition, a pseudo-first order approximation was adopted to perform 

quantitative analysis of size- and RH-dependence of keto-enol tautomerization of MA. Our results 

are consistent with slower reaction rates in drier conditions owing to the slower diffusion rate of 
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water and gas-droplet exchange that led to accumulation of HOD in the droplet, eventually 

promoting the reverse isotopic exchange (D→H). The size of the droplets was found to be another 

factor that governed the rate of tautomerization as the gas-droplet exchange rate depends on surface 

to volume ratio. To the best of our knowledge, accelerated keto-enol tautomerization rates of MA 

in aerosol has not been previously reported, and we note that these Raman spectroscopic 

measurements provide non-destructive measurements of enhanced reaction kinetics where gas 

phase reactions can be neglected. Since MA is an atmospherically relevant molecule, the findings 

from this work have potentially broad impacts on the current understanding of aqueous OA 

particles, with many aspects of the unique chemistry requiring further investigation.  
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5.5:  Supplementary Information 

The isotopic exchange mechanism given in Scheme 5.5 consists of coupled reactions with 

5 species of MA (keto_H2, enol_H, keto_HD, enol_D, and keto_D2). This series of reactions can 

be described as a system of ordinary differential equations (ODEs) in matrix notation, 

 

where the left side of the equation is time derivatives of the concentrations of all species in MA 

droplets. Definitions for kinetic parameters were given in Scheme 5.5. Right side contains a 

product of kinetic parameters for the reactions and concentrations of five species. This set of ODEs 

were solved using dsolve function of MATLAB.  
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Figure S5.1:  Overlays of simulated ICH(t) and ICD(t) curves with normalized Raman intensity of 

ν(C-H) and ν(C-D) peaks of MA droplets at 90% RH. First, 𝐼𝐶𝐻(𝑡) (solid blue line) was fitted to 

the decay of ν(C-H) intensity (red circle) to estimate the enolization rate constant (𝑘1). Using the 

value of 𝑘1 obtained from the fit, the 𝐼𝐶𝐷(𝑡) curve (solid magenta line) was constructed and 

overlayed with the rise of ν(C-D) intensity (green triangle). Droplets of 55.0 and 35.1 µm 

diameter show relatively poor agreement of 𝐼𝐶𝐷(𝑡) curve and ν(C-D) intensity due to the slight 

increase of RH during the progress of H/D exchange during the experiment at 55.0 µm, and the 

fluctuation of RH in the 35.1 µm experiment. Unlike the ν(C-H) peak, the ν(C-D) peaks overlap 

with ν(O-D) band and the change in ν(O-D) intensity can affect the measurement of ν(C-D) 

intensity.   

Figure 0.35:  Overlays of simulated ICH(t) and ICD(t) curves with 

normalized Raman intensity of ν(C-H) and ν(C-D) peaks of MA droplets at 

90% RH 
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Figure S5.2:  Mie scattering images of all MA droplets at RH conditions of (A) 90%, (B) 70%, 

(C) 50%, and (D) 30%. All given images are paired with the calculated diameter of the droplet 

from the geometrical optics approximation of Mie scattering.29 It can be noticed that larger 

droplets show smaller spacing of the scattering pattern  and vice versa. The error for the diameter 

of droplets is ±0.5 µm due to the uncertainty of refractive indices of droplets calculated using the 

measured RH from the RH probe, which has an accuracy of ±1.5%. 

 

A) 90% RH 

 

 

B) 70% RH 
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Figure S5.2 (Continued) 

 

C) 50% RH 

 

 

D) 30% RH 

 

 

Figure 0.36:  Mie scattering images of all MA droplets 
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Figure S5.3:  Decay of ν(C-H) intensity over time in MA droplets (red circles) overlayed with 

first-order fit (solid blue curve). Each droplet is indicated by its diameter. (A) At 90% RH 

experimental data shows excellent agreement with first-order fit. (B, C, D) The deviation 

between data and first-order fit is higher in lower RH conditions and for bigger droplets due to 

slower diffusion rates. However, pseudo-first order approximation provides observable rate 

constants (𝑘𝑜𝑏𝑠) for quantitative investigation of size- and RH-dependent keto-enol 

tautomerization kinetics of MA droplets. Values of 𝑘𝑜𝑏𝑠 are listed in Table 5.2. 

 

A) 90% RH 

 

 

B) 70% RH 
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Figure S5.3 (Continued) 

 

C) 50% RH 

 

 

D) 30% RH 

 

 

  

Figure 0.37:  Decay of ν(C-H) intensity over time in MA droplets (red circles) overlayed 

with first-order fit 
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Figure S5.4:  Plot of water to solute ratio (WSR) versus RH derived using modified UNIFAC 

parametrization.49 MA droplets at 90, 70, 50, 30% RH conditions correspond to the WSR value 

of 8:1, 3:1, 1.5:1, 0.7:1 respectively.  

 

 

 

 

  

Figure 0.38:  Plot of water to solute ratio (WSR) versus RH 

derived using modified UNIFAC parametrization 
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Figure S5.5:  Calculated refractive index of MA droplets as a function of RH. The density 

treatment by Reid and coworkers31 was employed to estimate refractive index of MA droplets 

using third order polynomial fit. Measured values of RH were used to estimate refractive indices 

of MA droplets at given RH conditions which are essential for size measurements of droplets. 

 

 

 

 

  

Figure 0.39:  Calculated refractive index of MA droplets as a 

function of RH 
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CHAPTER 6:  Photo-Induced Reactions of Nitrate in Aqueous Droplets 

Through a Triplet-Triplet Energy Transfer Mechanism 

 

6.1:  Introduction 

Aerosols are ubiquitous in nature, and greatly impact the Earth’s climate and human 

health.1–4 In the atmosphere, aerosols can undergo various chemical reactions including 

heterogeneous reactions, photochemical reactions by irradiation of ultraviolet (UV) light, and 

accelerated reactions of organic molecules.5–9 In particular, photochemical reactions of aqueous 

NO3ˉ are of great interest because the reactions produce highly reactive species such as NO2, 

HONO, and hydroxyl radical (∙OH).10 NO3ˉ is a ubiquitous compound  found in surface waters 

and atmospheric aerosols.11 Since it is known that the photolysis of NO3ˉ can play a role 

modulating the concentration of volatile organic compounds and affect the formation of secondary 

organic aerosols (SOAs), understanding the pathways and rates of photochemical reactions is an 

essential step for gaining a quantitative understanding of the chemical evolution of atmospheric 

aerosols containing NO3ˉ.
12–15 

The UV-absorption spectrum of aqueous NO3ˉ contains a very weak n → π* band centered 

near 302 nm and a strong π → π* band at 200 nm.16 The n → π* transition of NO3ˉ is forbidden 

by symmetry, however the influence of solvent molecules breaks the symmetry, lifting the dipole-

forbidden character of the transition and leading to a weak absorption in the 280 – 330 nm 

range.17,18 The solar UV spectrum overlaps with the energy of the n → π* transition of nitrate, and 
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the direct photolysis of aqueous NO3ˉ in this wavelength range leads to two main dissociation 

pathways.16 

NO3
−   

    ℎ𝑣    
→     NO2

−  +  O (3P)                       𝛷 = 1.1 ∗ 10−3            (6.1) 

NO3
−   

    ℎ𝑣 H+   
→        NO2  +  ∙ OH                         𝛷 = 9.2 ∗  10

−3              (6.2) 

In acidic conditions, the nitrite anion (NO2ˉ) can readily react with H+ and produce gaseous 

HONO.19  

NO2
−     +   H3O

+    →    H2O    +     HONO                               (6.3) 

HONO is a major precursor of ∙OH radicals that play a key role as one of the most important 

oxidants in the atmosphere.13 However, field studies have reported unexpectedly high emissions 

of HONO during the day,20,21  and it has been suggested that UV-photolysis of NO3ˉ is potentially 

an important unaccounted source for daytime HONO production.22  

Recent studies have revealed that dissolved organic matter can act as a photosensitizer and 

enhance nitrate photolysis.23–25 Wang et al. showed an increased quantum yield of NO2ˉ from 

photolysis of NO3ˉ in the presence of UV-absorbing vanillic acid.23 Gen et al. used iron-organic 

complexes to measure increased HONO production rates.24 The photosensitizing effect of marine 

chromophoric dissolved organic matter (m-CDOM) was compared with other organic 

photosensitizers (humic acid and 4-benzoylbenzoic acid) by Mora-Garcia et al.25 These studies 

suggested that the presence of photosensitizers increases the production rates of HONO, however, 

the exact mechanisms of photosensitized reactions of nitrate leading to the enhanced production 

of HONO remain unclear. These studies made use of a Xe lamp with a broadband output between 
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290 – 350 nm as a source of UV radiation, simultaneously promoting photosensitized reactions 

and direct photolysis of nitrate.23–25 This makes it difficult to isolate and quantify the effect of 

photosensitizers as the rate of the depletion of NO3ˉ has contributions from both direct photolysis 

and photosensitized reactions of NO3ˉ. Therefore, there is a great demand for an investigation that 

separates the photosensitized reaction of NO3ˉ from direct photolysis to provide a better 

understanding of the factors governing HONO and NO2 production in organic-laden aqueous 

aerosols. 

To effectively simulate photo-induced reactions in atmospheric aerosols, an environment-

controlled electrodynamic balance (EDB) was utilized for the levitation of single aqueous 

microdroplets.26,27 Sample solutions for droplet generation were made with water, sodium nitrate 

(NaNO3), citric acid (CA), and SA, and the pH of the droplets was adjusted by using a citric 

acid/sodium citrate buffer. Sulfanilic acid (SA) was chosen as a model light-absorbing organic 

molecule, and the 266 nm output from a Nd:YAG laser was used as a source of photoexcitation. 

SA has a strong UV-absorption band at 230 – 280 nm,28 thus it is effectively excited by the 266 

nm laser irradiation (ε > 200 M-1 cm-1). Photolysis of NO3ˉ by 266 nm is improbable owing to the 

low molar extinction coefficient (ε = 1.5 M-1 cm-1) at this wavelength.12 
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Figure 6.1:  Determination of nitrate concentration in levitated droplets. (A) Schematic of the 

EDB with a levitated aqueous microdroplet. In these experiments, an aqueous droplet with ~80 

µm diameter is trapped between the two endcap electrodes of the EDB. A 266 nm beam (purple) 

is passed through the holes of the endcap electrodes. The beam waist of the 266 nm laser and 

size of the droplet are exaggerated for visibility. A 532 nm (green) probe beam is focused on the 

droplet with a direction perpendicular to the 266 nm beam. (B) Raman spectrum of the droplet 

generated from an aqueous solution of CA, SA and NaNO3. The νs(NO3ˉ) peak at 1050 cm-1 and 

ν(C-H) peak of SA at 2950 cm-1 are colored red and blue, respectively.  

  

Figure 0.1:  Determination of nitrate concentration in 

levitated droplets 
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6.2:  Experimental Methods 

Figure 6.1A shows a simplified schematic of the EDB and a levitated microdroplet. The 

266 nm irradiation photoexcites the SA in the droplet, while the 532 nm laser produces the Raman 

spectrum and allows for Mie scattering imaging (MSI) analysis. Real-time molal concentrations 

(m) of NO3ˉ ([NO3ˉ]) of the levitated microdroplets were measured by quantifying the intensities 

of characteristic Raman peaks of NO3ˉ symmetric stretch (νs(NO3ˉ)) relative to the C-H stretch 

(ν(C-H)) in CA (Figure 6.1B). 

Droplets were generated and introduced into the EDB using piezoelectric droplet generator 

(Engineering Arts DE03) with a motorized syringe. The droplet generator was loaded with aqueous 

solutions containing HPLC grade water (Fisher Chemical), 2.4 molal (m) citric acid (>99.0%, 

Fisher Chemical), 2.0 m sodium nitrate (>99.0%, Alfa Aesar), and 0 - 75 x 10-3 m sulfanilic acid 

(>99.0%, Tokyo Chemical Industry Co.). Sodium citrate (>99.0%, Fisher Chemical) was added to 

solutions to adjust the pH of the solution/droplet, which will be discussed later. Droplet charging 

was necessary for the electrodynamic trapping and was achieved by the grounded metallic tip of 

the droplet generator in a circuit with an inductive charging ring (-600 V).  

The levitation of single droplets was accomplished by an environment=controlled EDB 

coupled with laser spectroscopy setup. The schematic layout of the instrument used in this study 

is shown in Figure 6.2. Principles of particle levitation by EDBs have well been established in the 

literature.29,30 In short, a charged single droplet was trapped at the null point of the alternating 

quadrupole electric field generated by two conical-shaped endcap electrodes. Gravitational force 

exerted on the droplet was compensated by a DC potential applied to two rod electrodes at the 
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bottom of the EDB. Typical trapping conditions for this experiment were 1.5 kV and 60-120 Hz 

for the AC quadrupole electric field and +400-800 V DC for gravitational compensation.  

The levitated droplet was illuminated by 4th and 2nd harmonic output beams (266 and 532 

nm) from the pulsed Nd:YAG laser with a vertical polarization (RMPC Wedge XF, 80kHz 

repetition rate). Laser power for 266 and 532 nm irradiation was 0.1 mw and 40 mw, respectively. 

Both 266 nm and 532 nm beams were generated simultaneously, then separated by a harmonic 

beamsplitter (Thorlabs HBSY134). After the separation, both beams are redirected perpendicularly 

to the center of the EDB where a droplet is levitated. 266 nm beam was used to induce 

photochemical reactions for the levitated droplet. A motorized filter flip (Thorlabs MFF101) 

equipped with a 532 nm laser line filter was served as an on-and-off switch for 266 nm beam. On 

the other hand, the 532 nm beam was utilized as a probe for MSI and Raman spectroscopy. 

 The relative humidity (RH) of the EDB were controlled by an automated bubbler system with 

solenoid valves and mass flow controllers (Alicat MC-500SCCM). Humid and dry N2 gas were 

mixed to maintain the chamber at 80% RH (flow rate 120 sccm). The temperature was maintained 

at ambient temperature (20-21 °C). The temperature and RH were recorded using a capacitance 

probe (Vaisala HMP110) with ±1 °C and ±1.5% accuracy, respectively. The RH was maintained 

at 80% during all experiments, and the fluctuation of RH was no greater than ±1%.  

Images of Mie scattering pattern were collected by a camera (Allied Vision Mako GigE) 

equipped with a polarizer in the 45° forward direction with respect to the laser path. Collected Mie 

scattering images were processed with a MATLAB script to estimate the diameter of levitated 

droplets from the spacing between the pattern (Figure 6.3).31  The geometrical approximation of 
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Mie theory was used to simplify the calculation of droplet size determination. The range of droplet 

diameters studied was 70 to 100 µm (Figure 6.4).  

The chemical evolution of the droplets was analyzed by Raman spectroscopy. 

Backscattered Stokes-shifted Raman signal of all polarization was focused into a fiber optic cable 

coupled into a f/4.1 spectrometer (Horiba iHR-320) with a TE-cooled CCD detector (Horiba 

SynapsePro, 2048x512 pixels). The integration time for each spectrum was 30 seconds, then two 

spectra were averaged for a better signal-to-noise (S/N) ratio. Assuming only nitrate would 

undergo photosensitized reactions upon 266 nm irradiation, intensity ratios between the ν(NO3
-) 

peak at 1050 cm-1 and ν(C-H) peak at 2950 cm-1 were used to measure the concentration of nitrate 

in droplets. The calibration curve was made by Raman spectra of droplets with known nitrate 

concentration (Figure 6.5). Due to the relatively lower concentration of sulfanilic acid in droplets 

compared to citric acid or sodium nitrate, its Raman spectral feature was unnoticeable. 
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Figure 6.2:  Schematic diagram of the EDB with dual-beam spectroscopy setup. 

  

Figure 0.2:  Schematic diagram of the EDB with dual-beam spectroscopy 

setup 
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Figure 6.3:  Illustration of the Mie scattering imaging (MSI) process. Scattering image collected 

from the CCD camera is expressed into an intensity spectrum by summing the 2D intensity 

values vertically. The fast Fourier transform (FFT) converts the intensity spectrum into a 

frequency domain, then the pattern frequency (𝛥𝜃, unit: degree-1). Is obtained. Then the equation 

for geometrical optics approximation of Mie theory is used to determine the size of the droplet.31 

In the equation, r is the droplet radius, 𝜃 is the image collection solid angle (16.3 degree), λ is 

wavelength of incoming light (532 nm), and n is the refractive index of the droplet. n ~ 1.38 is 

approximated by comparing refractive index values of aqueous CA and aqueous NaNO3 

solutions.32,33 

 

  

Figure 0.3:  Illustration of the Mie scattering imaging (MSI) process 
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Figure 6.4:  Diameters of the droplet versus 266 nm irradiation time at varying [SA]0. 

 

  

Figure 0.4:  Diameters of the droplet versus 266 nm irradiation time at varying [SA]0 
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Figure 6.5:  Relationship between intensity ratio and concentration. (A) Calibration curve for the 

correlation between [NO3ˉ] and intensity ratio (νs(NO3ˉ) to ν(C-H)). [NO3ˉ] values of the 

levitated droplets at 80% RH were determined from calculation of starting conditions using 

AIOMFAC model.34,35 The calibration curve is a third-order polynomial equation with a = 

0.1416, b= -0.2430, c= 0.8673, and d = 0.0755. (B) Comparison of intensity ratios of νs(NO3ˉ) to 

ν(C-H) (blue circles) and ν(C=O) to ν(C-H) (orange circles) as the depletion of NO3ˉ from the 

droplet continues. Initial concentration of SA was 75.0 x 10-3 m. Note that ν(C=O) to ν(C-H) 

intensity ratio stayed nearly constant over the 266 nm irradiation, showing that CA is not 

affected by 266 nm laser. 

  

Figure 0.5:  Relationship between intensity ratio and 

concentration 
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6.3:  Results and Discussion 

As the levitated microdroplets with pH ~ 0.5 were irradiated by 266 nm, a decrease in 

[NO3ˉ] in the presence of SA was observed over ~30-minute reaction timeframes. Observations 

were limited to ~30 minutes of UV irradiation, as individual droplets became unstable and 

eventually were ejected from the EDB. A possible reason for this limitation is discussed below. 

Figure 6.6A shows the depletion of [NO3ˉ] as a function of irradiation time with varying initial 

concentrations of SA ([SA]0). The loss of NO3ˉ is due to the reduction of NO3ˉ into HONO (g) and 

NO2 (g) which are volatile and can escape from the droplet.25,36 The effect of SA with 266 nm 

irradiation as a reaction initiator for reduction of NO3ˉ is apparent as higher [SA]0 leads to faster 

depletion of NO3ˉ. Figure 6.6B shows the linear relationship observed between [SA]0 and the rate 

of NO3ˉ depletion. The depletion rate of NO3ˉ was minimal (6.06 x 10-6 s-1) for the droplet with 

[SA]0 = 0 m, hence the results here indicate that without SA, the 266 nm irradiation does not induce 

noticeable depletion of NO3ˉ. Measurements of [NO3ˉ] with and without UV irradiation further 

proves that both UV and SA are needed for reactions of NO3ˉ (Figure 6.7). It is worth noting that 

even under the acidic conditions used the evaporation of nitric acid (HNO3) was negligible during 

the ~30 minutes of reaction time (Figure 6.8). Given the fact that the depletion rates of NO3ˉ are 

linearly related to [SA]0 and the rates remain stable over the course of measurements, it is clear 

that photo-induced nitrate depletion is due to the presence of SA. 
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Figure 6.6:  Photo-induced depletion of NO3ˉ from the levitated aqueous microdroplets. (A) 

Measured [NO3ˉ] as a function of time with varying [SA]0 in the range up to 75.0 x 10-3 m. 

Dashed black lines represent linear fits to the data. Data with [SA]0 = 0 showed no NO3ˉ 

depletion and not pictured here for clarity, instead provided in SI (Figure S2). (B) Relative rates 

(s-1) of NO3ˉ depletion versus initial [SA]. Error bars represent 95% confidence intervals of the 

linear fit. (C) Volume reduction (VR) of the droplets versus initial [SA] conditions. Error bars 

represent uncertainties from approximated refractive index of the droplets. 

 

  

Figure 0.6:  Photo-induced depletion of NO3ˉ from the levitated aqueous microdroplets 
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Figure 6.7:  Raman intensity ratios of νs(NO3ˉ)/ν(C-H) and ν(C=O)/ν(C-H) versus time when 

266 nm irradiation was started at t = 1260 s.  

 

  

Figure 0.7:  Raman intensity ratios of ν(NO3ˉ)/ν(C-H) and 

ν(C=O)/ν(C-H) versus time when 266 nm irradiation was 

started at t = 1260 s 
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Figure 6.8:  Raman intensity ratios of the droplet with 0 m SA for 30 minutes. The pH of the 

droplet is about 0.5, and no noticeable depletion of NO3ˉ is observed. Therefore, evaporation rate 

of HNO3 from the droplet is negligible for timeframe of ~30 minutes.  

  

Figure 0.8:  Raman intensity ratios of the droplet with 0 m SA for 30 

minutes 
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The observed rates of NO3ˉ depletion by SA and 266 nm irradiation are unexpectedly fast. 

For the droplet with [SA] = 75.0 x 10-3 m, ~40% of the nitrate was depleted after 23 minutes of 

266 nm irradiation (Figure 6.6A) and the rate of depletion was 2.3 x 10-4 s-1. Comparing this value 

of nitrate depletion rate with the highest enhanced rate (1.70 x 10-5 s-1) from the study by Gen et 

al.,24 the depletion rate from our measurement is more than an order of magnitude higher. This 

striking enhancement of nitrate depletion rate by UV-excited SA clearly demonstrates the 

effectiveness of SA as a photocatalyst for reduction of NO3ˉ. A control experiment was conducted 

with hydrogen peroxide (H2O2) instead of SA, thus producing ∙OH in the droplet. The result 

showed no significant decrease of [NO3ˉ] during the 266 nm irradiation with H2O2 (Figure 6.9). 

This observation rules out the possibility of NO3ˉ depletion by ∙OH that is typically produced in 

photosensitized reactions.25,37,38 Additionally, the rate of NO3ˉ depletion in droplets with varying 

[NO3ˉ] and fixed [SA]0 was also measured, and slower depletion rate for higher and [NO3ˉ] was 

observed (Figure 6.10). This trend may arise from the hygroscopic effect of NaNO3, as more NO3ˉ 

leads to larger water content in droplets and further diluting [SA]0. These thorough examinations 

further confirm that the reduction of NO3ˉ (equation 6.1 and 6.2) can proceed without the 

photolysis of NO3ˉ but indirectly and efficiently by the UV-excitation of SA. 
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Figure 6.9:  Raman intensity ratios of νs(NO3ˉ)/ν(C-H) versus time when H2O2 is added instead 

of SA. Concentration of H2O2 in the droplet is estimated to be ~ 1 M. 

 

  

Figure 0.9:  Raman intensity ratios of ν(NO3ˉ)/ν(C-H) versus time 

when H2O2 is added instead of SA 
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Figure 6.10:  Depletion of NO3ˉ from the droplets over time when [NO3ˉ]0 is varied from 1 m to 

3 m, and [SA]0 is kept constant at 22.5 x 10-3 m. 

 

  

Figure 0.10:  Depletion of NO3ˉ from the droplets over time when [NO3ˉ]0 is varied 

from 1 m to 3 m, and [SA]0 is kept constant at 22.5 x 10-3 m 
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 In addition to the depletion of NO3ˉ, the volume of the droplets with SA decreased during 

266 nm irradiation as shown in Figure 6.6C. The droplets with higher [SA] showed a higher 

volume reduction (VR) which is defined as follows, 

𝑉𝑅 =
𝑉𝑓

𝑉𝑖
                                                              (6.4) 

where Vi is the volume of the droplet at the start (t = 0) of 266 nm irradiation and Vf is the volume 

of the droplet measured at the end of the run. It is clear that the volume reduction of the droplets 

is caused by the photochemical reactions triggered by the excited-state SA, as NO3ˉ molecules can 

transform into volatile compounds such as NO2 and HONO gas. Equation 6.1 is a possible pathway 

for nitrate reduction and the produced NO2 (g) can escape from the droplet surface. Given that the 

droplets are in highly acidic conditions due to CA (pH ~0.5), the NO2ˉ produced from equation 

6.2 can readily form HONO (g) (equation 6.3) and escape the droplets as well.25 Depletion of NO3ˉ 

from the droplet is accompanied by the evaporation of water because of the hygroscopic effect of 

NO3ˉ.
39 Therefore, the droplets with 266 nm irradiation show VR (Figure 6.6C) as well as a 

decrease in droplet mass.Stable trapping condition of a single droplet in the EDB is dependent on 

the mass-to-charge ratio (m/q).30 This can be the reason for the upper bound (~30 minutes) limit 

of the droplet trapping time with 266 nm irradiation as the loss of NO3ˉ and water driving the 

reduction in droplet volume exceeds the limit in m/q value required for stable trapping condition. 

Observations of enhanced NO3ˉ depletion from UV-excited SA (Figure 6.6) lead to an 

important question: what is the underlying mechanism of the photocatalytic effect of SA? We 

suggest a triplet-triplet energy transfer (TTET) mechanism between SA and NO3ˉ which is 

supported by the absorption-emission analysis and excitation energy calculation. Figure 6.11 

shows the absorption-emission spectra of SA (pH = 0.82) along with an absorption spectrum of 
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NO3ˉ. The absorption spectrum of SA (first singlet-excitation, (S0→S1) was seen at 240 – 270 nm, 

and the emission was observed in the 300 -450 nm range. It is noticeable that there is a significant 

energy gap between absorption and emission of SA. Comparing the energy with respect to the λmax 

for absorption (263 nm) and emission (344 nm) yields an energy difference of 1.11 eV. Therefore, 

it is plausible that the observed emission of SA (Figure 6.11) from 266 nm excitation is 

phosphorescence, i.e., the photoexcited singlet-excited state (S1) undergoes radiationless 

intersystem crossing (ISC) to the triplet-excited state (T1) that then phosphoresces byrelaxation to 

singlet-ground state (T1→S0).
40 This argument is supported by the CIS excitation energy 

calculation, where it was shown that the energy differences between SA (S1) and SA (T1) is ~1.0 

eV (Table 6.1) which is close to the observation from the experiment. Note that both the 

zwitterionic (net charge 0) and protonated (net charge +1) forms of SA were included in the 

excitation energy calculation because these two forms of SA coexist in the acidic condition of the 

experiment. 
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Figure 6.11:  Absorption-emission spectra of SA and NO3ˉ. Left y-axis represents the molar 

extinction coefficient (ε, units: M-1 cm-1) of SA and NO3ˉ. The S0 → S1 absorption band of SA is 

located at 230 – 280 nm range (dashed black line). ε of NO3ˉ is magnified by 10 times (solid 

black line) because of its relatively small value compared to SA. y-axis on the right side shows 

emission intensity in arbitrary units. The emission band from SA is observed at 300 – 450 nm 

(solid blue line). The difference between absorption and emission energy is about 1.11 eV.  

 

  

Figure 0.11:  Absorption-emission spectra of SA and 

NO3ˉ 
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Table 6.1:  Excitation Energies with Respect to the Ground State of the Nitrate Anion and 

Sulfanilic Acid in the Gas Phasea 

 ΔE (S1) / eV ΔE (T1) / eV 

NO3ˉ (this study) 4.66 4.23 

NO3ˉ (ref. 36) 4.08 3.88 

SA (zwitterion) 5.44 4.44 

SA+ (protonated) 5.64 4.66 

 
aRef. 36 used EOM-CCSD/aug-cc-pVQZ level for the calculation of NO3ˉ excitation energy. For 

this study, the energy levels are calculated at the CIS level which requires lower computation 

power than EOM-CCSD/aug-cc-pVQZ. 6-31G basis set was used for NO3ˉ, and p and d 

functions were added to the basis set of SA (6-31G(p,d)) for sulfur and hydrogens. 
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The excitation energy of NO3ˉ, however, shows about 0.4 eV difference between S1 and T1 

states (Table 6.1). Calculated energy values by Svoboda et al. are listed in Table 6.1 as well for 

comparison.41 Given that the SA (T1) (zwitterion: 4.44 eV protonated: 4.66 eV) and NO3ˉ (T1) 

(4.23 eV) have comparable excitation energy values, TTET can occur between them. This energy 

transfer mechanism is often referred to as photosensitization, and it is believed to contribute 

significantly to the overall redox chemistry of the Earth’s atmosphere.38 The graphical description 

of the photosensitization process between SA and NO3ˉ leading to the depletion of NO3ˉ in the 

droplet is shown in Figure 6.12. First, SA (S0) is excited to S1 state by absorbing 266 nm radiation, 

followed by ISC from SA (S1) to SA (T1). Then, TTET takes place between SA (T1) and NO3ˉ 

(S0), resulting in SA (S0) and NO3ˉ (T1) according to the rule of spin conservation. Finally, NO3ˉ 

(T1) molecules are reduced to NO2 (g) and HONO (g) (equation 6.1 and 6.2) with those products 

then evaporating from the droplet. Meanwhile SA (S0) can again absorb a 266 nm photon, serving 

as a photocatalyst for these reactions. In addition, there is a possibility of proton (H+) transfer from 

SA to NO3ˉ during the energy transfer process, as observed in other cases of photosensitization.42 

It is interesting that the NO3ˉ (T1) has been a subject of various theoretical studies, and it 

was suggested that the triplet-excited state can contribute to the photolysis of NO3ˉ.
17,41,43 Svoboda 

et al. argued that the dissociation (reduction) of NO3ˉ is more likely from the T1 state than the S1 

state, so singlet to triplet absorption of NO3ˉ can be important.41 However, singlet-triplet 

absorption of NO3ˉ has not been observed experimentally, due to the dipole-forbidden and spin-

forbidden nature of this transition.17,18 Here, our result from Figure 6.6 and the proposed TTET 

mechanism shown in Figure 6.12 can provide an important piece of the puzzle to understanding 

the efficient reduction of triplet-excited NO3ˉ. To be specific, dissociation of NO3ˉ from T1 state 

can occur through TTET rather than singlet-triplet absorption (S0→T1). 
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Figure 6.12:  Energy level diagram for triplet-triplet energy transfer (TTET) between SA and 

NO3ˉ.  

 

 

  

Figure 0.12:  Energy level diagram for triplet-triplet energy transfer 

(TTET) between SA and NO3ˉ 
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To further support the TTET mechanism for enhanced reactions of NO3ˉ, the depletion rate 

and absorption-emission spectra of SA at different pH conditions were measured. Figure 6.13A 

shows that the depletion of NO3ˉ is faster for less-acidic (higher pH) droplets. This pH-dependence 

of NO3ˉ depletion rate can be related to the absorption and emission character of SA. In Figure 

6.13B, it is clear that the absorption cross section and emission intensity of SA rise as the pH of 

the solution increases from 0.56 to 1.31. It can be inferred that in less acidic conditions higher 

population of SA (T1) molecules are available for energy transfer to NO3ˉ (S0) molecules, thus 

increasing the rate of NO3ˉ depletion. In addition, triplet excitation energy of zwitterionic SA is 

closer to the triplet excitation energy of NO3ˉ than that of protonated SA by ~0.23 eV (Table 6.1). 

For this reason, it is reasonable that the probability of TTET can be higher for the zwitterionic SA 

than protonated SA. In less acidic conditions, the population ratio between zwitterionic and 

protonated SA will increase, i.e., SA molecules in the droplet are less protonated in overall. 

Therefore, higher pH can promote more TTET between SA and NO3ˉ which leads to the higher 

depletion rate of NO3ˉ (Figure 6.13A). 

In the results of this study, the photolysis reactions (equation 6.1 and 6.2) of NO3ˉ are 

shown to be triggered by SA (T1) without the photolysis of NO3ˉ by UV. It is striking that the rapid 

depletion of NO3ˉ can occur without excitation of NO3ˉ by actinic UV wavelengths. In previous 

studies, one of the proposed mechanism for enhanced reactions of NO3ˉ is the production of 

solvated electrons (esˉ) from the UV-irradiated photosensitizers (equation 6.5, Ph: photosensitizer) 

followed by the reaction between NO3ˉ and esˉ (equation 6.6).23  

𝑃ℎ   +     ℎ𝑣  →     𝑃ℎ∗   →     𝑃ℎ+    +     𝑒𝑠
−                      (6.5) 

𝑁𝑂3
−     +     𝑒𝑠

−     →     𝑁𝑂3
2−

                (6.6) 



202 

 

 

 

 

Figure 6.13:  pH-dependence of NO3ˉ depletion rate and absorption-emission properties of SA. 

(A) [NO3ˉ] versus time at different pH conditions of the droplets and fixed SA content ([SA] = 

45.0 x 10-3 m). (B) Absorption (dashed lines) and emission (solid lines) spectra of SA in bulk 

aqueous solutions with varying pH.  

 

  

Figure 0.13:  pH-dependence of NO3ˉ depletion 

rate and absorption-emission properties of SA 
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However, the production of NO3
2ˉ radical from the one-electron reduction of NO3ˉ is 

thermodynamically unfavored (E° ≈ −1.1 V vs NHE) and the collision between two negatively 

charged particles may not be a frequent event in aqueous solutions due to the strong Coulombic 

repulsion.44 In comparison, this reaction is less favorable than the reduction of water by esˉ given 

in equation 6.7 (E° = -0.83 V vs NHE).45  

𝐻2𝑂   +     𝑒𝑠
−   →     

1

2
𝐻2    +     𝑂𝐻

−                                         (6.7) 

Therefore, in this study, we suggest the TTET mechanism as a more plausible explanation for the 

depletion of NO3ˉ in the presence of organic photosensitizers. Enhanced production of HONO by 

the energy transfer mechanism can potentially contribute to the missing budget of daytime HONO 

production.  

 

6.4:  Conclusions 

In conclusion, in-situ spectroscopic analysis of single levitated droplets with 266 nm laser 

irradiation revealed the depletion of NO3ˉ caused by energy transfer from excited-state SA to 

ground-state NO3ˉ. The rate of NO3ˉ depletion and volume reduction were directly dependent on 

the initial concentration of SA, suggesting the photocatalytic role of SA for reduction of NO3ˉ. It 

is expected that the main products for the reactions are NO2 and HONO gas, and they can be 

readily evaporated from the droplet surface which leads to the observed decrease in droplet size. 

Absorption-emission spectra of SA NO3ˉ and SA with excitation energy calculations suggest that 

TTET can occur between the two species. Moreover, the absorption and emission character of SA 

with varying pH conditions are correlated with the depletion rate of NO3ˉ, consistent with a larger 
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population of SA (T1) leading to faster NO3ˉ depletion. The experimental results reported in this 

work provide an original view to how photochemical reactions of aqueous NO3ˉ can be enhanced 

by TTET from light-absorbing organic molecules and,23–25 more broadly, on promoting optically 

forbidden transitions in a molecule by a complementary molecular photocatalyst. 
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