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Atmospheric aerosols represent one of the largest sources of uncertainty in modeling 

the Earth’s climate and radiative budget. Aerosol indirect effects are a major source of this 

uncertainty, part of which stems from ice nucleating particles (INPs), which are a major driver 

of cloud formation. Ice nucleating particles are a unique subset of aerosols that promote 

heterogeneous ice formation. There is a large gap in our knowledge concerning the 

composition, morphology, and fundamental processes that that govern heterogeneous ice 

nucleation in the atmosphere by these unique INPs. Marine INPs are of particular interest and 

importance and have recently been shown to contribute significantly to cloud formation in the 

southern hemisphere. This dissertation investigates the mechanism, chemical composition, 

and fundamental phase state behavior of atmospherically relevant INPs. In an effort to further 

understand these particles, we developed instrumentation—a Raman spectrometer coupled 

with an environmental cell—to probe ice nucleation, water uptake, chemical composition, and 

the impacts of temperature and relative humidity on these particles. Following extensive 

characterization and validation, we probed the relationship between temperature and water 

uptake of atmospherically relevant biological INPs because water uptake is a requirement for 

immersion freezing. This work reveals an unexpected trend: water uptake of biological, 

atmospherically relevant INPs begins at lower RH at lower temperatures, the opposite of 

solubility trends for small soluble organics. Following this, we then used the instrumentation to 

study the relationship between atmospherically relevant INPs and the surrounding water as a 

function of temperature. This work used spectral characteristics of water in the presence of 

these different INPs. In an additional and more complex experiment, we used this 

instrumentation to investigate real samples from SeaSCAPE, a large-scale field study. We 

examined the connection between morphology and ice nucleation behavior with chemical 

composition in conjunction with a suite of other instruments and collaborators. Through this 



xx 
 

work, several spectral signatures were identified, but no clear correlation between morphology 

and composition was determined. Finally, marine INP were isolated from the wave channel 

and we attempted to (1) characterize the chemical composition of unique INP and (2) identify 

any trends in functional groups with IN behavior/progression of the bloom. This work is ongoing 

but has created a library of potential model marine INP and their ice nucleating behavior. The 

work presented in this dissertation improves our understanding of ice nucleating particles and 

their fundamental physical and chemical properties, ultimately contributing to improving 

implementation and accuracy of climate models.  
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1 Introduction 

1.1 Impact of aerosols on global climate 

Aerosols are small solid or liquid particles suspended in gas that span in size from 1nm 

to 10µm.1,2 Recently, COVID-19 has brought aerosols to the forefront of public discussion. But 

even before the pandemic, aerosols were known to have a wide range of impacts on human 

health and the environment.3,4 One such environmental impact of aerosols is on the global 

radiative budget, the balance of incoming and outgoing radiation from the Earth’s atmosphere. 

Aerosols can affect the atmospheric energy flux by a phenomenon called forcing. They can 

have a net positive forcing, which leads to heating of the atmosphere, or a net negative forcing, 

which results in cooling. As aerosols are so chemically and physically diverse, there is a large 

degree of uncertainty associated with measurements and predictions of aerosol effects. There 

are two main ways in which aerosols can impact the global radiative budget—directly and 

indirectly. The direct effects of aerosols include the interaction of solar radiation with aerosols 

themselves, as aerosols can either scatter or absorb light. This interaction can lead to a 

warming or cooling affect depending on the optical properties of the particles.2,5 For example, 

black carbon absorbs radiation, resulting in a net positive forcing.6 Aerosols can also act 

indirectly to impact the global radiative budget through the formation of clouds.6  These indirect 

effects are determined by the ability of aerosols to act as a cloud condensation nuclei (CCN) 

or ice nucleating particles (INPs).  

The composition, phase state, morphology, and relative abundance of aerosols can all 

act to alter the micro-physics of the cloud, which will in turn alter the net warming or cooling 

effect. Sources of aerosols are wide ranging: there are natural sources of emissions, such as 

sea spray, the burning of biomass, volcanic eruptions, and dust storms; and unnatural sources 

stemming from anthropogenic activity, such as the burning of fossil fuels.7–18  The size and 

composition of an aerosol particle depend predominantly on its source, which can be 
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categorized as either primary or secondary. Primary aerosols are directly emitted into the 

atmosphere, whereas secondary aerosols are formed through gas-particle conversion 

processes and other reactions.3 Once emitted into the atmosphere, the lifetime of an aerosol 

can range from minutes to days.2,3,19 Larger aerosols quickly leave the atmosphere, returning 

to their original source, while others may be transported through the troposphere. In some 

cases, aerosols can even be lofted into the stratosphere and travel a significant distance from 

where they were emitted: this is why dust from the Saharan desert can be found in North 

America.20,21 Once in the atmosphere, these aerosols can undergo a myriad of transformations 

due to reactions with light, oxidation via heterogenous gases in the atmosphere, and interaction 

with water as well as other aerosols.3   

Of particular interest in this dissertation is the effect of ice nucleating particles (INPs), 

which glaciate clouds when present. Ice typically grows faster than liquid water droplets within 

a cloud and leads to more rapid precipitation, decreasing the lifetime of a cloud. The particular 

chemical and fundamental physical properties of INPs will affect cloud glaciation, and 

ultimately global climate models and the radiative budget. 

1.2 Sea Spray Aerosol 

Oceans cover over 70% of the Earth’s surface and are the largest source of atmospheric 

aerosols by mass.22  Historically, sea spray aerosol (SSA) was thought to be comprised of 

predominantly sodium chloride, but advances in instrumentation and field studies show that 

the composition is increasingly complex.13,23–27. There is ongoing work being done to further 

elucidate and understand the organic and biological SSA components—especially as that 

composition is affected by changing ocean biology—and to replicate this behavior in a 

laboratory setting.28,29 Recent work has shown that the size and generation method of SSA 

greatly impacts the composition, specifically the organic fraction within each aerosol.30 The 
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organic fraction determines the ability of an SSA to act as CCN or INPs and will ultimately 

affect other climate-relevant properties.   

SSA is primarily formed by breaking waves and bubble-bursting from generated 

whitecaps.22,31 There are two main mechanisms for SSA production, as seen in Figure 1.1. 

Film drops, predominantly submicron in diameter, are ejected when bubble caps fragment and 

burst and are typically enriched in the hydrophobic components of the sea surface microlayer. 

Jet drops, which have been shown to form a mixture of both sub- and super micron particles, 

form at the base of bursting bubbles from the fragmentation of a water jet. Though jet drops 

typically are composed of bulk sea water and are thus enriched in soluble materials, salt water, 

and biological material, previous work has shown that these droplets are also enriched in INP 

(as compared to film drops).30,32 Work in this thesis focuses on the ice nucleating behavior of 

super micron marine and biologically relevant aerosols, and is supported by work from Mitts 

et. al.33 showing that super micron SSA are a major source of marine INP and are more efficient 

than submicron SSA particles.   

 Once emitted from the ocean, SSA can undergo a variety of chemical and 

morphological changes. These changes may be the result of reactions with oxidative gases 

including ozone, nitric acid, and hydroxyl radicals, three highly reactive and prevalent gases in 

the atmosphere. Previous work has shown a broad range of responses to reactions with these 

gases, especially in the ice nucleating ability of aerosols, requiring further study.34–37 

Additionally, following emission, SSA can undergo water uptake or loss, leading to phase 

changes.38–40 These changes can, in turn, alter a particle’s interaction with light, oxidative 

gases, and other SSA or volatile organic compounds found in the atmosphere, ultimately 

impacting the particle’s ability to act as an INP. As our understanding of marine biology and 

SSA continues to evolve and expand, there is a growing need for laboratory studies of model 
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systems to help connect field studies to fundamental physical and chemical properties, 

especially for single particles. This work helps to explain and deepen our understanding of the 

field study measurements and will ultimately further refine global climate models. 

 

Figure 1.1 Summary of the various pathways that an SSA can take once emitted from the 
ocean. 

1.3 Ice Nucleating Particles 

Ice nucleating particles (INPs) play an important role in the formation of ice and mixed-

phase clouds, and therefore the Earth’s hydrological cycle and global radiation budget.41,42 As 

such, changes in ice nucleation behavior will directly impact the formation of ice and mixed-

phase clouds, which in turn affects precipitation, cloud cover, and optical depth—all of which 

are essential inputs in parameterizing climate models.6,41,43,44  In addition to directly effecting 

albedo, a measure of surface reflectivity, by deflecting incoming solar radiation or absorbing 

outgoing terrestrial radiation, ice particles have been shown to be more efficient than liquid 

droplets at inducing precipitation.45 Due to their complexity, the aerosol component in aerosol-

cloud interactions remains one of the largest uncertainties in climate models.46 Many of these 
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uncertainties are due to the limited understanding of the physical and chemical principles that 

direct ice nucleation,47,48 and therefore ice cloud formation. 

Broadly, ice can form in the Earth’s atmosphere via two mechanisms: homogeneous 

and heterogeneous ice nucleation. Homogeneous ice nucleation occurs when a water droplet 

is supercooled below -35°C and freezes in the absence of any foreign perturbation.49 

Heterogeneous ice nucleation occurs at warmer temperatures when ice formation is catalyzed 

by the presence of INPs.49 Field studies have identified heterogeneous INPs as the dominant 

formation mechanism in both ice and mixed phase cloud formation.43,50 Ice clouds are 

predominantly composed of ice crystals, while mixed-phase clouds are comprised of both 

supercooled droplets and ice crystals, and are found in either colder regions or intermediate 

altitudes.41,51  INPs are rare in the atmosphere, estimated to be 1 in 105 to 106 particles,17 which 

has led to a poor understanding of both their identity and the mechanism by which they 

nucleate ice. The composition and sources of INPs are wide ranging, and include mineral dust, 

combustion products, biomass burning, and sea spray aerosol.52–57 The ice nucleating 

efficiency of marine-derived INPs is typically lower than terrestrial sources;18 nevertheless, 

INPs generated via SSA are more important than terrestrial sources over the Southern Ocean, 

where contributions from terrestrial sources is limited.58,59 However, the scarcity of INP, 

particularly marine-derived INP, makes it difficult to study and contribute to large uncertainties 

in climate models. These uncertainties in composition lead to large uncertainties in predicting 

ice nucleation and thus cloud behavior in global climate models. 

Heterogeneous ice nucleation may itself occur via several pathways, which adds to the 

phenomenon’s overall complexity. These pathways are depositional, immersion, and contact 

freezing,60 as illustrated in Figure 1.2.  Depositional freezing occurs by a decrease in 

temperature followed by an increase in humidity. Water vapor then adsorbs onto a solid 
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surface, which initiates nucleation.61,62 Contact freezing occurs when a droplet of water comes 

in contact with an INP. There is an ongoing debate within the literature as to whether the force 

of impacting an INP into a droplet is the catalyst for contact freezing,63,64 but more recent work 

has found that simply the presence of an INP at the air-water interface of a droplet is enough 

to cause freezing without the collision.52,53,65,66 Immersion freezing occurs when (1) relative 

humidity (RH) is increased, leading to condensed water, and (2) temperature is decreased, 

leading to the formation of a supercooled droplet and then ice. Many single particle INP studies 

focus on depositional freezing,67–71 which is important in ice phase cloud formation,50 but is not 

helpful in further understanding ice nucleation processes and global cloud formation. 

Immersion freezing has been singled out as important for mixed phase cloud formation, where 

INPs are expected to form droplets prior to freezing.72–75  
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Figure 1.2 Comparison of homogeneous and a) deposition and b) contact and c) immersion 
heterogeneous freezing. 

A comprehensive review of immersion freezing techniques was conducted in 2015 

using illite NX as a standard by Hiranuma and coworkers.76 This study compared a wide range 

of techniques, including those used in the field (Continuous Flow Diffusion Chamber, CFDC) 

and laboratory (Leipzig Aerosol Cloud Interaction Simulator, LAICS), single particle67,77 and 

well plate (Ice Spectrometer, IS) measurements, as well as systems with (Frankfurt Ice 
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Deposition Freezing Experiment, FRIDGE) and without (Electrodynamic Balance, EDB, 

acoustic droplet levitator) substrates. Many of these aforementioned techniques, as well as 

others,52,78,79 monitor ice nucleation optically but lack in situ spectroscopic analysis with 

exposure to different environments. The use of spectroscopic probes can provide insights into 

the chemical composition of INPs and the mechanisms of ice nucleation.80,81 This is especially 

relevant for understanding the ice nucleation behavior of sea spray aerosol (SSA), where the 

chemical components that mediate ice nucleation remain poorly understood.82  

Tolbert and coworkers83 as well as Knopf and coworkers79 have detailed a system that 

couples an environmental cell to a Raman spectrometer, which has predominantly been used 

to study depositional freezing,67,84–86 and in some cases immersion freezing.76,87–89 However, 

the technique developed focused on isolating the INPs from their surroundings either by 

depositing the droplet and then sealing it in small chamber or by immersing the droplet in a 

layer of silicon oil. Both methods effectively maintain the conditions in which the droplet was 

deposited, but limits in situ study of heterogeneous chemistry, and the effect this chemistry 

has on ice nucleation behavior.  

Therefore, there exists a need to develop a single particle technique with 

heterogeneous chemistry abilities that measures immersion freezing with optical and spectral 

probes of sea spray aerosol.90 To meet this need, we have coupled a micro-Raman 

spectrometer with an environmental cell to measure immersion freezing by cooling single 

particles composed of IN standards and marine relevant systems in an environmental cell while 

maintaining a constant RH. The ice nucleation process is monitored using optical and spectral 

probes of the phase state and chemical composition. This system has the unique capability to 

obtain in situ, real time measurements of the composition and phase state of INPs with the 
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option of flowing in reactive gases and facilitates the study of the kinetics and effects of 

heterogeneous chemistry on ice nucleation.  

1.4 Thesis Objectives 

The main objective of this thesis is to obtain a better understanding of the chemical and 

physical properties of marine and atmospherically relevant INPs. This work focuses on 

spectroscopic instrument development and then application of that instrument to probe the 

thermodynamics and xx properties of individual particles in atmospherically relevant 

conditions. Some of the main questions this thesis aims to answer include:  

• What are the chemical and physical properties that control the activity of organic 

and biological INPs? Do INPs pre-order water prior to freezing?  

• Is there a change in the bulk water behavior of individual droplets in the presence 

of an INP?  

• Is there a relationship between temperature, water uptake, and ice nucleation 

ability of a system?  

• Is there a relationship between chemical composition, morphology, and ice 

nucleating ability of SSA collected from a field campaign?  

• Can we identify model systems to further study unique INPs that have been 

isolated by field campaigns measurements?  

Chapter 2 describes the Raman spectrometer and environmental cells specifically 

developed to probe the low temperature phase behavior of single marine and biologically 

relevant particles. This chapter contains a theoretical description of Raman spectroscopy as 

well as instrument specifications and details. Also included are extensive characterization and 

calibration of the two environmental cells developed and employed in this dissertation, 
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specifically ice nucleation and hygroscopicity measurements across a range of different 

systems including inorganic salts, biological systems, and minerals (as compared to 

literature/data from other instrumentation). Also included are preliminary measurements of 

nitric acid and ozone reactions with INPs and subsequent ice nucleation measurements 

(showing a depression of ice nucleation onset behavior following reactions).  

In Chapter 3, the temperature dependence of water uptake of single particle biological 

and atmospherically relevant systems is investigated. Water uptake of sucrose, sodium 

chloride, and larger ice nucleating particles was measured between 298 and 253K was 

monitored optically, with changes in particle morphology, and spectrally, with changes in the 

OH stretching intensity. Raman growth factor, a measure of water uptake, was calculated from 

the integrated area of the OH stretching region (and compared across the different systems). 

Results from these studies show that water uptake of the larger INPs begins at lower relative 

humidities at lower temperatures unlike sucrose and other simple, soluble organics which 

follow solubility behavior predicted by the Clausius-Clapeyron equation. This data suggests 

that rather than absorbing water and dissolving at lower temperatures, these INPs are 

adsorbing water and ultimately forming droplets with inclusions. Additionally, during these 

experiments, repeated water uptake and loss cycles showed changes in morphology for some 

particles which was associated with increased water uptake at lower relative humidities. 

In Chapter 4, the OH stretching regions are used to characterize and quantify the 

thermodynamics of the water hydrogen bonding within a single micron sized droplet containing 

pure water, sodium chloride, and atmospherically relevant organics. Raman spectra of 

individual droplets of approximately the same water content and size were collected across a 

range of temperature (298K-253K) and then fitted with five Gaussian curves to deconvolute 

the broad OH stretching region into fully hydrogen bonded water (FHW) and partially hydrogen 
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bonded water (PHW). These two states represented a lower energy, more ice-like state (FHW) 

where the central water molecule was fully coordinated to four other water molecules, and a 

higher energy state (PHW) where the central molecule was anything less than fully coordinated 

to four other water molecules. Using the relationship between the intensities of the FHW and 

PHW fits, a van’t Hoff plot was created, and enthalpy and entropy of the different systems were 

calculated. 

 In Chapter 5, the chemical, morphological, and ice nucleating ability of samples 

collected during the 2019 SeaSCAPE campaign were investigated. Two aspects of this highly 

collaborative and interdisciplinary work are presented here. First, this work connects ice 

nucleating behavior with chemical composition to model systems of warm INP isolated by the 

CFDC. In this part, nascent and aged particles were isolated using the continuous flow diffusion 

chamber and impacted onto Raman substrates. Raman spectra of the general population of 

these particles were collected, followed by cycles of immersion freezing measurements to 

identify the warmest INP and ice nucleation onset temperatures within each sample. There is 

currently ongoing work to identify appropriate model systems for future use as marine relevant 

INP proxies. Second, this work probes the connection between morphology, chemical 

composition, and ice nucleating behavior of bulk and sea surface microlayer samples using a 

microfluidic device, ice spectrometer, and the Raman coupled with an environmental cell. 

Raman spectra of particles isolated from bulk sea water and the sea surface microlayer were 

collected in an effort to connect chemical composition to morphology seen in the high 

throughput microfluidic device. The results from the Raman showed several main types of 

spectra that occurred during the samples investigated, but due to the small sample size 

investigated, no clear connection between composition and morphology was determined.  
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2 Development and Characterization of a micro-Raman system for low temperature and 
relative humidity studies  

2.1 Introduction 

Micro-Raman spectroscopy is a well-established spectroscopic method that uses 

molecular vibrations generated through nondestructive inelastic scattering to gain information 

about chemical composition and phase state of single particles. This technique is often coupled 

with an optical microscope to aid in the study of single particles and provide an additional 

source of information regarding phase state and morphology. When laser light is incident on a 

sample, Raman scattering can occur. The resulting Raman spectrum provides a unique 

molecular fingerprint corresponding to the vibrational models of the sample in question is 

generated. This can be used to further study a known sample in new environments or probe 

unknown samples to deconvolute functional groups and identify potential model systems.1–5 

For these vibrational modes to yield Raman spectra, a non-zero polarizability with respect to 

the nuclear displacement of the molecule is required when interacting with monochromatic 

polarized light. This change in polarization or distortion of the electron cloud surrounding the 

nuclei leads to the formation of an unstable virtual state, from which a photo is quickly re-

emitted/radiated.  

2.2 Raman Theory 

 When a molecule is placed in an electric field, ε, this induces a dipole moment, μind in 

the molecule. The relationship between the electric field and induced dipole moment can be 

described by: 

μind = αε 

2.1 
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where α is the polarizability of the molecule. When classically discussing Raman 

spectroscopy,6–8 consider a wave of electromagnetic radiation with an incident electric field, ε, 

interacting with the sample of interest. This can be described by: 

ε =  ε0cos2πνt 

2.2 

where ε0 is the amplitude of the wave, ν is the frequency, and t is time. A combination of 

equations 2.1 and 2.2 describe the induced dipole in this electric field as 

μind = αε0cos2πνt. 

2.3 

The polarizability of the bonds in the sample of interest is dependent on the displacement of 

the bond length from equilibrium, described: 

α = α0 +
∂α

∂q
(q − qeq) 

2.4 

where α0 is the polarizability at equilibrium, r is the nuclear displacement, and qeq is the 

internuclear distance at equilibrium. Using Hooke’s law, the time dependent displacement 

within the system around a fixed central atom in a normal mode gives 

q(t) = q0cos2πν0t 

2.5 

 where q0 is the maximum displacement and ν0 is the frequency of vibration. Combining 

equations 2.3 to 2.5, μind can be expressed as  
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μind = αε0cos2πνt +
ε0

2
q0 (

∂α

∂q
) [cos (2π(ν + ν0)t + cos(2π(ν − ν0)t]. 

2.6 

This expression describes the elastic and inelastic scattering of light as shown in Figure 2.1. 

The first term describes elastic Rayleigh scattering, where the frequency of the scattered light 

is the same as the incident light. The second term describes two forms of inelastic scattering: 

Stokes and anti-Stokes scattering, where the frequencies of the scattered light are equal to 

(ν + ν0) and (ν − ν0), respectively. While elastic scattering is the dominant process, one in 

every 106-108 photons scatter inelastically.6 The allowed transitions between neighboring 

states is ν ± 1, and for inelastic scattering to occur, selection rules mandate that ∂α ∂q⁄ ≠ 0.9 

Following excitation, photons scattered inelastically are detected via spectrometer, and the 

difference between the incident and scattered frequencies generate peaks that can be used to 

identify the molecular composition of a sample.  

 

Figure 2.1 Schematic of energy transitions of elastic and in-elastic scattering processes. The 
dashed green lines correspond to the incident energy of the laser, and the resulting solid lines 
represent the energy of the emitted photon of either the same 
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2.3 Instrumentation and Calibration 

2.3.1 Raman Spectrometer 

Raman data in this thesis was collected with a LabRam HR Evolution Raman 

spectrometer (Horiba). A schematic of the internal configuration of the Raman is shown in 

Figure 2.2. The spectrometer is fit with an optical microscope (Olympus BX41), with 10x, 50x, 

100x, and 100x super long working distance (SLWD) magnification objective lenses. The 

majority of the experiments described in this dissertation, specifically with the environmental 

cell, were carried out with the 100x SLWD objective. When using the microscope, a while light 

source (euromex) is used to illuminate the sample via transmission, with the option for 

reflection depending on the sample. There are two gratings 1800 gr/mm and 600 gr/mm, which 

are easily interchangeable to vary spectral coverage and resolution. The majority of spectra 

reported here were collected using the 600 gr/mm. The Raman is equipped with a multichannel 

air-cooled CCD detector (Synapse) and an external 532 nm laser. Additionally, Raman 

spectrometer is fit with a motorized sample stage (Marzhauser), with range of movement along 

the X, Y, and Z axes, whereby spatial information can be obtained. 
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Figure 2.2 LabRAM HR Evolution optical path (green, incident laser light, red, scattered light 
from sample) and spectrograph schematic. Mirrors (M) are used to the light within the Raman. 
Other internal components include polarizers (P), filters (F), holes (H), lenses (L), and grating 
(G).  

2.3.2 Sources of Chemicals and Sample Preparation 

Aqueous solutions were prepared with Milli-Q ultrapure water. The following chemicals 

were purchased directly from manufacturers and used without additional purification, including 

Pseudomonas syringae (Snomax), York Snow Inc.; kaolinite (KGa-1b), The Clay Mineral 

Society; montmorillonite (SAz-1), The Clay Mineral Society; illite NX (NX Nanopowder), 

Arginotec; lipase (from Pseudomonas cepacia), Sigma-Aldrich; lysozyme (from chicken egg 

white), Sigma-Aldrich; lipopolysaccharide (LPS, L4130, extracted from E. coli DIIILB4, purified 

by trichloroacetic acid extraction), Sigma-Aldrich; sodium chloride (NaCl), ≥99% Fischer 

Scientific; sodium nitrate (NaNO3), ≥99% SigmaAldrich; sodium sulfate (Na2SO4), ≥99.0% 



28 
 

Sigma-Aldrich; ammonium nitrate (NH4NO3), ≥98% Sigma-Aldrich; ammonium sulfate 

((NH4)2SO4), ≥99% Sigma-Aldrich; oleic acid, Fischer. 

Samples were generated by atomizing (TSI Inc., model 3076) aqueous solutions of the 

above compounds. Particles were passed through two silica diffusion driers (TSI, Inc., model 

3062, RH < 5%) and impacted on hydrophobically coated (RainX) quartz discs (Ted Pella, No. 

16001-1). The discs were then placed inside the environmental cell where water uptake and 

ice nucleation were monitored on a particle-to-particle basis as well as with spectral maps to 

determine variability in phase and chemical composition. 

2.3.3 Environmental Cell 

The Raman microscope is coupled to an environmental cell (Linkam, LTS 120), as 

shown in Figure 2.3. The Linkam LTS 120 is the cell used for most of the research conducted 

in this thesis, but an additional cell (THMS 600), with a greater temperature ranged, was 

coupled to the instrument more recently. The extended temperature range of the new cell and 

allow temperatures below -27˚C to be investigated for studies of ice nucleation of sodium 

chloride particles with and without the presence of organic compounds The environmental cell 

has inlets for gases and an exhaust line connected to a hygrometer (Buck, CR-4) and a 

temperature controller (Linkam, T-95 PE), which allow for temperature and RH control. RH is 

controlled by sending N2 through a bubbler of Milli-Q water and modulating the ratio of wet to 

dry N2 flowing into the environmental cell. In addition to humidified N2, the system has the 

capacity to flow in reactive gases including ozone. The ozone system is comprised of an ozone 

generator (Jelight Company Inc., Model No. 2000) and an ozone scrubber (Ozone Solutions, 

Inc.). 
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Figure 2.3 a) Schematic of the Raman microscope coupled to an environmental cell for 
immersion freezing studies of substrate deposited aerosol particles b) Raman spectra and 
optical images of droplets of pure ice (black) and water (blue), at -25 and 25oC respectively.  
Relative humidity is controlled through mixing wet and dry air of varying ratios.   

As the cell was constructed with the intention of relative humidity and temperature 

measurements, an accurate calibration of both these variables was carried out. To calibrate 

the RH control of the environmental cell, the deliquescence relative humidity (DRH) and 

efflorescence relative humidity (ERH) values of five inorganic salts, NaCl, NaNO3, Na2SO4, 

NH4NO3, and (NH4)2SO4 were studied by varying the ratio of wet to dry flow into the 

environmental cell. These compounds were chosen because they are well characterized in 

literature and cover a range of DRH and ERH values. Prior to each experiment, deposited 

samples were dried in the cell under N2 for a 20 min calibration period. Following this were 

incremental increases in RH (from 0.3 through 85 to 95%) with 10 min equilibration periods in 

between. A Raman spectrum was collected following each incremental change in RH. Both 

visual and spectral observations confirmed deliquescence with an increase in particle size, the 

darkening of the droplet observed via optical microscopy, and the growth of the O−H stretching 

region between 3200 to 3800 cm−1, as seen in Figure 2.4 for NaCl. 
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Figure 2.4 Raman spectra of deliquescence (a) and efflorescence (b) of a single particle of 
NaCl with (c) accompanying optical images of dry (1.2% RH) and wet (75% RH) NaCl particles. 

Once deliquescence occurs, the temperature and dew point measurements from the 

hygrometer were used to calculate the RH in the cell as shown in equations 1 to 6 from Murphy 

and Koop10 and shown in Equations 2.7 to 2.12: 

RH =
pℓ or i

po
∗ 100 

2.7 

pℓ = exp (54.842763 −
6763.22

Td
− 4.210 ln[Td] + 0.000367Td + tanh[0.0415{Td −

218.8}] [53.878 −
1331.22

Td
− 9.44523 ln( Td) + 0.014025Td])   for Td > 0 

2.8 

                         pi = exp (9.550426 −
5723.265

Td
+ 4.53068 ln[Td] − 0.00728332Td) for Td < 0                 

2.9 
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es,EC = eS, TR exp [−
Lℓ or sℓ

Rv
(

1

TEC
−

1

TS, TR
)] 

2.10 

     Lℓ = 1.91846 ∗ 106 [
TEC

TEC−33.91
]

2
 for Tc > 0 

2.11 

Lsℓ = 56579 − 42.212 + exp (0.1149[281.6 − TEC]) for Tc < 0 

2.12 

Where in Equations 2.7-2.12,  p is the water vapor pressure either of a liquid water (ℓ) when 

Td > 0, where Td is the dew point temperature, or ice (i) when Td < 0, po is the water saturation 

vapor pressure, TEC is the temperature of the environmental cell,  the subscript TR refers to 

the value of the temperature and pressure at the triple point for water, L is the latent heat of 

vaporization for water either of a liquid (ℓ) when TEC > 0, where Tc is the temperature inside 

the environmental cell, or a supercooled liquid (sℓ) when TEC < 0 , Rv is the ideal gas constant, 

Td is the dew point temperature, and a,b, and c are empirically fitted constants.11 Note that TEC 

is the temperature in the environmental cell, but for the water uptake measurements made at 

ambient temperature, it is assumed that it is the same as the temperature as the hygrometer. 

The reverse process was followed for efflorescence. The comparison of experimental and 

literature deliquescence and efflorescence values for a range of salt compounds, NaCl, 

NaNO3, Na2SO4, NH4NO3, and (NH4)2SO4, are given in Figure 2.5 and fall closely within the 

range of reported literature values.1,2,12,13   
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Figure 2.5 Plot comparing experimental (circle) and literature (triangle) deliquescence relative 
humidity (DRH, blue markers) and efflorescence relative humidity values (ERH, red markers) 
for different of inorganic salts with a wide range of DRH and ERH values. 

In addition to water uptake, ice nucleation measurements rely on accurate temperature 

measurements. A calibration of the environmental cell was done to account for any differences 

in the set temperature and the temperature of the substrate deposited particles in the cell.14 

Using the water uptake properties of NaCl, which have been shown to have a deliquescence 

relative humidity (DRH) of 75% over a broad range of temperatures,15 a calibration curve was 

generated by back calculating the temperature11,14 that the particles experienced at different 

set temperatures, rearranging equations 2.7-2.9.  New NaCl samples were prepared for each 

DRH measurement. The deliquescence protocol described above was followed, with the 

addition of a 20-minute temperature calibration period following the initial drying. Spectra were 

collected to confirm deliquescence at each temperature and are shown in Figure 2.6. Figure 

2.7 shows the correlation between the set temperatures and the actual temperature. There is 

good linearity through the range of set temperatures from -40 to 25°C. The deviation between 

set temperature and the actual temperature is largely due to the use of the water/glycol chiller 
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and may potentially be improved by the use of a cryogenic chiller. There is good linearity 

through the full range of temperatures. 

 

Figure 2.6 Plots a) through f) show spectra of NaCl before (red) and after (varying colors) DRH 
at ~75% RH as indicated by the growth of the O–H stretching band between 3200 and 3600 
cm-1 seen at the DRH. The temperatures decrease from 25°C through -25°C in spectra a) 
through f). 
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Figure 2.7 Calibration of environmental cell. The plot shows the set temperature compared to 
the actual temperature as determined by deliquescence of single NaCl particles across a range 
of temperatures. As shown above there is an ca. ten degree offset. 

 In a typical immersion freezing experiment, a sample is placed in the environmental 

cell and deliquesced as discussed above. The RH was typically increased further until the 

sample was completely immersed, as determined by the optical microscope image of a droplet 

and a spectrum of aqueous water measured. Once the RH had stabilized, the temperature in 

the cell was dropped (-4.1°C/min) and the RH was modulated following the trajectories shown 

in Figure 2.8, to maintain a constant RH. As the temperature decreased, spectra were collected 

continuously every one second, monitoring the broad 2800 to 3800 cm-1 range for changes 

associated with freezing in the O-H stretching region. Specifically, the appearance of the 

distinct low frequency absorption at 3139 cm-1 peak, indicating ice formation as shown in Figure 

2.3(b), was monitored. Additionally, this process can be visualized through the optical 

microscope video feed, looking for the appearance of optical interference indicating the 

formation of solid water and ice nucleation.  
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Figure 2.8 Trajectories of wet to dry mixing ratios followed to maintain a constant RH as 
temperature changed. Each different color marker corresponds to a different RH (red: 20%, 
orange: 40%, green: 85%, blue: 90%, purple: 100%). 

The water uptake and immersion freezing process for a single particle and the 

associated spectra are shown in Figure 2.4. With the optical microscope, visual monitoring 

allowed for the ice nucleation onset temperature to be recorded as the temperature where ice 

nucleation was first observed. The ice nucleation measurements are made on a substrate, and 

as such, once one particle nucleates it can initiate nucleation when there is contact between 

particles. These measurements are distinct from other ice nucleation measurements done in 

individual wells, where one ice nucleation event does not affect another.  
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Figure 2.9 Schematic diagram showing the process of immersion freezing using micro-Raman 
spectroscopy (x-axis in cm-1 units). a) shows a spectrum and an optical image of a dry particle; 
b) a particle after immersion and RH has been increased, where two new absorption bands 
are seen at 3266 and 3418 cm-1, corresponding to liquid water; and c) the same particle at 
lower temperature where ice freezes as seen by the vibrational bands at 3139, 3255 and 3361 
cm-1.   

2.3.3.1 NaCl Dihydrate measurements 

The crystal structure and subsequently the morphology of aqueous droplet upon 

efflorescence has also been known to depend upon temperature and drying conditions, 

specifically, the dehydration rate. Sodium chloride forms two possible crystal structures upon 

efflorescence, namely anhydrate (NaCl(s)) and dihydrate (NaCl·2H2O(s)). The equilibrium phase 

diagram shows that at temperatures above 0°C, the NaCl(s) form and below 0°C, the 

NaCl·2H2O(s) form is thermodynamically favorable. 16 However, in experiments on droplets on 

substrate, it was shown that only NaCl(s) is formed at temperatures as low as -20°C.17 In 

another study18 the range of temperatures where the transition from NaCl(s) to NaCl·2H2O(s) 

happens was found to be between about -20°C, where 0% of the particles were in the dihydrate 

form, and -32°C, where 100% of the particles observed were the dihydrate. Another study on 

particles suspended in an electrodynamic balance (EDB) 19 reported the transition to be in a 

similar temperature range. Some studies have also reported a different efflorescence crystal 
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structure in seawater depending on the rate of decrease of RH due to different number of water 

molecules trapped in the dried particle. 20,21  

Faster dehydration rate experiments (~2.5% RH/min at -21°C and ~1% RH/min at -

25°C) were performed in the environmental cell. Figure 2.10 shows at -21°C, 15.3 ± 0.1% of 

the droplets formed NaCl·2H2O(s) which went up to 98.5 ± 0.6% at -25°C. Raman spectra 

(Figure 2.10 (a)) were used to confirm the hydration state of the particles. The fast 

efflorescence experiment in the environmental cell produced NaCl·2H2O(s) even at -25°C, 

further confirming the capability of the environmental cell to control rates of temperature 

change and relative humidity, as well as particle phase state. It has been theorized previously 

that the presence of inclusions and/or higher dehydration rates are capable of inducing the 

transition to the NaCl·2H2O(s) form at higher temperatures by reducing the energy barrier for 

the transition to this state.19 Differences in droplet size, shape, substrates as well as 

surroundings of these droplets could all potentially be contributing factors while comparing the 

transition temperatures between the methods.  

 

 

Figure 2.10 a) Raman spectra of NaCl·2H2O(s) (red) and NaCl(s) (blue) and optical images of 
these particles deposited on the environmental cell substrate and fast dehydrated at (b) −21 
°C and (c) −25 °C with colored circles indicating the different crystals.  
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2.3.4 Heterogeneous chemistry  

2.3.4.1 Ozone Reaction and Ice Nucleation Experiments 

To probe the impacts of oxidation on ice nucleation behavior, the dry N2 line connected 

to the environmental cell was replaced with a dry air line connected to an ozone generator 

(Jelight Company Inc., Model No. 2000). The concentration of ozone was diluted with 

additional N2 prior to mixing with humidified N2 and entering the environmental cell. An ozone 

scrubber (Ozone Solutions, Inc.) was placed following the hygrometer. To monitor ozone 

reactions of a single particle, a sample was first deposited and placed in the environmental 

cell. Following this, the N2 purge was replaced with ozone, and RH was set at 50 ± 1.5%. Once 

equilibrated, the system was reacted with 1ppm of ozone for one hour, and subsequent ice 

nucleation experiments were conducted as described earlier.  

The reaction of oleic acid particles with ozone prior to measurements with Snomax to 

confirm that ozone presence in the cell (in addition to measuring ozone concentration at the 

inlet and outlet of the cell). Figure 2.11 shows the spectra of oleic acid before and after reaction. 

Loss of peaks at 1302, 1658, and 3011 cm-1 correspond to the loss of the C=C bond at 1658 

cm-1 and the olefinic C-H stretching and bending modes at 3011 and 1302 cm-1 due to the 

ozonolysis reaction, consistent with literature on this well-known reaction.22  
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Figure 2.11 Spectra of oleic acid particle before (red) and after (blue) reaction with ozone.   
Most evident in the spectra is the loss of the C=C bond at 1658 cm-1, loss of the olefinic C-H 
bend and stretching modes at 1302 and 3011 cm-1, respectively, as a result 

Spectra of Snomax before and after reaction, Figure 2.12, show a loss of peaks at 

1125, 1350, 1550, and 1650 cm-1¸ indicating a reaction occurred, but due to the fact that 

Snomax is a commercial product, we do not have access to the structure. The ice nucleation 

temperature is depressed following reaction with ozone, shifting from -4.8 + 1.0C to -6.0+ 

1.3C, a statistically insignificant change in the ice nucleation onset temperature from the 

Snomax ice nucleation temperature before reaction with ozone, which agrees with findings 

from Attard et al.23 What is very interesting is that although there are significant changes in the 

Snomax Raman spectrum following ozone exposure suggestion reaction with Snomax and 

possible destruction of the exposed Snomax particle, there is only a slight change in the 

freezing behavior of Snomax indicating that some actives sites for ice nucleation remain 

unchanged.   

This also speaks to the strength of the Snomax ice nucleating behavior – that even 

though the Raman spectrum following exposure indicates large changes in the chemical 
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composition of the particle, the remaining active sites that were unaffected by the ozone were 

either so strong or so numerous, that the ozone destruction of the exposed sites did not matter. 

Additionally, it may indicate that the chemical composition of Snomax may only be partially 

responsible for the IN activity of Snomax and that the morphology of the active sites may be 

more important. Additional investigation with microscopy may help illuminate why the total 

chemical destruction via ozone oxidation had no significant effect on the IN behavior of the 

Snomax. Future work may include the investigation of this reaction with a droplet with Snomax 

inclusions. 

 

Figure 2.12 Raman spectra of Snomax, before (red) and after (blue) reaction with ozone (O3¬). 
Yellow highlighted regions correspond to peaks that have disappeared from the spectrum 
following exposure of Snomax to ozone, while red correspond to peaks that have appeared. 

 

2.3.4.2 Nitric acid Reaction and ice nucleation experiments 

To mitigate corrosion within the environmental cell, nitric acid reactions were conducted 

in a separate reaction chamber and then returned to the environmental cell following reaction. 
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Following procedures described by Trueblood et al.24 and methods described earlier, samples 

were atomized and deposited on quartz substrates, placed in the environmental cell, and initial 

spectra and the x and y coordinates of the particle studied were collected. Following this, the 

sample was transferred to the nitric acid reaction chamber where samples were exposed to 

approximately 1ppm of nitric acid at 20% RH for 10 minutes. Once reacted, the sample was 

the returned to the environmental cell, the particle located, and subsequent ice nucleation 

measurements and spectra were collected.  

Figure 2.13 (a) shows the reaction of LPS with nitric acid and the expected appearance 

of the 1050 cm-1 nitrate peak. Figure 2.13 (b) shows the spectra of Snomax before and after 

reaction with nitric acid and the same appearance of the 1050 cm-1 nitrate peak following 

exposure to nitric acid. From this, it can be assumed that the same acid base reaction as 

described in Trueblood et al.24 is occurring with Snomax. Following exposure to nitric acid, the 

ice nucleation onset of LPS was suppressed by ca. 3°C and 6°C for Snomax. Repeated 

exposures to nitric acid did not further suppress the ice nucleating temperature of either LPS 

or Snomax particles. Unlike with the reaction of ozone, there was no clear destruction of peaks 

following the reaction of nitric acid in either LPS or Snomax, only the growth of the 1050 cm-1 

nitrate peak.  
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Figure 2.13 Raman spectra of (a) LPS and (b) Snomax before (red) and after (blue) reaction 
with nitric acid (HNO3). Highlighted regions correspond to peaks that have largely disappeared 
(yellow) or appeared (red) in the spectra following exposure HNO3. 

2.3.5 Low Temperature Environmental Cell  

Following the calibration and use of the LTS 120, we were limited to -27˚C. This 

temperature regime was appropriate for most of the work described in this thesis, but for future 

studies, specifically those involving the ice nucleation and water behavior of mixed organic and 

inorganic systems, where the ice nucleation onset is depressed by the inorganic component, 

an additional, more robust cell was required. For this work, we acquired a Linkam THMS 600, 

which was integrated with the same Horiba Raman and relative humidity set up as described 

in 2.3.3.  

 The working range of the Linkam THMS 600 spans from -195 to 600˚C, though for our 

purposes, this cell has been calibrated to -55°C, as limited by the current hygrometer (Buck, 

CR-4, which is accurate to -60˚C). Once prepared as described above, samples on quartz 

substrates were placed on silver block cooled by liquid N2, rather than a mix of glycol and water 

as for the LTS 120. The temperature within the cell and flow of liquid N2 is controlled by the 

Linkam T96, and like the LTS 120, has inlets for gases control the environment within the cell. 

The same set up as described earlier is used to monitor and maintain relative humidity using 

a flow of humidified N2 within the cell.  
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2.3.5.1 Modifications to cell 

With the new cell and expansion of the temperature range came an increased 

possibility of cold sinks. As the liquid N2 supply lines for cooling the stage are positioned within 

the cell, when humidified N2 was introduced to the cell, the exposed lines preferentially trapping 

the water. To ensure that the cold stage (and sample of interest) is the coldest point within the 

cell the liquid N2 lines were insulated. To do this, the lines were first wrapped in thin strips of 

polystyrene foam and then the area was covered in low vapor pressure putty. To ensure the 

N2 lines were properly insulated, dew point measurements were made at the inlet and outlet 

of the cell across several temperatures (between -55 and 25°C and relative humidities (50-

90%). Once sufficiently insulated, the dew point measurements showed no difference between 

the inlet and outlet of the cell, indicating that no water vapor sink existed (i.e. loss of water to 

the formation of ice on the N2 lines).   

2.3.5.2 Temperature and relative humidity calibration 

Following the calibration detailed in 2.3.3 of the first Linkam LTS-120 cell, the relative 

humidity in the new cell was calibrated using DRHs of several inorganic as described in Figure 

2.14. These calibrations show excellent agreement between expected DRH values across all 

inorganic systems. Following this, temperature was calibrated using the DRH of NaCl and a 

calibration curve relating the set temperature to the actual temperature experienced by the 

sample on the stage in the cell is shown in Figure 2.15. This calibration shows there is ca. one 

degree offset between the set and calculated temperature of the cell.  
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Figure 2.14 Plot comparing deliquescence relative humidity experimental (DRH, red triangle) 
and literature (DRH, blue circle) values for different of inorganic salts with a wide range of DRH 
values extending from 60-85% RH. 
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Figure 2.15 Calibration of THMS 600 environmental cell. The plot shows the set temperature 
compared to the actual temperature as determined by deliquescence of single NaCl particles 
across a range of temperatures. As shown, there is ca. one degree offset from 25°C through -
55°C. 
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3 Low-Temperature Water Uptake of Individual Marine and Biological Relevant Atmospheric 

Particles Using Micro-Raman Spectroscopy  

3.1 Synopsis 

The interaction of water vapor and the water uptake behavior of atmospheric particles 

are often investigated as a function of relative humidity (0−100% RH) at ambient temperature. 

However, lower temperature studies are important to understand how atmospheric particles 

nucleate ice through various mechanisms including immersion freezing. Immersion freezing 

requires the formation of a condensed water droplet at lower temperatures prior to freezing. 

To better understand low-temperature water uptake behavior of marine and biologically 

relevant atmospheric particles, we have investigated water uptake of single atmospheric 

particles using a micro-Raman spectrometer coupled to an environmental cell for 

measurements at lower temperatures and as a function of relative humidity. These particles 

include sodium chloride, sucrose, Snomax, lipopolysaccharide, and laminarin. Particles range 

in size from 2 to 3 μm in diameter and can be monitored by using optical microscopy and 

Raman spectroscopy as a function of relative humidity at temperatures between 253 and 298 

K. From the Raman spectra collected, we can determine a Raman growth factor defined as an 

increase in the intensity of the O−H stretch as a measure of the integrated water content of a 

particle compared to the dry particle. These data show that for lipopolysaccharide, laminarin, 

and Snomax, unlike simple saccharides such as sucrose and other soluble organics, as 

temperature decreases, water uptake begins at lower relative humidity and does not follow a 

solubility temperature dependence. This suggests that at lower temperatures the particles are 

adsorbing water on the surface rather than dissolving and absorbing water. Furthermore, 

repeated water uptake cycles cause a change in the morphology of some of these particles, 

which is shown to promote water uptake at lower relative humidity. These results give new 

insights into water uptake of these different marine and biologically relevant particles at low 
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temperature at sub saturation relative humidity prior to droplet formation and immersion 

freezing. 

3.2 Introduction 

Mixed-phase clouds are important to the hydrological cycle and radiative budget of the 

earth.1–3 They have been observed and measured year-round across the globe, but their 

complex composition of supercooled water and ice crystals makes them difficult to model.4 The 

formation, composition, size, precipitation, and density of mixed-phase clouds and thus their 

effect on the hydrological cycle and radiative balance are all affected by aerosol composition.1 

A small but important subset of these aerosols act as ice nucleating particles (INPs) which 

provide a heterogeneous substrate to glaciate clouds. INPs induce ice formation before water 

homogeneously freezes in the atmosphere around 235 K, contributing to ice and mixed-phase 

cloud formation.5–7 The predominate pathway for the formation of ice in mixed-phase clouds is 

immersion freezing, in which an INP takes up water to form a supercooled droplet prior to 

freezing.1,5 Though ice nucleation has been extensively studied, there is ongoing work to 

identify the chemical and physical properties that control the activity of marine and biologically 

relevant INP.8–11 Mixed-phase clouds are particularly impactful in the southern hemisphere in 

remote marine environments, where sea spray aerosol (SSA) derived INPs are the greatest 

contributors to these clouds.12–14 

The defining feature of immersion mode freezing is the inclusion of INPs in a droplet prior 

to freezing. Therefore, the water uptake behavior of an aerosol as a function of temperature 

determines the ice nucleating pathway of an INP in the atmosphere, ultimately impacting cloud 

formation, the hydrological cycle, and the radiative budget. Herein we probe the temperature 

dependence of water uptake of different micrometer-sized particles to elucidate how marine 

and biologically relevant particles interact with water vapor under subsaturation conditions. 
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Exposure to increasing relative humidity (RH) for inorganic particles, for instance sodium 

chloride, can lead to phase transitions such as deliquescence at a distinct, thermodynamically 

determined RH.15–17 This transition from a crystalline particle to a droplet occurs at a substance 

specific deliquescence relative humidity (DRH) and is followed by the rapid, continuous growth 

of the droplet.15,18,19 In contrast, organic and biologically relevant particles can grow gradually, 

taking up water even at low RH.16,19,20 Estillore et al. suggest that one possible reason for the 

continuous water uptake of these organic particles is the presence of physical defects within 

the particles.16 These cracks, pores, and grainlines on the surface of particles may play a role 

and promote water adsorption and absorption at lower RH. Taken together, these processes 

define the water uptake of these different types of atmospherically relevant particles. 

The water uptake and deliquescence of both organic and inorganic single particles have 

been studied at ambient temperatures across a broad range of instruments, giving insights into 

chemical and physical properties of these different systems.17,20–28 However, the majority of 

these measurements are made at ambient temperature, at or near 298 K. Clearly, lower 

temperature measurements are important as this is where mixed-phase and ice cloud 

temperature regimes are relevant, that is, the temperature range where an aerosol may act as 

an INP. Previous temperature-dependent studies have focused on the deliquescence of 

inorganic salts and water uptake of small organics. This includes work from Martin and Gysel 

et al. that show minimal variation in deliquescence with temperature for NaCl and sulfate salts, 

respectively.13,15 Guo et al. report an increase in DRH values of nitrate salts with decreased 

temperature consistent with the temperature dependence that can be approximated from the 

Clausius− Clapeyron equation (as related to solubility) but minimal temperature dependence 

on the chloride salts were measured.29 Similarly, the results of low-temperature organic water 

uptake vary. Zamora et al. have shown little to no temperature dependence of saccharides, 

mono/dicarboxylic acids, and humic-like substances between 273 and 303 K.30 Conversely, 
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Baustian et al.22 measure a clear negative temperature dependence of sucrose, glucose, and 

citric acid (used as small organic secondary organic aerosol (SOA) proxies) between 200 and 

273 K, which can be related to the solubility of these SOA proxies, similar to what was observed 

for nitrate salts.29 Ganbavale et al. measured the water activity temperature dependence of a 

range of soluble organic systems also between 200 and 273 K using multiple techniques 

including an electrodynamic balance and differential scanning calorimetry, finding the behavior 

of these organic systems different from the predicted temperature dependence, and indicated 

a need for further measurements at low temperatures to improve predictions of the ice 

nucleation ability of mixed aqueous systems.31 

The water uptake and deliquescence of supermicrometer particles have been measured 

by multiple techniques, ranging from suspended particles (electrodynamic balance, 

hygroscopic tandem differential mobility analyzer) to single particles on substrates (Raman, 

atomic force microscopy, atomic force microscopy−infrared spectroscopy).26 In this study 

Raman spectroscopy is used as it can detect the vibrational signature of condensed water 

molecules.32,33 The broad spectral region of interest between 3000 and 3800 cm−1 is associated 

with the O−H stretching vibration of water. We monitored this region to investigate a range of 

micrometer-sized particles that include NaCl, sucrose, lipopolysaccharide (LPS), laminarin, 

and Snomax. For these different particles, there is a range of immersion freezing ice nucleation 

onset temperatures. NaCl was chosen as a purely inorganic salt representative and control as 

it is well characterized across a range of instruments and temperatures. Additionally, NaCl 

does not freeze until very low temperatures ca. 215 K, outside of the temperature range 

reached by the environmental cell used in this experiment (vide infra).15,20,34,35 Sucrose was 

chosen as a simple, well characterized saccharide whose water uptake across a broad range 

of temperatures has been previously studied.22,31,36,37 Sucrose, similar to NaCl, is a poor INP, 

previously shown to freeze between 205 and 235 K.22 In addition, saccharides are known to 
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comprise a large portion of the dissolved organic carbon in the ocean.38 LPS and laminarin 

were chosen because they have both been identified as marine relevant biological particles. 

LPS has a moderate immersion ice nucleation ability (249.4 ± 0.7 K) and is composed of 

polysaccharide chains found on the surfaces of Gram-negative bacteria.11,35 Previous work 

from Maeda et al. has determined LPS to be an indicator of biomass blooms which have been 

observed in the South China Sea and Pacific Ocean.39 Laminarin is a complex sugar produced 

during cell wall degradation that has poor ice nucleating abilities, measured here to freeze 

within the same range as water in our studies (246.6 ± 1.1 K).16 Additionally, laminarin has 

been found to make up a significant fraction of particulate organic matter found in ocean waters 

and to play a significant role in the marine carbon cycle and ocean carbon sequestration.40 

Finally, Snomax, a commercial product derived from proteins in the bacteria Pseudomonas 

syringae, was chosen as an excellent ice nucleating particle (268.2 ± 0.8 K).35,41 In this work, 

the Raman spectra associated with these different micrometer-sized particles were 

characterized as a function of relative humidity at several temperatures within the range of ca. 

250−300 K to further reveal potential connections of subsaturation water uptake and ice 

nucleating behavior. The overall goal of this study is to gain an improved understanding of the 

chemical and physical properties of marine and biologically relevant particles that contribute 

to INP and mixed-phase clouds, and thus contribute to reducing uncertainties in global and 

regional climate models.42,43 

3.3 Experimental Methods 

3.3.1 Materials, Chemicals, and Sample Preparation 

All chemicals were purchased directly from the manufacturers and used without further 

sterilization or purification and included sodium chloride (NaCl, ≥99% Fisher Scientific), 

sucrose (≥99%, Sigma-Aldrich), Pseudomonas syringae (Snomax, York Snow Inc.), 

lipopolysaccharide (LPS, L4130, extracted from E. coli 0111:B4, purified by trichloroacetic acid 
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extraction, Sigma-Aldrich), and laminarin (Alfa Aesar). Aqueous solutions were prepared with 

Milli-Q ultrapure water. Samples were generated by passing aqueous solutions of compounds 

listed above first through an atomizer (TSI Inc., Model 3062) and then two silica diffusion driers 

(RH < 5%) before they were collected on hydrophobically coated (Rain-X) quartz substrates 

(Ted Pella Inc., part no 16001-1). 

3.3.2 Water Uptake and Ice Nucleation Measurements 

A Raman microscope with a 532 nm laser (Horiba, LabRam HR Evolution) combined 

with an environmental cell (Linkam, LTS 120) was used to study water uptake and ice 

nucleation as described in Mael et al.35 Substrates with different individual particle samples 

were placed inside the environmental cell to equilibrate at 298 K for ∼20 min under dry N2, 

where the relative humidity (RH) was monitored with a hygrometer (Buck Research 

Instruments, CR-4). The temperature of the cell was then set for a specific temperature, and 

an additional 20 min was given for the system to stabilize to the temperature of interest. After 

this, a mixture of dry and humidified N2 was introduced to the cell to increase RH to ∼10% RH 

followed by an additional 15 min calibration period following the stabilization of the RH. A 

Raman spectrum was then taken between 2600 and 4000 cm−1 with five exposures of seven 

seconds each. This was continued, increasing the ratio of humidified N2 to dry N2 flowing into 

the cell systematically, until an RH of ca. 100% was reached. Following water uptake 

measurements, ice nucleation measurements were made as described in Mael et al.35 

Following each experiment, the cell temperature was returned to 298 K and the ratio of 

humidified to dry N2 flowing into the cell was decreased. Once the hygrometer had reached 

equilibrium, the particles and environmental cell were dried out for an additional 10 min. 

Subsequent water uptake measurements were performed on the same particle at different 

temperatures. To investigate potential phase changes or templating that may occur from 
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repeated measurements on the same particle, multiple temperature “cycles” were probed in at 

least triplicate. The three temperature cycles were (1) 298 K → 283 K → 273 K → 263 K → 

253 K, (2) 253 K → 263 K → 273 K → 283 K → 298 K, and (3) 273 K → 253 K → 283 K → 

298 K → 263 K. With each new temperature cycle, a new particle was interrogated. For 

Snomax, because of its low ice nucleation onset temperature, measurements were only 

collected to a low temperature of 273 K. 

3.4 Results and Discussion 

For these water uptake measurements, a deposited dry particle was subjected to 

increasing RH within the environmental cell at each temperature. The particle morphology was 

observed with an optical microscope. As can be seen in Figure 3.1, there is a transition of the 

initial, dry-deposited particle to a dark circle with a characteristic white center, indicative of a 

liquid droplet. This white dot at the center of the liquid particles is due to illumination by a white 

light source above the sample used for imaging. Additionally, this transition was monitored with 

Raman spectroscopy by observing growth in the band associated with the O−H stretching 

motion, ν(OH), from 3000 to 3800 cm−1 (as seen in Figure 3.2). Following one cycle of 

increasing and decreasing RH, NaCl and Snomax visually return to their original dry-deposited 

structure. Similarly, sucrose particles returned to their initial dry deposited morphology 

following several cycles, although the initial “dry” particles appear droplet-like but much 

smaller. The impact of these increasing and decreasing RH cycles is different for laminarin-

containing particles. Following the first increase in RH, upon drying, the particle adopts a 

rounded, more amorphous morphology, different from the dry-deposited initial structure. For 

each subsequent water uptake and loss cycle, laminarin particles returned to this amorphous 

state rather than the initial dry-deposited structure as seen with NaCl, sucrose and Snomax. 

In the case of LPS particles, these particles predominantly returned to their original dry 

deposited morphologies following decreasing RH, but in fact a very small fraction (<5%) of the 
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particles show a morphology change to a more rounded amorphous shape, as shown in Figure 

3.1. Following an additional RH cycle, amorphous LPS particles return to their original, dry-

deposited morphologies. Interestingly, these different morphologies did not impact the particles 

water uptake behavior (Figure 3.2). Although these morphology changes are not completely 

understood, LPS has been observed to change its morphology due to the coordination of 

different cations in its structure.44 
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Figure 3.1 Images corresponding to the morphologies of particles at different stages of 
increasing and decreasing RH. The left column shows images of the initial dry deposited 
particle. The middle column shows the particles after droplets have formed at 100% RH. The 
right column shows the particle morphology after being re-dried. 
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Figure 3.2 Raman spectra taken at 298 K for (a) sodium chloride (black), (b) sucrose (blue), 
(c) Snomax (orange), (d) laminarin (teal), and (e) LPS (purple) as a function of %RH from 2 to 
96 %RH. These spectra have all been baseline corrected and normalized to the highest 
intensity peak in the 2800 to 3800 cm–1 region. 

In addition to monitoring the optical images, the details of water interaction with these 

particles are monitored by integration of the O−H Raman stretching band (between 3000 and 
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3800 cm−1). For NaCl (Figure 3.2a), the spectra as a function of RH can clearly be clearly seen 

to increase at the deliquescence relative humidity (DRH) of 75 ± 2%, in agreement with 

literature.45,46 This transition from solid to liquid is followed by the rapid, continuous growth of 

the particle as seen in the sustained increase in Raman intensity at RH values above the DRH. 

For sucrose, Snomax, laminarin, and LPS, there is no distinct transition from solid to liquid, but 

instead there is a gradual increase in intensity of the O−H stretching region across a range of 

RH values. This can initially be seen as an increase in Raman intensity at low- to mid-RH and 

more rapidly at higher RH values (Figure 3.2b−e). 

For water uptake measurements across a temperature range, the same particle is 

probed repeatedly through increasing and decreasing relative humidities at each temperature. 

The same particle for NaCl, sucrose, LPS, and Snomax showed no change in water uptake 

behavior between cycles. Additionally, when different morphologies of LPS particles were 

observed, the water uptake behavior was also the same. However, for laminarin, there was a 

significant difference in water uptake between the initial dry deposited particle and the particle 

following the first increasing/decreasing RH cycle. Subsequent cycles show no significant 

variation in water uptake when the particle was present as a rounded amorphous morphology. 

Changes in the O−H stretching region as a f(RH) were used to create plots of a Raman growth 

factor as a function of temperature for each of these different micrometer-sized particles as 

shown in Figures 3 and 4. The Raman growth factor (GF) has been previously defined as20 

Raman GF = A/A0 

3.1 

in which A is the integrated area of the O−H stretching region between 3000 and 3800 

cm−1 of the particle and A0 is the integrated area at the lowest RH measured. The Raman 
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growth factors for these different particles as a f(RH) were fit with a parametrized function 

modified (Figure 3.3) from Dick et al.47 

GF = [1 + (a + baw + caw
2)

aw

1 − aw
]

1/3

 

3.2 

where a, b, and c are adjustable parameters and aw is the water activity, equal to 

RH/100.16 The parameters for the organics (a, b, and c) are given in Table 3.1  
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Table 3.1. This GF fit was developed for use with tandem differential mobility analyzer 

(TDMA) RH dependent particle growth measurements. The parametrized fit function was 

applied to our Raman GF data as measurements from Laskina et al. have shown comparable 

GF behavior is observed between the humidified tandem differential mobility analyzer 

(HTDMA) and Raman GF measurements for single particles or inorganic salts and mixed 

organic and inorganic systems.20 It should be noted that while the GF curves are comparable, 

the absolute GF values are not. As such, these Raman GF data can be compared at different 

temperatures for a single particle. The χ2 values associated with the fits for the different 

particles across the temperature range can be found in Table 3.1 and were used to confirm 

the “goodness” of the fit. While the χ2 values reported are small, indicating a good fit, the error 

associated with the individual parameters is fairly large. One reason may be that the GF of the 

lower RH region at temperatures below 298 K show a small local maximum before the initial 

water uptake begins. This is a product of the fit rather than an indication of a trend in the data, 

as these low RH GF values do not deviate significantly from the initial values. 
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Figure 3.3 Temperature-dependent water uptake curves, as measured by a Raman growth 
factor (eq 1), as a f(RH). Water uptake curves between low temperature (darker data points) 
and higher temperatures (lighter data points) for (a) NaCl (black), (b) sucrose (blue), (c) 
Snomax (orange), (d) laminarin, amorphous (teal), and (e) LPS (purple). Lines represent fits 
to the data using eq 2 (see text for further details). Notably, pure NaCl shows no temperature 
dependence, sucrose shows water uptake occurs at lower %RH with increasing temperature, 
whereas the better INP, Snomax, laminarin, and LPS all show water uptake occurs at lower 
relative humidity with decreasing temperature. 

  

https://pubs.acs.org/doi/10.1021/acs.jpca.1c08037?fig=fig2&ref=pdf#eq2
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Table 3.1 Summary of the GF Fitting Parameter Values Used in Eq 2 of Sucrose, LPS, 
Laminarin (Amorphous and Dry Deposited), and Snomax across All Temperatures Measured. 

Sucrose 

Temperature (K) a b c χ2 

298 -2.8±1.2 14.1±3.9 -8.9±2.9 0.08 

283 -2.0±1.6 7.6±4.9 -3.0±3.5 0.05 

273 -0.4±1.2 0.9±3.9 2.5±2.9 0.08 

263 0.3±1.2 -1.9±3.7 3.9±2.7 0.06 

253 1.4±1.5 -6.4±4.2 7.2±2.8 0.08 

Snomax® 

Temperature (K) a b c χ2 

298 0.1±0.3 -0.5±0.7 0.3±0.4 0.001 

283 0.1±0.4 -0.2±0.9 0.2±0.5 0.003 

273 -0.3±1.1 0.5±2.6 -0.0±1.4 0.006 

Laminarin (amorphous) 

Temperature (K) a b c χ2 

298 -0.8±0.5 2.8±1.4 -1.9±0.8 0.05 

283 0.8±0.6 -2.0±1.7 1.7±1.1 0.02 

273 1.3±0.6 -4.1±1.9 3.9±1.3 0.01 

263 2.0±0.8 -7.0±2.5 7.5±2.0 0.01 

253 2.2±0.4 -8.9±1.6 10.3±1.3 0.009 

Laminarin (dry deposited) 

Temperature (K) a b c χ2 

298 0.3±0.2 -0.7±0.6 0.5±0.3 0.005 

273 2.3±0.7 -8.1±2.0 7.0±1.4 0.01 

253 1.1±0.6 -5.6±2.1 7.3±1.6 0.01 

LPS 

Temperature (K) a b c χ2 

298 -0.3±-0.2 1.7±0.7 -1.1±0.4 0.003 

283 0.4±0.2 -1.1±0.9 2.2±0.7 0.003 

273 1.1±0.5 -4.5±1.8 6.7±1.5 0.005 

263 0.7±0.5 -2.4±1.8 5.6±1.6 0.003 

253 0.8±0.5 -3.0±2.2 7.9±2.1 0.002 

 

Figure 3.4 shows the dry deposited water uptake behavior of laminarin as compared to 

the amorphous particles in terms of the Raman spectra, optical images, and the calculated 

Raman GF values. Beyond the physical changes in the samples between the dry deposited 

and the amorphous particles following an increasing/decreasing RH cycle, there is a difference 

in the water uptake behavior of laminarin, though not LPS, which can also be seen in Figure 

3.4. Water uptake onset, highlighted in blue, begins 5−30% higher when the particle is dry 

deposited (Figure 3.4a,c,e) than when it is amorphous (Figure 3.4b,d,f). For these particles 
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where there is no clear DRH as there is for a pure inorganic salt (like NaCl), we define water 

uptake to begin when the calculated Raman GF is significantly different from several values 

taken at the lower RH, (as determined by a one-tailed t test, α = 0.025). The spectra highlighted 

correspond to the first RH for these higher Raman GF values. 
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Figure 3.4 Raman spectra of laminarin at 298 K with increasing relative humidity for a (a) dry 
deposited particle and (b) amorphous particle and at 253 K for a (c) dry deposited and (d) 
amorphous particles. The corresponding Raman growth factor curves between low 
temperature (darker data points) and higher temperatures (lighter data points) for (e) the dry 
deposited laminarin (open triangle markers) and (f) amorphous laminarin (closed circles) are 
shown below. The blue spectra are highlighted for each of these morphologies to show the 
relative humidity where water uptake begins and, for the dried deposited particle, where the 
morphology changes. 
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Previous work by Baustian et al. has shown variation in morphology associated with 

changes in the Raman spectrum.22 The particles measured in this work do not show any 

spectral differences between the dry deposited and amorphous particles, indicating that this 

difference in laminarin morphology may be due to initially drying the suspended atomized 

particles via diffusion dryers versus drying the deposited particles in the environmental cell 

following increasing/decreasing RH. This difference in dry deposited and amorphous particle 

morphology water uptake may be due to hysteresis effects where the addition of water to an 

already solubilized sample requires less energy and occurs at lower RH than adding water to 

a crystalline, or in this case, a dry deposited sample of the same material at the same 

temperature.19 The water uptake curves for laminarin in Figure 3.3 report the water uptake of 

the amorphous particles, which following the initial increasing/decreasing RH cycle did not 

deviate significantly between repeated cycles. Notably, this difference in water uptake behavior 

does not affect the immersion freezing behavior of either LPS or laminarin.  

 

 

Table 3.2 compiles ice nucleation onset temperatures measured for these different 

particles. These ice nucleation onset values agree with earlier measurements made (see ref 

35 for full details).35 As reported in Table 3.2, there is no statistical difference between the dry 

deposited and amorphous particle freezing temperatures. This is not to say that the different 

morphologies (crystalline vs glassy or amorphous) would not affect depositional freezing at 

lower temperatures where a particle does not form a droplet prior to freezing. 
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Table 3.2 Summary of Experimental Measurements of Immersion Freezing Onset 
Temperatures of Micrometer-Sized Droplets of Water, NaCl, Sucrose, Laminarin, LPS, and 
Snomax. 

  

Ice Nucleation Onset Temperature 

(K) 

Water 246.3±1.0 

NaCl <246 

Sucrose <246 

Laminarin (amorphous) 246.6±1.1 

Laminarin (dry deposited) 246.8±0.9 

LPS (amorphous) 249.9±1.1 

LPS (dry deposited) 249.5±0.8 

Snomax® 268.1±0.9 

 

An analysis of the value of the initial water uptake RH for sucrose, Snomax, LPS, and 

laminarin at different temperatures is given in Table 3.3. These values were determined to be 

statistically significant relative to the values at lower RH (as determined by a one-tailed t test, 

α = 0.025). In accordance with the literature, sucrose shows an increase in the RH for initial 

water uptake with decreasing temperature.22,31,36,37 Conversely, Snomax, LPS, and laminarin 

show the opposite correlation between the initial RH and temperature, i.e., where water uptake 

begins at higher RH with increasing temperatures. Additionally, the water uptake onset RH is 

consistently higher for Snomax than for laminarin and LPS (Snomax > laminarin > LPS). 

Snomax only shows water uptake above 75% RH, significantly higher than any of the other 

organic systems investigated. This is most likely due to the insolubility of Snomax and is 

consistent with other measurements of the behavior of proteins as a function of RH.48 LPS, 

which has a saccharide component, and laminarin, which is a highly branched polysaccharide, 

are fairly insoluble and show very similar water uptake behavior. Interestingly, these 

differences in the onset relative humidity have a similar trend with ice nucleation onset 
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temperatures for laminarin, LPS, and Snomax. Laminarin and LPS, which nucleate ice ca. 248 

K, take up water beginning at a much lower RH (between 44% and 73% RH) than Snomax, 

which has a much warmer ice nucleation onset temperature (268 K) and does not take up 

water until above 75% RH. 

Table 3.3 Summary of Water Uptake Onset Relative Humidities (as %RH) at Different 
Temperatures for Sucrose, LPS, Laminarin, and Snomax between 298 and 253 Ka 

Temperature (K) Sucrose Snomax® Larminarin LPS 

298 37±2 97±3 73±2 69±3 

283 45±3 96±2 71±3 60±2 

273 50±3 89±4 67±3 55±2 

263 58±2 -- 60±2 48±3 

253 67±2 -- 57±3 44±3 

aValues are not available for Snomax below its freezing temperature of 269 K. 

While the water uptake as a function of temperature follows a similar trend for Snomax, 

laminarin, and LPS, it differs from the water uptake of the more soluble saccharide, sucrose, 

and the pure inorganic NaCl. For both NaCl and sucrose, our measurements follow previously 

reported data. Therefore, measurements of more complex organic and biological species 

showing quite different behavior is not due to any artifact of the experimental technique but 

instead due to very different temperature-dependent behavior. 

Raman GF values for sucrose, LPS, laminarin, and Snomax can be calculated by using 

eq 2 at 85 ± 2% RH, as shown in Table 3.4. As discussed earlier, Raman GF values can be 

used to assess trends in water uptake behavior across different temperatures of the same 

particle type. The measured Raman GF values for sucrose decrease with decreasing 

temperature, in accordance with the trends seen in initial water uptake behavior measured 

here experimentally, the literature, and as predicted by the Clausius−Clapeyron equation.21,44–



69 
 

46 Unlike sucrose, Snomax, LPS, and laminarin show a clear positive trend with decreasing 

temperature, indicating that at the same RH, particles had more water associated with them at 

lower temperatures. The opposing trends in water uptake behavior for sucrose versus other 

organic particles at a fixed relative humidity further support that the water uptake mechanisms 

are different between the two types of organics. 

Table 3.4 Relative Raman Growth Factors at RH = 85 ± 2% of Sucrose, Snomax, Laminarin, 
and LPS at Different Temperaturesa

 

Temperature (K) Sucrose Snomax® Laminarin LPS 

298 2.55±0.2 0.82±0.2 1.30±0.2 1.44±0.3 

283 2.41±0.2 1.1±0.2 1.42±0.2 1.91±0.3 

273 2.37±0.2 1.4±0.2 1.66±0.2 2.35±0.3 

263 2.11±0.2 -- b 2.10±0.2 2.54±0.3 

253 1.96±0.2 -- b 2.34±0.2 2.86±0.3 

aThe error reported is the largest error measured from the Raman GF plots in Figure 3.3. 
bBelow the freezing temperature. 

Based on previous work,22,30,49 we would expect water uptake to be suppressed at lower 

temperatures, with the onset of water uptake occurring at higher RHs. This is what is observed 

for sucrose which follows the temperature-dependent solubility approximated by the Clausius-

Clapeyron equation.29,50,51 Laminarin, LPS and Snomax all show an opposite temperature 

dependence. This indicates that particles composed of laminarin, LPS or Snomax are not 

simply dissolving or absorbing water as RH is increased in the same manner as a soluble 

saccharide such as sucrose. Instead, these more complex macromolecules, which behave as 

better INP, are insoluble and show a different temperature dependence that provides a surface 

for water adsorption within small nanoscale pores and on the particle surface.5 It is important 

to note that although we are not seeing water absorption by these particles, we do see these 

particles preferentially adsorbing water on the surface at higher RH values, to form droplets, 
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as compared to the substrate alone. It has been shown previously that thin films may begin to 

form on NaCl particle surfaces prior to deliquescence.52,53 Here we suggest that on the surface 

of these porous macromolecules thin films of water are forming and these films can become 

microscopically thick. 

3.5 Conclusions 

In this study, we investigated the temperature dependence of the water uptake of a range 

of different micrometer-sized particles from pure salt to simple saccharides to more complex 

organics and biological macromolecules. The results show a decrease in initial water uptake 

RH with decreased temperature for these larger more complex macromolecules. This 

temperature dependence supports the fact that these macromolecules are insoluble, and the 

temperature dependence is not related to solubility as it is for a simple soluble saccharide such 

as sucrose. The data show that while droplets are forming, it is most likely that the particles of 

LPS, laminarin, and Snomax are inclusions within the droplet rather than dissolved. 

Additionally, we show a difference in water uptake behavior between dry deposited and 

amorphous particles, though these different morphologies do not yield a change in the 

immersion freezing behavior. Overall, this work provides insights into the water uptake of INPs 

in the atmosphere over a range of temperatures and the behavior of complex organic and 

biological particles known to be important in ice nucleation and mixed-phase cloud formation. 
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4 Temperature-Dependent Liquid Water Structure for Individual Micron-Sized, Supercooled 

Aqueous Droplets with Inclusions 

4.1 Synopsis 

Herein we measure the water structure for individual micron-sized aqueous droplets of 

water, salt water and water containing biologically and marine relevant atmospheric inclusions 

as a function of temperature. Individual droplets, formed on a hydrophobic substrate, are 

analyzed with micro-Raman spectroscopy. Analysis of the Raman spectra in the O–H 

stretching region show that the equilibrium of partially and fully hydrogen bonding interactions 

change as temperature decreases up until there is a phase transition to form ice. Using these 

temperature dependent measurements, the thermodynamic parameters for the interchange 

between partially and fully hydrogen bonded water (PHW ⇄ FHW) for different supercooled 

droplets (water, salt water and water containing biologically and marine relevant atmospheric 

inclusions) have been determined.   

4.2 Introduction 

Clouds impact the Earth’s energy balance and climate system via albedo and 

precipitation efficiency.1 The microphysical properties of these clouds are affected by 

atmospheric properties such as temperature, water content, and the presence of 

heterogeneous nuclei.2 Mixed phased clouds are comprised of both supercooled droplets and 

ice crystals and are controlled via immersion freezing induced by the ice nucleating particles 

(INPs) present in the air parcel. INPs are a unique subset of aerosols with a diverse array of 

sources and compositions including dust, minerals, combustion products, and sea spray 

aerosol.3–6 While homogeneous freezing of pure water may occur in the atmosphere in the 

absence of an INP below 235 K, INPs induce heterogenous ice nucleation at warmer 

temperatures through various pathways.7,8 The predominate pathway in mixed-phase clouds 

is immersion freezing, in which the INP takes up water to form a supercooled water droplet 
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prior to freezing.2,3 Although we know these processes occur in the atmosphere, there is still 

ongoing work to identify the entities within INPs and, most importantly, the chemical and 

physical properties that determine the activity of organic and biological compounds  as efficient 

(or not) INPs.9–12 In particular, there is a continuous effort to identify INPs among marine 

relevant species that are most impactful on cloud formation in remote marine regions.4,13,14 In 

this work we further examine the water structure of different aqueous, supercooled 

microdroplets as a function of temperature down to the ice nucleation onset temperature.   

There is a great deal of interest in the properties that control ice nucleation of individual 

supercooled droplets with inclusions. One proposed mechanism by which heterogeneous 

nuclei can promote ice nucleation is through a pre-ordering or templating effect of water on the 

surface of the nuclei, creating a more ice-like environment.15–18 The role and mechanism by 

which INPs template ice have been investigated both theoretically16,19–21 and experimentally22–

25 but has yet to be resolved. Simulations suggest that ice nucleation sites can mimic the basal 

plane of ice, which serves to orient the water into an ice-like lattice, resulting in warmer freezing 

temperatures.23 Recent work with fragmented Pseudomonas syringae (Snomax®), bacteria 

containing effective ice nucleating proteins, suggests that the organization of water prior to 

freezing alone may not be sufficient for the prediction of the ice nucleating activity of a protein, 

but it is still likely a key component of the mechanism of ice nucleating proteins.22 Sum 

frequency generation spectroscopy has been used to probe the ordering of water molecules 

within the hydration shell around ice nucleating active proteins purified from Snomax® as well 

as the same proteins after high temperature treatment that lead to denaturation and 

suppression of the ice nucleation activity. It was found that both the purified proteins and 

denatured proteins had nearly identical changes in O–D stretching region (experiments were 

performed in deuterated water) upon lowering the temperature.21 These studies suggest that 
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other factors play a role besides the first one or two layers of water in contact with the ice 

nucleating protein.  

In this study we have taken a different approach by investigating the temperature 

dependence of the hydrogen bonding network within micron-sized droplets in the presence of 

different inclusions to determine the impact on water structure. These different biologically 

relevant inclusions with varying ice nucleating abilities are probed within these droplets at 

supercooled water temperatures and compared to the water structure of water without 

inclusions and salt water. More specifically, the O–H stretching region of individual micron-

sized, supercooled water droplets deposited on a hydrophobic substrate is analyzed in terms 

of a two-state model.26,27 Recent literature investigating the behavior of supercooled water 

theoretically28–32 and using X-ray33 have focused on low- and high-density liquid as the two 

states, but vibrational spectroscopic studies of supercooled water have focused on hydrogen-

bonding environments as determined from curve fitting the broad O–H stretching vibration.34,35 

Here we use this analysis to and focus on fully hydrogen bonding (FHW) and partially hydrogen 

bonding water (PHW) molecules within the droplet as a function of temperature down to 

temperatures upon which ice forms. From the temperature dependence of the interconversion 

between PHW and FHW (PHW ⇄ FHW) we have measured the corresponding enthalpy and 

entropy of this process for droplets of water, salt water, and water with marine and biologically 

relevant inclusions. 

4.3 Experimental Methods 

4.3.1 Chemicals and sample preparation  

All chemicals were purchased directly from the manufacturers and used without further 

sterilization or purification and included sodium chloride (NaCl), ≥99% Fisher Scientific; 

Pseudomonas syringae (Snomax®), York Snow Inc.; lipopolysaccharide (LPS, L4130, 
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extracted from E. coli 0111:B4, purified by trichloroacetic acid extraction), Sigma-Aldrich; 

laminarin, Alfa Aesar. Aqueous solutions were prepared with Milli-Q ultrapure water. Samples 

were generated by passing aqueous solutions of compounds listed above first through an 

atomizer (TSI Inc., Model 3062), and then two silica diffusion driers (RH<5%) before they were 

collected on hydrophobically coated (Rain-X) quartz substrates (Ted Pella Inc., part no 16001-

1).  Substrates were prepared by submerging discs in a 50:50 v/v methanol (Sigma Aldrich, 

≥99%):acetonitrile (Sigma Aldrich, ≥99%) solution and sonicated for 30 minutes and then 

submerged in Milli-Q ultrapure water and sonicated for another 30 minutes. Following this 

cleaning, discs were dried and immersed in Rain-X for at least 10 minutes (and then flipped). 

The discs were then removed, allowed to air dry, and then wiped gently with a Kimwipe to 

remove excess Rain-X. 

4.3.2 Water uptake and ice nucleation measurements 

A Raman microscope (Horiba, LabRam HR Evolution) combined with an environmental 

cell (Linkam, LTS 120) that can be cooled down to 230 K was used as described in detail in 

Mael et al.36 The environmental cell was fully calibrated with respect to temperature and 

relative humidity over the relevant range of values as discussed in Ref. 34.  In these 

experiments, atomized samples of NaCl, LPS, laminarin, or Snomax® were placed inside the 

environmental cell at 298K and the optical microscope was used to locate particles near 2µm 

in diameter. Once identified, the temperature in the cell was decreased at a rate of -4.1K/min 

until the desired temperature was reached. Following this, the wet:dry relative humidity (RH) 

was monitored with a hygrometer (Buck Research Instruments, CR-4) and the wet:dry ratio of 

N2 was increased until an RH between 97-99% was reached, leading to droplet formation on 

the particles as evidenced by an increase in diameter to 3 to 5µm, and the appearance of the 

O-H stretching and bending modes due to aqueous water in the Raman spectrum. The RH 

was allowed to equilibrate (as measured by the hygrometer) and then held for 10 minutes to 
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ensure temperature and RH stability. Following this equilibration period, N2 was adjusted to 

maintain a constant droplet size and RH. Once the desired temperature was reached, and 

particle size and RH had stabilized (maintaining a constant particle size and constant RH as 

determined by the hygrometer), Raman spectra were taken (with a 532nm laser) in the spectral 

range extending from 2600 to 4000 cm-1 with five exposures of seven seconds each. Following 

each low temperature measurement, the cell was re-warmed to 298K, and allowed to 

equilibrate for 20 minutes. Once at 298K, the process was restarted with a different low 

temperature with the same single particle. Once measurements were made across the 

temperature range, a new sample was prepared, and the process restarted. The order in which 

the temperatures were cycled through was varied between samples (i.e., 248K to 298K, 298K 

to 248K, and randomly in between), and always returned to 298K between low temperature 

measurements. Measurements were made on 5-10 different droplets within each of the three 

different temperature order regimes.   

For water measurements without inclusions, the environmental cell was set at 298K 

and 50% RH to begin. 1µL droplets of Milli-Q water were pipetted onto a substrate, placed into 

the environmental cell, and then allowed to equilibrate. Following the initial dehydration, as the 

particles reached a diameter between 2 and 5µm diameter, RH was gradually increased until 

the droplets stopped changing in size. Following this, the temperature was decreased and 

Raman spectra were collected (see Figure 4.1). 
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Figure 4.1 Normalized Raman spectra of a 2.5 micron sized aqueous droplet on a hydrophobic 
substrate at 298K (light blue), 248K (dark blue), and ice at 246K (black). 

For immersion ice nucleation measurements, RH was increased until a droplet formed 

at ambient temperatures as described above. Following this, the temperature in the cell was 

lowered (-4.1K/min) as wet:dry N2 was adjusted to maintain a constant RH. Spectra were 

collected every one second between 2600 to 3800 cm-1 until the phase change from liquid 

water to solid water was observed by both a change in the optical microscope image (see 

Supporting Information Figure 4.2) and the Raman spectrum (vide infra.). 
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Figure 4.2 Optical images of dry NaCl and with inclusions, laminarin, LPS, and Snomax® at 
273K (row 1) . Optical images of aqueous droplets of pure water – no inclusions (column 1), 
salt water - NaCl(aq) (column 2), and with inclusions of laminarin (column 3), LPS (column 4) 
and Snomax® (column 5) between 298K (row 2) and 248K (row 6). *Image marked with an 
asterisk is shown for a droplet containing laminarin at 253K before ice nucleation onset at 
249K. 

4.3.3 Spectral fitting procedure  

Raman spectra from 2600 to 3800 cm-1 were imported into MATLAB then baseline 

corrected, smoothed using a moving average filter, and normalized to the 3400 cm-1 O-H 

stretching region. Spectra were then deconvoluted using the curve fitting toolbox and a 
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Gaussian  model with five peaks assigned to the O-H stretching region, I, II, III, IV, and V 

centered around 3057±35 cm-1, 3241±19 cm-1, 3440±13, 3591±50 cm-1, 3626± 28 cm-1 

respectively, and three additional peaks in the C-H stretching region centered at 2890±10 cm-

1, 2900±100 cm-1, 2945±20 cm-1 for Snomax®, LPS, and laminarin. The peak maxima were 

determined within a given range of 25 to 200 cm -1 dependent on the peak, along with peak 

intensity and width. For each temperature, spectra were fit individually, and the individual 

Gaussian fits were then averaged to give final averaged fits and spectra. Gaussian functions I 

and II (FHW O-H I, II) were assigned to fully hydrogen bonded water (FHW) while Gaussian 

functions III, IV, and V (PHW O-H I, II, III) were assigned to partially hydrogen bonded water 

(PHW).35,37,38 

4.4 Results and Discussion 

It has been recently shown that the behavior of water can be discussed in terms of a 

two-state model. 27,28,30,39–42  While there are many different models to explain the behavior of 

water, one is related to a liquid-liquid phase transition description where liquid water exists 

between high-density and low-density liquid states as well as a second liquid-liquid critical point 

for deeply supercooled water.26–28,30,33,40 This theory was proposed to explain thermodynamic 

anomalies found below the homogeneous ice nucleation temperature of water (235 K).42 While 

low- and high-density liquid terminology has been used to describe supercooled water at high 

pressures and below the homogeneous freezing point,40,42 others have described these two 

states differently including as a “locally favored tetrahedral structure” and a “disordered normal 

liquid structure” with different number of average hydrogen bonds, 4 and 3 respectively.43  

Raman spectroscopy can be used to probe the hydrogen bonding network of water 

molecules within aqueous bulk solutions and within individual aqueous droplets.37,44 The main 

spectral region of interest is the region  between 2800 to 3800 cm-1 (as seen in Figure 4.1 for 
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micron-sized water droplets on a hydrophobic substrate) that is associated with the O–H 

stretching motion of water. The O-H stretching region of water has been the subject of 

numerous theoretical and experimental investigations. The broad O-H stretching region has 

been deconvoluted into two to five Gaussian (or other) functions. 34,35,38,44–48 Despite the various 

fitting procedures used, this region is also typically discussed in terms of a two-state model. 

For example, Hu et al.38 has proposed fully hydrogen bonded water molecules (FHW) and 

partially hydrogen bonded water molecules (PHW). The peaks associated with FHW, in a 

tetrahedral configuration around a central water molecule within the aqueous environment, and 

peaks associated with PHW, any configuration with fewer than four water molecules hydrogen 

bonded to the central molecule, contribute to the broad envelope of the liquid water spectrum.38 

Additionally, the shape of the broad  O–H stretching region is temperature dependent, as seen 

in Figure 4.1. 34,38,49 As the temperature is lowered, the 3250 cm-1 region increases in intensity 

relative to the 3400 cm-1 regions until there is a phase change to solid water (ice) at the ice 

nucleation temperature.  

We have used this approach to investigate different individual micron-sized, 

supercooled droplets containing three marine and biologically relevant entities, Snomax®, 

lipopolysaccharide (LPS), and laminarin, as well as an inorganic salt, NaCl. Micro-Raman 

spectra were recorded and analyzed as a function of temperature until the point of ice 

nucleation. As already noted, Snomax®, a commercial product derived from the ice nucleating 

proteins present in the Pseudomonas syringae bacteria, was chosen for its high ice nucleating 

efficiency as has been previously demonstrated.22,23 LPS is found on the surfaces of gram 

negative bacteria previously detected in the Pacific Ocean and the South China Sea50 and it 

has been found to be an indicator of biomass blooms.  PS has shown “moderate” ice 

nucleating abilities which has been previously characterized.36,50,51 Laminarin, a complex sugar 

and bioproduct of cellular wall degeneration, has been identified in the marine carbon cycle, 
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contributing to the carbon export from surface waters.52 The ice nucleating behavior of 

laminarin has not previously been reported, freezing in a similar range as that found for water 

without inclusions. NaCl, the predominant salt within sea spray aerosol, was also chosen as a 

representative inorganic system whose ice nucleation is found to be depressed relative to 

water.35,53,54 The concentrations of the NaCl droplets were approximated through comparison 

to Raman spectra of bulk NaCl(aq) between 0.2 and 5m (Figure 4.3). These data show excellent 

agreement between the 5m NaCl spectrum and the 298K NaCl droplet spectrum. Given this, 

and the size of the dry deposited particles and droplets along with assumptions of the dry 

particle height, we estimate the mass of water associated with each of these droplets to be on 

the order of 0.2 to 1 picograms. 
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Figure 4.3 Raman spectra of NaCl solutions at 298K between 0.2m (light grey) and 5m (black) 

as well as the Raman spectrum of a 3-micron sized NaCl droplet at 298K (teal). 

 

Raman spectra of these different systems as a function of temperature are shown in 

Figure 4.4. An increase in the Raman intensity between 3100-3300 cm-1 can be seen with 

decreasing temperature for all supercooled droplets. This agrees with previous measurements 

for water and salt water droplets, and now also for droplets containing Snomax®, LPS and 

laminarin. The spectrum obtained at the ice nucleation temperature for all these different 

individual particles are also shown excluding salt water, which freezes below the temperature 

range of the cold stage used in this study.  The ice nucleating temperature of NaCl has been 

measured previously to be between  200 and 232K,54–56 and has been measured to freeze at 

225±3 K using a recently developed new stage that reaches lower temperatures. Salts are 
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seen to depress the intensity of the 3200 cm -1 peak as the ions disrupt the hydrogen bonding 

network when compared to water without salts.35,53–55 The general characteristics of the O–H 

region of laminarin most closely resembles the behavior of water without inclusions. Laminarin 

freezes at 246.6 ± 1.1K, which is within the ice nucleation range of water measured here, 

indicating that laminarin is not a particularly strong INP. LPS nucleates ice at slightly higher 

temperatures 249.4 ± 0.7K as can be seen in Figure 4.4. Interestingly for LPS (Figure 4.4), the 

change in the 3200 cm -1 region with decreased temperature shows a large growth in the 3200 

cm -1 peak intensity at 253K as well as the shoulder at 3100 cm -1, which correlates with the ice 

spectrum (dashed, dark). This indicates that both liquid water and solid ice may have been 

present when the spectrum was taken within the droplet. Alternatively, it may indicate that an 

intermediate phase is present. Snomax® nucleates ice at 268.2±0.8K. Above this temperature, 

the O–H behavior generally follows the expected increase in 3200 cm -1 intensity region with 

decreased temperature.   
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Figure 4.4 Raman spectra in the C-H and O-H stretching regions from 2800-3800 cm-1 for 
micron-sized aqueous droplets of (A) water (no inclusions) and (B) salt water (NaCl) compared 
to aqueous droplets with inclusions; (C) laminarin, (D) LPS, and (E) Snomax® as a function of 
temperature color coded from low (dark) to higher 298K (light) temperatures in each spectrum 
with insets giving exact temperature. All aqueous phase spectra are normalized to 3410 cm-1. 
The ice spectrum (dashed, black) at the ice nucleation onset temperature is also shown (ice 
spectra are normalized to the 3140 cm-1 band in the O-H stretching region). 

To more fully unravel the changes in the water structure as a function of temperature, 

Figure 4.5 shows deconvolution of the broad O–H stretching region into five Gaussian 

functions in accordance with earlier studies.35,38 The lower frequency Gaussian fits, labelled 

FHW O-H I and II, are ascribed to fully hydrogen-bonded water (FHW) molecules and are seen 

to increase in intensity with decreasing temperature. The higher frequency Gaussian fits, 

labelled PHW O-H I, II, and III, are associated with water in a different local structure with 

partially hydrogen-bonded water (PHW) molecules. These peaks decrease in intensity with 

decreasing temperature. Overall, it is found that Gaussian function PHW O-H I has the largest 

contribution to the overall peak shape, followed by FHW O-H II, with smaller contributions from 

FHW O-H I, PHW O-H II and III. The Gaussian functions used to fit the C–H stretching region 
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were needed to fully deconvolute contributions of the peaks in this lower frequency region 

below 3000 cm-1. The full Gaussian fits for all temperatures are provided in the Figure 4.6. 

 

Figure 4.5 Comparison of the O-H stretching region of for micron-sized aqueous droplets of 
for micron-sized aqueous droplets of (A) water (no inclusions) and (B) salt water (NaCl) 
compared to aqueous droplets with inclusions; (C) laminarin, (D) LPS (E) Snomax® at 298K 
with fitted Gaussian peaks normalized to 3410 cm-1. These spectra were fit to Gaussian 
functions as follows: in the O-H region – fully hydrogen-bonding water (FHW) are associated 
with FHW O-H I and II (yellow and red, respectively) and partially hydrogen-bonding water 
(PHW) are associated with PHW O-H I, II, and III (green, light blue, and purple, respectively). 
Additionally, Gaussian functions for C-H peaks (grey) in the case of droplets with inclusions 
(laminarin, LPS, and Snomax®) are also used to fit the 2800 to 3050 cm-1 region. 
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Figure 4.6 Gaussian fits of the OH stretching region for aqueous droplets of water (no 
inclusions), salt water (NaCl) and with inclusions, laminarin, LPS, and Snomax®, between 
298K and 248K. Full Gaussian fits of water-no inclusions (column 1), salt water-  NaCl(aq) 
(column 2) and with inclusions laminarin (column 3), LPS (column 4), Snomax® (column 5) 
between 298K (row A) and 248K (row E). *Spectrum marked with an asterisk is for a droplet 
with a laminarin inclusion taken at 253K before ice nucleation onset at 249K. 

These different functions represent different environments for water molecules present 

within the droplet 35,37 The ratio of the combined intensities of the FHW:PHW curves 

((IFHW OH I + IFHW OH II) ÷ (IPHW OH I + IPHW OH II + IPHW OH III)) are plotted as a function of 

temperature in Figure 4.7. The slopes of this ratio show no significant difference (N>25, 

F=2.948) however, very interestingly, the relative intensity ratios seem to correlate to the 

relative order of the temperatures at which these different aqueous droplets nucleate ice. For 
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example, Snomax® has the highest IFHW/PHW and nucleates ice at the warmest temperature of 

these systems whereas salt water (NaCl(aq)) has the lowest intensity ratio and freezes well 

below water. Additionally, the general trend of the slope in Fig. 4  for water follows predictions 

from different ambient temperature low density fraction, one of the two states probed, in the 

ST2 models.29,31,32 The absolute fraction of low density liquid varies widely between models 

but show generally little to no presence at ambient temperature and pressure, with a linear 

increase as temperature decreases, as seen with the faction of FHW. 

 

Figure 4.7 Comparison of intensity ratios of FHW fitted peaks (FHW O-H I and II) to PHW fitted 
peaks (PHW O-H I, II, and III) for micron-sized aqueous droplets of water (no inclusions)-blue 
circles, salt water (NaCl)-black stars compared to aqueous droplets with inclusions; laminarin-
teal diamonds, LPS-purple squares, and Snomax®-orange triangles at several temperatures 
in the range of 248K to 298K. 

Assuming that the interchange between PHW and FHW is in equilibrium at each of 

these temperatures,  
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PHW ⇄ FHW 

4.1 

as has been shown for water and salt water,38 the interconversion between these can be 

described by the different intensities (I) of each of the Gaussian curves as follows: 

( IPHW OH I + IPHW OH II + IPHW OH III) ⇄ (IFHW OH I + IFHW OH II). 

4.2 

Then the ratio of the PHW to FHW is proportional to the equilibrium constant K, 

K = A
IFHW OH I + IFHW OH II

IPHW OH I + IPHW OH II + IPHW OH III
, 

4.3 

where A is a constant independent of temperature. The equilibrium constant is related to the 

enthalpy and entropy changes according to the van’t Hoff equation,  

lnK = −
∆H

RT
+

∆S

R
 

4.4 

where R is the gas constant, T is temperature in K, ΔH and ΔS are the enthalpy and entropy 

changes, respectively, for the interchange between PHW and FHW. 

Both ΔH and ΔS, are determined for each of these aqueous droplets from a van’t Hoff 

plot of lnK vs 1/T.35,37 Figure 4.8 shows these plots and the values determined for ΔH and ΔS 

are given in Table 4.1. The values for ΔH and ΔS for water and salt water (NaCl) are in good 

agreement with previously reported values.35,37,49 
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Figure 4.8 van't Hoff plot of the ln(FHW/PHW) versus 1/T for micron-sized aqueous droplets 
of water (no inclusions)-blue circles and salt water (NaCl)-black stars compared to aqueous 
droplets with inclusions; laminarin- teal diamonds, LPS-purple squares and Snomax®-orange 
triangles.  inear fits to these data yield ΔH and ΔS values for the interconversion of the fully 
and partially hydrogen bonded water molecules. These values are provided in Table 4.1. 

Table 4.1 Ice nucleation onset temperatures, calculated ΔH and ΔS for the interconversion of 
PHW ⇄ FHW in supercooled droplet (from Figure 4.8) with inclusions (Snomax, LPS, 
laminarin) compared to water (no inclusions) and salt water (NaCl). 

 

It can be seen that ΔH and ΔS values for water droplets with inclusions are lower than 

that for water without inclusions and for salt water. In particular, changes in ΔH and ΔS range 

from 4.3 to 6.5 kJ/mol and -16.5 to 27 J mol•K, respectively. Snomax® which has the lowest 
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Snomax® 268.2±0.8 -5.55±0.09 -20.13±0.02 

LPS 249.4±0.7 -4.25±0.13 -16.5±0.5 

Laminarin 246.6±1.1 -4.7±0.5 -19.4±1.8 
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inclusion) 

246.7±0.9 -6.5±0.6 -27.0±2.0 

Salt water (NaCl) 225±3.2 -5.7±0.5 -26.1±1.8 
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ice nucleation temperature, has values of ΔH and ΔS that lie in the middle of the range of 

values suggesting that both small changes in the hydrogen bonding network in terms of 

molecular interaction energies and short-range order play a role in ice nucleation. For 

Snomax®, the enthalpy change is ca. 1 kJ/mol less than that of  water whereas the entropy 

change is ca. 7 J mol•K.  For the other two INPs,  PS and laminarin, the enthalpy change is 

ca. 2 kJ/mol less than that of water and the entropy change is greater than 7 J mol•K. 

Additionally, the Gibbs free energy, ΔG, of the process can be calculated at different 

temperatures: 

∆G = ∆H − T∆S 

4.5 

 ΔG values when calculated at 273K show a trend where salt water > water (no inclusions) > 

laminarin > LPS > Snomax®,and approaches zero at each of the ice nucleating onset 

temperatures.   

4.5 Conclusions 

These results provide insights into properties of supercooled aqueous droplets in the 

atmosphere and the changes in water hydrogen bonding environment as a function of 

temperature in the presence of inclusions. It is seen that the presence of large inclusions 

impacts the water structure throughout the supercooled droplet. Further understanding of 

supercooled water droplets through measurements of the O-H stretching region will require 

correlating changes in the Raman spectra with structural measurements and theoretical 

calculations.  
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5 Identification of ice nucleating particles from a mesocosm phytoplankton bloom using 
micro-Raman spectroscopy 

5.1 Synopsis 

In this chapter, we investigate sea spray aerosol (SSA), sea surface microlayer (SSML), 

and sea water collected during the Sea Spray Chemistry and Particle Evolution (SeaSCAPE) 

2019 campaign. SeaSCAPE was a large scale mesocosm phytoplankton bloom conducted 

wherein researchers worked to understand the impact of the biology of sea water and 

heterogeneous chemistry on SSA and volatile organic compounds. We specifically 

investigated marine samples in two distinct projects. First, in collaboration with the Dutcher 

group, we worked to connect morphology, ice nucleating ability and chemical composition of 

sea surface microlayer and bulk sea water droplets. We identified several unique spectral 

characteristics present in all samples and correlated this with distinct chemical compositions. 

Second, we characterized the ice nucleating ability of INPs collected throughout a bloom. We 

have identified several unique, “warm” freezing INPs. We found a ca. 2degree suppression in 

ice nucleation onset temperature in the aged particles. Our results provide valuable information 

about model marine INP that will improve both future fundamental studies as well as global 

climate models. 

5.2 Introduction 

Oceans cover over 70% of the Earth’s surface, and sea spray aerosol (SSA) act as a 

major contributor to the atmospheric aerosol population.1–3 SSA is compositionally diverse, 

therefore the impacts of SSA on human health and climate are broad and wide ranging. 

Extensive work has been done to characterize and reproduce primary SSA;4,5 but there are 

still questions regarding the composition of primary SSA, volatile organic compounds, and 

secondary marine aerosols. The 2019 Sea Spray Chemistry and Particle Evolution 

(SeaSCAPE) campaign aimed to further understand the impact of photooxidation, chemistry, 

and the biology of seawater on SSA, volatile organic compounds, and secondary marine 



103 
 

aerosol. To do this, a wave channel was used to generate realistic SSA in a large-scale 

mesocosm experiment with natural seawater from the coast of San Diego, CA. This technique 

has been successfully used before,4,6,7 but this experiment was unique due to the addition of 

oxidation flow reactors (OFR) to examine the impacts of atmospheric aging.8 OFRs have been 

shown to transform both the composition and morphology of SSA in field studies and in model 

systems.1,9–13 By integrating the OFRs into a wave channel experiment, we intend to 

deconvolute some of the biological and chemical processes seen in field studies and bridge 

the gap with model laboratory studies.   

A component of the SeaSCAPE campaign focused on the study of ice nucleating 

particles (INPs) generated from both bulk seawater and the sea surface microlayer (SSML). In 

ocean-dominated regions, marine INPs likely play a large role in controlling cloud phase—and 

as a result, cloud radiative properties, especially for short-lived clouds.14 INPs in remote marine 

regions have been historically underestimated, leading to an underestimation of reflected solar 

radiation in global climate models within these regions, especially the southern 

hemisphere.15,16 Field studies quantifying INP concentrations17,18 over the Southern Ocean 

have started to bridge the gap in our understating and climate models. Additional field and 

laboratory18–23 work has shown a correlation between biological activity and increased INP 

concentrations,17,24–27 leading us to further investigate this phenomenon during SeaSCAPE. It 

is generally agreed that many of the sources of marine INPs are biogenic, however, due to 

their scarcity, it is incredibly difficult to identify the chemical composition of unique marine INPs. 

Herein, we attempt to connect the ice nucleating ability of SSA, SSML, and bulk seawater with 

the particle morphology, chemical composition, and changes following oxidative aging.  
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5.3 Experimental Methods 

5.3.1 SeaSCAPE experiment 

A large wave channel (33 m x 0.5 m x 0.8 m), with a total volume of 11,800 L was 

employed during SeaSCAPE 2019.8 The wave channel was filled with seawater collected from 

the Pacific Ocean off the Ellen Browning Scripps Memorial Pier in San Diego, CA 

(32˚52’00.5”N, 117˚15’23.2”W). An electromagnetic paddle was used to generate waves which 

broke on a “beach” submerged partway down the channel (Figure 5.1). Following an initial 

characterization of the water, a phytoplankton bloom was initiated via the addition of Guillard’s 

algae growth media28 algae growth media and sodium metasilicate. Three full blooms were 

induced during the SeaSCAPE 2019 campaign; all data discussed in this chapter came from 

the third bloom, during which an additional phytoplankton biomass was grown separately and 

added to the wave channel during the exponential growth phase. Aged SSA was created by 

flowing the wave channel headspace (and generated SSA) through a potential aerosol mass 

oxidative flow reactor (PAM-OFR, Aerodyne Inc.) (Figure 5.1). The SSA was aged with the 

equivalent of 0.5-5 days of hydroxyl radical at atmospheric concentrations. 

 

Figure 5.1 Schematic of wave channel sampling lines.  



105 
 

5.3.2 Single-particle characterization of the sea surface microlayer and bulk seawater 

Throughout the bloom, samples were collected from the wave channel. Bulk seawater 

samples were collected from the wave channel using a 2 m Teflon siphon and then stored in 

Nalgene carboys. Prior to sample addition, these carboys were cleaned with ethanol, 

methanol, 0.1M HCl, and ultrapure water. Collection of the sea surface microlayer (SSML) 

samples occurred using a Teflon scraper and glass plate29 that was cleaned with ethanol, 

methanol, 10% HCl, and baked at 773 K to remove organic contaminants prior to sampling. 

To sample, the glass plate was dipped into the seawater and removed, following a 20 second 

water drainage period, the resulting film was collected using a Teflon scraper. Samples studied 

here were collected 07-26-19, 08-02-19, and 08-08-19, immediately frozen and held in storage 

at 253 K prior to Raman measurements. 

Micro-Raman spectroscopy was used to provide insights on functional groups and 

chemical species within individual particles. Frozen bulk and SSML samples were thawed in a 

warm water bath at 303 K. Following this, approximately 1µL droplets of the samples were 

pipetted onto a hydrophobic substrate. The substrate consisted of a quartz disc (Ted Pella, 

16001-01) coated with Rain-X. These microdroplet-containing hydrophobic discs were then 

placed into an environmental cell (Linkam, LTS 120). The cell was coupled to a micro-Raman 

spectrometer (Horiba, LabRAM HR Evolution) for spectral analysis as previously described in 

Mael et al. 2019.30 Once in the environmental cell, the droplets were dried for 12-48 hours 

under a flow of N2 at 0.05 LMP at 298K prior to data collection, and held under the same 

conditions throughout the experiment. Once dried, Raman spectra of different particles of 

varying morphologies (identified with the Olympus optical microscope within the confocal 

Raman system) were collected using 100X super long working distance (SLWD) objective with 

3 exposures of 3 seconds averaged for each scan, from 400 to 4000 cm-1. 
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5.3.3 Ice nucleation onset measurements 

The mesocosm nascent and aged SSA samples were collected via a continuous flow 

diffusion chamber (CFDC) from the headspace of the wave channel, operated as described in 

McCluskey et al. 2017 and McCluskey et al. 2018.20,21,31 Briefly, these collections lasted 

approximately six hours, with a flow rate of 1.5 LMP either  one of the ports in the wave channel 

immediately behind the beach (“nascent”) or following the PAM-OFR (“aged”) (Figure 5.1). 

Within the CFDC, the SSA collected from the wave channel passed through a temperature 

(ambient to 243K) -and RH gradient (ambient to above saturation), leading to droplet formation 

and ice nucleation of any INP active warmer than 243 K. An optical particle counter is used to 

count ice crystals larger than 4µm in diameter, followed by evaporation of said particles. These 

ice crystal residuals are then collected at the base of the CFDC with a single jet impactor and 

impacted onto a Rain-X coated quartz substrate, prepared as described in chapter 2.   Nascent 

samples were collected on 07-26-19, 07-28-19, 07-31-19, and 08-04-19; and aged samples 

were collected on 07-28-19, 08-04-19, and 08-08-19. Once impacted on quartz substrates 

coated with Rain-X, samples isolated via the CFDC were transferred to the environmental cell 

(Linkam LTS 120) under ambient conditions (with no alteration to relative humidity). Using the 

100X SLWD objective, Raman (Horiba, LabRAM HR Evolution) spectra of 30-90 particles per 

substrate were collected between 400 and 4000 cm-1 with five, nine second exposures 

averaged per scan. Spatial coordinates of the vertices of the substrate were recorded along 

with the x and y coordinates of spectra with unique and distinguishable spectral features. 

Following this, water uptake/loss and freeze/thaw cycles were 100 µm2 subsections of the 

substrate. Visually assessing one subsection of the substrate, the relative humidity within the 

cell was increased to 90% by altering the ratio of dry to humidified N2 flowing into the cell, 

leading to the water uptake and formation of droplets by the impacted particles. Once hydrated, 

ice nucleation measurements within the subsection were made by decreasing the temperature 
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in the cell visually assessing the phase state of the particles. Once the first clear optical change 

consistent with ice formation occurred, the temperatures and coordinates of the first particles 

to freeze were noted (as with any other particles that froze before 250 K), and the temperature 

and relative humidity returned to 298 K and 0%, respectively, constituting one water 

uptake/loss and freeze/thaw cycle. Further details of ice nucleation measurements are 

described in Mael et al. 2019 and Chapter 2.30 Once dehydrated and returned to ambient 

temperature, Raman spectra of the warmest freezing particles were collected. Additional water 

uptake/loss and freeze/thaw cycles were repeated across the substrate within each 100 µm2 

subsection for all samples.  

5.3.4 Model systems  

To help aid in the analysis of SeaSCAPE samples, potential model systems were 

identified for analysis. Model chemical systems were prepared in bulk aqueous solutions and 

then, atomized, and deposited on a quartz substrate (Ted Pella Inc., no 1600-2) prepared with 

a hydrophobic coating (Rain-X). Following this procedure, the ice nucleation behavior and 

spectra were collected as described in Chapter 2. Insoluble model systems were nebulized 

with a Meinhard TR-50 glass concentric nebulizer and sprayed onto hydrophobically coated 

quartz substrates. Particles deposited from (single and multi-component) solutions containing 

hexadecanol (98%, Sigma-Aldrich), palmitic acid (≥99%, Sigma-Aldrich), sodium alginate 

(≥99.5%, Sigma-Aldrich), benzene (99.8%, Sigma-Aldrich), N-acetylneuraminic (sialic) acid 

(97%, Sigma-Aldrich), laminarin (Alfa Aesar), lipopolysaccharide (LPS) (L4120, extracted from 

E. coli DIIILB4, purified by trichloroacetic acid extraction, Sigma-Aldrich), polydimethylsiloxane 

solution (Rain-X, ITW Global Brands, Houston, TX, USA), black carbon, hydroquinone (≥99%, 

Sigma-Aldrich), NaCl (99%, Fischer Scientific), glucose (99% Sigma-Aldrich), sucrose (≥99%, 



108 
 

Sigma-Aldrich), nonanoic acid (≥97%, Sigma-Aldrich), L-phenylalanine (≥98%, Sigma-

Aldrich), L-tryptophan (≥98%, Sigma-Aldrich), and L-tyrosine (≥98%, Sigma-Aldrich). 

5.4 Results and discussion 

5.4.1 Analysis of aerosolized particles from SeaSCAPE collected sea water and the sea 

surface microlayer 

Between 30 and 40 particles were analyzed in the micro-Raman spectrometer for each 

bulk seawater and SSML sample. Spectral and optical data for dried droplets from SSML and 

bulk seawater from three different days during the course of the bloom are shown in Figure 

5.2. All spectral features identified here were found in multiple particles and in both bulk and 

SSML samples. Additionally, the spectra are representative of particles found for all three days. 

This work clearly informs the chemical signature of the samples in general. However, making 

unique connections between morphology and Raman spectra is more difficult. From the 

chemical composition, many particles (see Figure 5.2, spectra 1-7 for particles) contain sulfate, 

identified by the sulfate symmetric stretch which ranges from 950-1100 cm-1 (highlighted in 

orange). The exact frequency of this vibrational mode depends on several factors, including 

the coordinating cation (Na+, Ca2+, and Mg2+) and hydration state.32,33 In addition to sulfate, 

particles corresponding to Spectra 3 and 5 showed the presence of carotenoids as indicated 

by the two peaks at 1522 and 1154 cm-1 (highlighted in purple).34 

Several particles exhibit vibrational peaks indicative of organic compounds in the C-H 

stretching region in particles 4, 5, and 7 (see Figure 5.2)(highlighted in green). The spectral 

signatures are present in several particles and in some cases, for example in particle 5, show 

greater intensity. Particles identified as sialic acid as discussed in previous studies.33,35 Many 

particles, identified as sodium chloride (Spectrum 8), were found in both bulk and SSML 

samples. These particles were identified because they have no active Raman bands in the 
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investigated region, and in many cases, clear salt crystal morphologies (cubic and rectangular) 

were observed in the optical image. All particle spectra identified (1-8) most likely contain 

various amounts of NaCl, but due to the lack of spectral signatures, the presence  of NaCl 

cannot be confirmed through Raman spectroscopy alone, but have been determined to be 

NaCl by electron microscopy coupled to energy dispersive X-ray analysis.33,36   
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Table 5.1 summarizes the Raman spectral assignments. 

 

Figure 5.2 Representative (a) spectra and (b) corresponding optical images from dried SSML 
and bulk seawater samples. Different color bands highlight the significant spectral regions and 
peaks that correspond with vibrational modes for sulfate (orange), carotenoids (purple), other 
organic compounds (green), including sialic acid (spectrum 5), and water (blue). Green dots 
on the optical images indicate the location of the particles where spectra were collected. 

  



111 
 

Table 5.1 Table of peaks from Raman spectra and corresponding bond assignments. 

Wavenumber (cm-1) Peak assignment 

985, 1010, 1043 
Sulfate32,33 
ʋ(S-O) 

1154, 
1522 

Carotenoids34 
ʋ(C-C),  
ʋ(C=C) 

1463,  
2905, 2955, 2988, 3005 

Organics35 
δ(C-H), 
ʋ(C-H) 

1646, 
3427 

Water33 
δ(O-H), 
ʋ(O-H) 

 

Raman spectral and morphological data were compared to morphologies of effloresced 

particles collected by collaborators (Dutcher group, University of Minnesota) in a microfluidic 

device. The morphologies identified through the microfluidic device include crystalline, 

aggregate, and amorphous entities, roughly taken from imaging measurements by atomic 

force microscopy and scanning electron microscopy.31,37 When the ice nucleating behavior of 

these particles were analyzed according to particle morphology, it was found that aggregate 

and amorphous particles froze at warmer temperatures compared to crystalline particles. 

Measurements by the microfluidic device showed a clear difference in INP concentration 

between the bulk and the SSML samples, with significant enrichment in the SSML. This is in 

agreement with previous work from Wilson et al. (2015) and Mitts et al. (2021) which show an 

enrichment of INPs in the SSML.22,38 This increase in INP concentration within the SSML is not 

surprising, as marine biological entities such as heterotrophic bacteria, phytoplankton, surface 

active organics, and gels, are all enriched in the SSML.39   

5.4.2 Individual INP isolated from nascent and aged SSA 

Average ice nucleation onset temperatures for a range of dates during the bloom are 

reported in Table 5.2. During the SeaSCAPE campaign, the impacted substrates from the 
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CFDC were collected for multiple instruments, and as such, Raman substrates/data were 

limited. The data reported in Table 5.2 is reflective of the dates (either nascent, aged or 

sometimes both) when samples collected for Raman analysis were collected. The particle 

density on each Rain-X coated substrate collected from the CFDC ranged from 0-15 particles 

per 100 µm2. This variation was dependent on the number of INP entering the CFDC, which 

we expect to vary with the progression of the bloom and the sea water biology. The ice 

nucleation onset temperatures reported for each date (nascent and/or aged) are a product of 

between 3 and 16 particles identified per substrate. As described in 5.3.3, each substrate was 

subdivided into approximately 100 µm2 subsections and the temperature the first particle froze 

within the subsection was noted. Not all subsections contained particles and if no particle froze 

before the end temperature range of the environmental cell (246 K), no ice nucleation onset 

temperature was reported (hence why the ice onset temperatures for some dates is a product 

of as few as three particles freezing temperatures). From Table 5.2 we see a suppression in 

ice nucleation onset temperature by ca. 2 degrees in the particles that were aged in the PAM-

OFR. This trend agrees with other ice nucleation onset measurements made with an ice 

spectrometer during this study (Paul DeMott, private communication). Additionally, this small 

change in ice nucleation onset is in agreement with earlier studies of aging of organic and 

biological particles with oxidants and atmospheric gases (ozone and nitric acid) reported in 

Chapter 2. Surprisingly, analysis of the general spectra collected across the substrates shows 

no increased oxygenation of the aged INP as compared to the nascent INP as can be seen in 

the spectra in Figure 5.3 and Figure 5.4. These spectra are accompanied by tables which 

indicate on which dates these spectra were collected, how many particles corresponded to 

each spectrum. 
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Table 5.2 Ice nucleation onset temperatures for nascent and aged INPs isolated by the CFDC 
(with total population of particles included in the onset measurements per sample indicated). 

 * indicates no substrate samples were collected from the CFDC  

 

Date 
Nascent ice nucleation 

onset (K)  
OFR IN onset (K) 

07-26-19 -253.9 ± 2.3 (N=3) * 

07-28-19 252.8 ± 1.0 (N=5) 252 .4± 1.3 (N=4) 

07-31-19 255.0 ± 1.6 (N=10) * 

08-04-19 253.4 ± 4.5 (N=16) 251.7 ± 2.2 (N=4) 

08-08-19 * 251.6 ± 1.2 (N=5) 

Average 253.8 ± 1.0 251.8 ± 0.2 
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Figure 5.3 Representative spectra collected from a survey of the ice residual particles collected 
from the CFDC, the date each representative spectrum was found, the total number of spectra 
corresponding to each representative spectrum, and the number of particles if any, that froze 
warmer than 250 K. 
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Figure 5.4 Continued from Figure 5.3, representative spectra collected from a survey of the ice 
residual particles collected from the CFDC, the date each representative spectrum was found, 
the total number of spectra corresponding to each representative spectrum, and the number 
of particles, if any, that froze warmer than 250 K. 
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There are several spectral types that reoccur/appeared across the range of dates 

analyzed. Among these are spectra #1, 2 and 3 from Figure 5.3, low signal, siliceous material 

and soot spectra respectively, highlighted in in Figure 5.5. The representative spectra for these 

different particle types (blue) are compared and show good agreement with model systems 

(red).The low signal representative spectrum is compared to that of NaCl, which is Raman 

inactive, but most likely corresponds to a particle below the detection limit of the Raman 

spectrometer, as we have shown (and has been shown in the literature) that NaCl freezes ca. 

225 K for 3-5 µm diameter droplets, well below the CFDC ice crystal residual cut-off (not to say 

NaCl was not present). Similarly, given the varied ice nucleation onset temperatures of the 

siliceous and soot particles, we suspect that there may be other material present too low in 

signal to be identified with Raman spectroscopy or Raman inactive within the studied range, 

but active enough to impact ice nucleation. Additionally, it should be noted that while we have 

compared the “soot” spectrum to black carbon, it is also in good agreement with HU IS spectra 

reported by Deng et al. 2016.40 Also among these spectra found across multiple days were 

florescence spectra, spectrum #4 in Figure 5.3, characterized by Raman that increases rapidly 

and plateaus across the wavenumber range investigated (with regular breaks in signal 

corresponding to the wavenumbers where the grating shifts during the collection of a 

spectrum). Hydrates were also seen across multiple dates, including spectra #05, 06, 18, and 

24, characterized by the presence of the O-H stretching band between 3200 cm-1 and 3500 

cm-1. Also shown in Figure 5.3and Figure 5.4 are unique spectra only seen once throughout 

the bloom as well as spectra unique to particular date during the bloom (and were measured 

repeatedly throughout that particular substrate  
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Figure 5.5 Representative spectra #1, 2, and 3 from Figure 5.3 (red) and the corresponding 
model system spectra (red) for NaCl, PDMS, and black carbon 

Further analysis of the representative spectra in Figures 5.3 and 5.4 focused on 

previous characterization of individual SSA by Cochran et al. in 2017 of individual SSA 

characterized by micro-Raman spectroscopy. In that study, six main types of spectra in 

nascent SSA: chloride salts, short chain fatty acids (nonanoic acid), long chain fatty acids 

(hexadecenoic acid), free saccharides (glucose, sialic acid, sucrose), siliceous material 

(polydimethylsiloxane), and polysaccharides (laminarin, lipopolysaccharide).35 Spectra of 

particles isolated by the CFDC were compared to the model systems, and the χ2 errors 

between the two spectra were ascertained using the method described in Cochran et al. 

2017.35 This analysis revealed that aside from two unique particles discussed later, the INPs 

detected in this study are generally distinct from the six types of spectra in nascent SSA. This 

is not particularly surprising as previous work has noted that INP are rare, so it would be 

unlikely that the main components of SSA would contain high concentrations of INPs.31 

Included in the tables in Figure 5.3 and Figure 5.4, is a notation indicating whether 

there were particles associated with a particular spectrum that froze warmer than 250 K, and 

if so, how many particles froze above 250 K. A threshold of 250K was determined by noting at 

which temperatures particles began to freeze via contact freezing (where adjacent particles 

were touching, and one froze immediately following the next) rather than immersion freezing 

(where individual droplets froze independent of any other droplet). This distinction between 

contact and immersion freezing was made by visually assessing particle size and morphology 
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through the optical microscope. Of the 47 total “warm” freezing INP identified, the majority can 

be described by three spectra shown in Figure 5.5 – low signal (38), siliceous (3), and soot (6) 

in blue, which froze between 256.4 and 250.8 K. It should be noted here that while many of 

the “warm” freezing INP were low signal, siliceous, and soot, not all of the particles associated 

with these three spectra froze warmer than 250 K. Additionally, while these spectra are in 

agreement with the model systems as noted earlier, because some of these particles froze 

warmer than 250 K, it can be assumed that there are other components present that are below 

the detection limit of the instrumentation. 

Another “warm” freezing spectrum highlighted in Figure 5.4 was spectrum #20 from the 

08-04-19 nascent substrate. Two of the seven spectra/particles associated with spectrum #20 

were identified as freezing warmer than 250 K, shown in Figure 5.6. Interestingly, these two 

particles are spectra are identical, but one froze at 260.6 K while the other froze at 250.0 K. 

When compared to model systems, these two particles are in good agreement with the model 

fatty acid and alcohol, palmitic acid and hexadecanol, which are not spectrally distinguishable 

with Raman spectroscopy. Fatty acids and alcohols have been observed previously in other 

field studies and are known to be present in SSA.35 Despite the spectral similarity, the different 

ice nucleating abilities distinguish the two samples. The ca. 10 degree difference in IN onset 

temperature is in agreement with the ice nucleation onset temperatures observed by Perkins 

et al. 2020.41 The ice nucleation temperatures of palmitic acid and hexadecanol model 

systems, 260 and 250 K, respectively, agree with the ice nucleation temperatures measured 

in the SeaSCAPE SSA samples.41 Although there is excellent agreement with the fatty 

acid/alcohol model systems, both spectra contain a small peak at 3063 cm-1 which would 

indicate some unsaturation within the sample. This may be a result of another molecule or 

compound present with the larger particle, as these are not pure samples generated within the 

lab. Similar spectral signatures (with the 3063 cm-1 peak) have been seen by Deng et al. 2016 
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in SSA and have been identified as long chain aliphatics.40 Curiously, the five other particles 

represented by spectrum #20 (and as such are most likely fatty acids or alcohols) do not freeze 

warmer than 250 K. This would indicate that there may be other molecules present which are 

suppressing ice nucleation, most likely NaCl. As NaCl is Raman inactive, it is difficult to quantify 

the relative concentration NaCl associated with each spectrum. However, further study of the 

ice nucleation of fatty acid and/or alcohol systems with varying concentrations of NaCl may 

elucidate a relationship between concentration and ice nucleation onset temperature and 

provide a way to characterize the amount of NaCl associated with these particles.  

 

Figure 5.6 Raman spectra of two CDFC isolated ice residuals that froze at 250.2 K and 260.6 
K as well as model system spectra of palmitic acid and hexadecanol. 

The remaining particles that froze warmer than 250 K were unique spectra, which only 

appear once within ice residuals isolated from the CFDC, highlighted in Figure 5.7. Comparison 

to spectra of individual amino acids and polypeptides suggests that these samples contain 

biological material, in particular L-phenylalanine, L-tyrosine, and L-tryptophan, as shown in 
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Figure 5.7.42 As amino acids on their own are not particularly strong INP, we suspect that these 

particles were components of larger biological systems, most likely longer chain peptides, 

which have been shown to be INPs.43–47 It may be that the particular amino acids noted here 

contribute more to the Raman signature than the other components of the protein, bacteria or 

biological system. Because both spectra and ice nucleating temperatures of these particles 

were measured, these samples will act as a reference for future work characterizing the ice 

nucleation ability of marine samples.  

 

Figure 5.7 Unique Raman spectra of three particles that froze warmer than 250 K with Raman 
spectra of three model amino acids, L-tryptophan, L-phenylalanine, and L-tyrosine. 
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5.5 Conclusion 

The Raman spectra of samples from bulk seawater and the SSML collected from the 

same day as those investigated with the microfluidic device show the presence of NaCl, 

sulfate, carotenoids, and other organic compounds. These samples contained residual 

particles containing unique signatures of sulfate hydrate salts along with organics with peaks 

between 2905-3005 cm-1. Some of these samples included sialic acid, which was not present 

in the bulk. Sialic acid has been identified as an algae-synthesized product48 and hence its 

presence in the seawater samples is not surprising. No clear correlation was observed 

between the microfluidic morphology measurements and the Raman spectra of the same 

samples. This indicates the need for further investigation of model systems, further 

characterization and standardization of morphologies, and Raman spectral measurements on 

individual particles as identified in the microfluidic device to minimize disparity between 

samples.  

Raman spectra of the CFDC isolated SSA INPs demonstrated promise in identifying 

unique marine INP and developing a library of these particles. This work serves as a 

benchmark toward characterizing “warm” marine INPs. Overall, these measurements will help 

define the properties and composition of a range of marine INP and can lead to the 

development of global climate model parameterizations. The impact of aging on ice nucleation 

onset temperature was also quantified with an average temperature change of two degrees 

Celsius, to colder temperatures, seen following oxidative aging.  These small changes in ice 

nucleation onset temperature with aging is consistent with previous studies of aging with other 

trace atmospheric gases.  
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6 Conclusions and Future Work 

6.1 Synopsis 

The aim of this dissertation was to elucidate connections between the ice nucleating ability, 

chemical composition, and fundamental physical properties of individual, atmospherically 

relevant ice nucleating particles (INPs). By more fully understanding interactions of water with 

INPs at low temperature, we can better interpret field measurements of INPs as well as inform 

theoretical descriptions of INP and global climate models. To accomplish these goals, we first 

developed instrumentation with the necessary temperature and relative humidity control to 

study INPs. With the development of this system, we were able to probe thermodynamic 

interactions of INPs with supercooled water, using differences in the spectral features to 

determine entropy and enthalpy differences in water, salt water, and droplets with INP 

inclusions. We then measured water uptake as a function of temperature, continuing to explore 

the relationship between phase state, temperature, and INPs. Building on this foundation, we 

then used this same instrumentation to analyze samples collected during a field study, enabling 

us to make connections between the ice nucleating behavior, morphology, and chemical 

composition of real-world INPs. Through this work, we also identified Raman spectra of 

potential model systems to use in future marine ice nucleation measurements. The following 

sections summarize the main conclusions from each study and discusses future work enabled 

by this dissertation. 

6.2 Chapter 2 Summary 

Chapter 2 provides details on the theoretical background, instrumentation development 

and details, and preliminary studies undertaken with the Raman spectrometer coupled to the 

environmental cell (“the instrument”). The instrument development includes calibration of (1) 

relative humidity with a range of inorganic salts, (2) temperature with NaCl, and (3) ice 

nucleation with inorganic salts, organics, minerals, and biological systems. Another facet of 
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the calibration included reactions of oleic acid and lipopolysaccharide (LPS) with ozone and 

nitric acid respectively. Following this, we examined the chemical evolution of a single particles 

of LPS and Snomax (a common positive bacterial control INP) following reactions, as well as 

the impact of those reactions on the ice nucleation onset temperatures. We found that after 

reactions with ozone, Snomax shows ca. 2 degrees suppression in ice nucleation onset 

temperature, a statistically insignificant change – an unexpected result, given the large 

changes in the Raman spectrum following reaction. Moreover, after reaction with nitric acid, 

LPS and Snomax show ca. 3- and 6-degree suppression in ice nucleation temperature, 

respectively. These data show that atmospheric aging of isolated particles can provide insights 

into INP behavior. Phase state work with the environmental cell demonstrated the formation of 

NaCl dihydrate as a function of temperature and drying rate in collaboration with the Dutcher 

group, at the University of Minnesota, where a microfluidic cell was used to measure the same 

phase state transition. Results from the Raman coupled with the environmental cell showed 

that a relatively fast drying rate led to an increased number of dihydrate particles below the 

eutectic point, in contrast to a slower drying rate. These findings confirm that the instrument 

maintains good control over temperature, relative humidity, and has the optical and spectral 

ability to analytically probe phase state and chemical composition for future work. 

6.3 Chapter 3 Summary 

After demonstrating in Chapter 2 that the instrument was calibrated and functioned as 

designed, the environmental Raman spectrometer was used to explore the water uptake 

properties of biologically relevant dry particles as a function of temperature. For immersion 

freezing to occur, an INP must first form a droplet, which may occur across a broad range of 

temperatures.9,10 The majority of model water uptake experiments are conducted at ambient 

temperature, from which low temperature behavior is extrapolated.11–20 But the few studies that 

have probed water uptake at low temperatures of organics and biologicals have found that 
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their behavior diverges from predicted models, prompting further study/exploration.21–25 The 

phase states of atmospherically relevant organic particles were monitored spectrally and 

optically to calculate the Raman growth factor (the wet:dry particle ratio of the integrated O-H 

Raman stretching region), a measure of the water composition of a particle across a range of 

relative humidities (RH). NaCl and sucrose were used as model/control systems, and followed 

the water uptake behavior predicted by previous studies.14,21,22 Sucrose followed the 

temperature-dependent solubility trends predicted by the Clausius-Clapeyron equation. 

However, unlike sucrose, Snomax, LPS, and laminarin began water uptake at lower RH with 

decreased temperature. Additionally, this work identified different water uptake properties 

between dry-deposited and amorphous particles and found that once the particles had fully 

taken up water, their corresponding immersion freezing behaviors were unaffected. This work 

suggests that adsorption rather than absorption controls the water uptake onset at decreased 

temperatures of these insoluble macromolecules, leading to the formation of inclusions within 

a droplet, and gives important insight into mixed-phase cloud formation and ice nucleation. 

6.4 Chapter 4 Summary 

The environmental Raman spectrometer was used to correlate the liquid water structure 

of individual micron-sized droplets with the ice nucleation temperature of pure water, salt water, 

and water containing biologically relevant atmospheric ice nuclei. One of the theories 

describing heterogeneous ice nucleation indicates that INPs may help water to organize or 

template, leading to freezing at warmer temperatures.1–6 This idea has been probed 

theoretically, but there has been limited experimental work done to support it.7,8  As Raman 

spectroscopy is not a surface-sensitive technique, we probed the bulk water behavior of a 

droplet interacting with INPs as compared to pure water and sodium chloride (which 

suppresses ice nucleation) to probe potential organization of the droplets. Raman spectra were 

collected of single rehydrated particles across a range of temperatures from 298 K to the point 



131 
 

of ice nucleation. Gaussian fits were used to deconvolute the broad O-H stretching region into 

fully hydrogen-bonded water (FHW) and partially hydrogen-bonded water (PHW) components. 

These spectra were accompanied by optical images of the particles and corresponding 

droplets, used to estimate the approximate concentration within each droplet. From these data, 

we derived thermodynamic parameters for this interchange, thus providing new experimental 

insights into the theoretical relationship between the temperature dependence of the water 

structure of the micron-sized supercooled droplets and their role in immersion freezing of ice 

and mixed-phase cloud formation. 

6.5 Chapter 5 Summary 

Chapter 5 focuses on the characterization of marine INP collected throughout the 

SeaSCAPE 2019 campaign. The scope of this chapter spans two components: (1) connecting 

composition, morphology and ice nucleating behavior with samples from bulk sea water and 

sea surface microlayer (SSML), and (2) identifying/characterizing isolated marine INP. Data 

was first collected in collaboration with the Dutcher group using a microfluidic device. This data 

identified ice nucleating behavior of SSML and bulk sea water droplets and following 

efflorescence. Additionally, this work connected ice nucleation behavior to specific 

morphologies. Bulk sea water and SSML samples collected on the same day were effloresced 

and examined optically and with Raman spectroscopy. Through this, several main spectral 

signatures, including sulfate with various coordinating cations, NaCl, and organics including 

carotenoids and sialic acid, were identified across all samples. There was no conclusive 

connection to the morphologies identified with the microfluidic device.  

Further work in this area focused on the characterization of marine INP isolated by the 

continuous flow diffusion chamber (CFDC). We saw a suppression in the ice nucleation onset 

of the aged versus nascent sea spray aerosol (SSA) ca. 2 degrees, consistent with our earlier 
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studies in Chapter 2. Characterization of the spectra collected in a survey of the CFDC 

impacted particles showed no clear trends in functional groups or chemical signatures 

throughout the course of bloom. Additionally, the collected spectra were compared to the six 

main spectral groups—chloride salts, short chain fatty acids, long chain fatty acids, free 

saccharides, siliceous material, and polysaccharides—identified in a previous field study.26 

There was no correlation between the isolated CFDC particle spectra and the general SSA 

particles. While this did not lead to identification, it did confirm that these isolated INPs were a 

unique subset of SSA. Following this, additional analysis focused on the chemical 

characterization of several unique INPs that froze warmer than -23˚C. There is still a need for 

model marine INP systems in both fundamental laboratory work as well as more complicated 

measurements and as such, we were hoping to identify several models and through this work. 

While we were able to clearly connect two of the INP to a fatty acid/alcohol pair through both 

spectroscopy and ice nucleating behavior, there were several particles without clear model 

systems. The remaining three unique INP spectra share potential similarities with several 

amino acids and polypeptides.27,28 We will continue to connect these data with model systems 

and other measurements made throughout SeaSCAPE. The data collected during this highly 

collaborative and complex field campaign is helping to bridge the gap between model systems 

and field studies, in addition to helping identify model systems for future study. 

6.6 Future Studies 

This work helped elucidate the fundamental interactions of organic and biological INP with 

water at low temperature. It also posed more questions to answer and new areas to explore. 

Some of this additional work includes: 

• Increasing the complexity of these model systems as we work toward replicating real 

world systems—transitioning to the study of mixtures of organic, biological, and 
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inorganic systems within a single droplet and characterizing their interactions with 

water and each other. This will be possible using a second environmental cell with 

expanded temperature capabilities to study the ice nucleation behavior, water uptake, 

low temperature water interactions and properties, and potentially kinetics of these 

multi-component systems. 

• Elucidate the relationship between the concentration of inorganic and organic 

composition on the ice nucleation onset of a droplet. More specifically, looking at the 

impact of varying ratios of NaCl to different organics like LPS, Snomax, and fatty acids 

and alcohols on the ice nucleation onset temperatures to determine a relationship and 

use to quantify the concentration of NaCl associated with particles like those identified 

in the SeaSCAPE campaign. 

• Exploring the atmospheric aging of INP. The environmental cell coupled with the 

Raman spectrometer allows us to study a single particle throughout the course of its 

lifetime. Specifically, we can measure the chemical characterization, ice nucleation, 

and water uptake and behavior of a single particle before, during, and after reaction 

with atmospheric oxidants including nitric acid, ozone, and hydroxyl radicals. Exploring 

a range of concentrations, different relative humidities, and repeated exposures will 

help identify reaction mechanisms and atmospheric impacts. 

• Characterization of the morphology of INP (and possible ice nucleation active sites) 

using SEM or TEM before and after oxidative aging to potentially illuminate other 

contributions to change in ice nucleation behavior beyond change in chemical 

composition.  

• Continued identification and characterization of marine INP systems, particularly the 

unique INP isolated during SeaSCAPE. This work is integral to better understanding 

marine INP.  
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• Additional identification and characterization of SSA and marine INP and the impact of 

atmospheric aging using the PAM-OFR (described in Chapter 5). Following the 

SeaSCAPE experiment, there are still many questions regarding the impact of oxidative 

aging on marine INP. The repeated use of the PAM-OFR on a smaller scale with both 

model systems and seawater may help us further understand data from SeaSCAPE. 

In conclusion, the work conducted in this thesis expanded our understanding of the 

properties and behavior of atmospherically relevant INP.  This work, as well as the future 

projects it has enabled, strive to improve our understanding of the impact of INP on global and 

regional climate models. 
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