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ABSTRACT: In the atmosphere, there are several different trajectories by which particles can nucleate ice; two of the major
pathways are deposition and immersion freezing. Single particle depositional freezing has been widely studied with
spectroscopic methods while immersion freezing has been predominantly studied either for particles within bulk aqueous
solutions or using optical imaging of single particles. Of the few existing spectroscopic methods that monitor immersion
freezing, there are limited opportunities for investigating the impact of heterogeneous chemistry on freezing. Herein, we
describe a method that couples a confocal Raman spectrometer with an environmental cell to investigate single particle
immersion freezing along with the capability to investigate in situ the impact of heterogeneous reactions with ozone and other
trace gases on ice nucleation. This system, which has been rigorously calibrated (temperature and relative humidity) across a
large dynamic range, is used to investigate low temperature water uptake and heterogeneous ice nucleation of atmospherically
relevant single particles deposited on a substrate. The use of Raman spectroscopy provides important insights into the phase
state and chemical composition of ice nuclei and, thus, insights into cloud formation.

I ce 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,"” all of
which are essential for parameterizing climate models.” Ice
clouds are predominantly composed of ice crystals, while
mixed-phase clouds are comprised of both supercooled
droplets and ice crystals and either found in colder regions
of the atmosphere or extend to a higher altitude." In addition
to directly effecting albedo by deflecting incoming solar
radiation or absorbing outgoing terrestrial radiation, it has
been found that precipitation formation is more efficient in the
presence of ice than in warmer clouds." Changes in ice
nucleation behavior will directly impact the formation of ice
and mixed-phase clouds, which in turn effect precipitation,
cloud cover, and optical depth.””® Due to this complexity, the
aerosol component in aerosol—cloud interactions remains one
of the largest uncertainties in climate models.” Many of these
uncertainties are due to the limited understanding of the
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physical and chemical principles that direct ice nucleation®’

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.IO Heterogeneous ice nucleation occurs at
warmer temperatures when ice formation is catalyzed by the
presence of INPs.'” Field studies have identified heteroge-
neous ice nucleation as the dominant formation mechanism in

5,11 .
INPs are rare in

both ice and mixed-phase cloud formation.
the atmosphere, estimated to be 1 in 10° to 10° particles,"
which has led to a poor understanding of both their identity

and the mechanism by which they nucleate ice.
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Two major pathways for heterogeneous ice formation are
deposition and immersion freezing'” as illustrated in Figure 1.
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Figure 1. Comparison of homogeneous and (a) deposition and (b)
immersion heterogeneous freezing.

Deposition freezing occurs by a decrease in temperature
followed by an increase in humidity. Water vapor then adsorbs
onto a solid surface, which initiates nucleation.'”'® Immersion
freezing occurs when the relative humidity (RH) is first
increased, leading to condensed water, followed by a decrease
in temperature, leading to the formation of a supercooled
droplet and then ice. Many single particle INP studies focus on
deposition freezing,'®"*” which is important in ice phase cloud
formation,"" but limits further understanding of 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.”' ~**

A comprehensive review of immersion freezing techniques
was conducted in 2015 using illite NX as a standard by

Hiranuma and co-workers.”> 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
particle'®*® and well plate (Ice Spectrometer, IS) measure-
ments, as well as systems with (Frankfurt Ice Deposition
Freezing Experiment, FRIDGE) and without (Electrodynamic
Balance, EDB, acoustic droplet levitator) substrates. Many of
these aforementioned techniques and several not included in
the study”’~* 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 mechanisms of ice

. 30,31
nucleation.”™

This is especially relevant for understanding
the ice nucleation behavior of sea spray aerosol (SSA), where
the chemical components which mediate ice nucleation remain
poorly understood.*

Tolbert and co-workers as well as Knopf and co-workers
have detailed a system that couples an environmental cell to a
Raman spectrometer, which has predominantly been used to

16,3335 .
and, in some cases,

study deposition freezing
immersion f"reezing.25’36_38 However, the techniques devel-
oped focused on isolating the INP from its surrounding 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 the droplet was
deposited in, 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 SSA. 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 ice nucleation standards
and marine relevant systems. This system has the unique
capability to obtain in situ, real-time measurements of the
composition and phase state of INPs with the option of
flowing in reactive gases and facilitates the study of the kinetics
and effects of heterogeneous chemistry on ice nucleation.
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Figure 2. (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 25 °C, respectively. Relative humidity

is controlled through mixing wet and dry air of varying ratios.
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Figure 3. 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.

B EXPERIMENTAL METHODS

Instrumentation. Ice nucleation and water uptake
measurements were preformed using a Raman microscope
(Horiba, LabRamn HR Evolution) coupled to an environ-
mental cell (Linkam, LTS 120), as shown in Figure 2. The
spectrometer is fit with an optical microscope (Olympus
BX41), a 100X super long working distance (SLWD)
objective, and a 532 nm laser. 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 N, through a bubbler of Milli-Q water
and modulating the ratio of wet to dry N, flowing into the
environmental cell. The ozone system is comprised of an
ozone generator (Jelight Company Inc., Model No. 2000) and
an ozone scrubber (Ozone Solutions, Inc.).

Source of Chemicals. Aqueous solutions were prepared
with Milli-Q ultrapure water and commercially available
compounds, 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 (NaNO,), >99% Sigma-
Aldrich; sodium sulfate (Na,SO,), >99.0% Sigma-Aldrich;
ammonium nitrate (NH,NO;), >98% Sigma-Aldrich; ammo-
nium sulfate ((NH,),SO,), >99% Sigma-Aldrich; oleic acid,
Fischer.

Sample Preparation and Data Collection of Single
Particles. Samples were generated by atomizing aqueous
solutions of the above compounds. Particles were passed
through two silica diffusion driers (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. The
cell has a working temperature range of —26.5 to 120.0 & 0.4
°C and RH control from 1.3 to 99.0 + 2.1%. A 532 nm laser
and the 100X SLWD objective were used to probe particles
between 1 and 4 ym in diameter. A total of 2—11 exposures of

3—4S seconds each were averaged to obtain each spectrum in
the spectral range extending from 400 to 4000 cm ™.

Ozone Exposure Experiments. To probe the impacts of
oxidation on ice nucleation behavior, a sample was first
deposited and placed in the environmental cell. Following this,
the N, purge was replaced with ozone, and RH was set at 50 +
2.1%. Once equilibrated, the system was reacted with ~10 ppm
of ozone for 1 hour, and subsequent ice nucleation
experiments were conducted. The ozone concentration was
measured using an ozone monitor (Ozone Solutions) before
and after the environmental cell. These concentrations were
approximately the same with a fluctuation of S ppb from the
initial ozone introduction toward the end of the 1 hour time
period indicating minimal loss of ozone to the walls of the
environmental cell.

Calibration of Environmental Cell for Ice Nucleation
Measurements. Water uptake measurements were done with
several well-characterized inorganic model systems by varying
the ratio of wet to dry flow into the environmental cell. Prior to
each experiment, deposited samples were dried in the cell
under N, 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™} as
seen in Figure 3.

Once deliquescence occurred, the temperature and dew
point measurements from the hygrometer were used to
calculate the RH in the cell, adapted from Murphy and
Koop®® and shown in egs 1—6:
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Figure 4. Schematic diagram showing the process of immersion freezing using micro-Raman spectroscopy: (a) shows a spectrum and an optical

image of a dry particle; (b) a particle after deliquescence, where two new absorption bands are seen at 3266 and 3418 cm™
water; and (c) the same particle at lower temperature where ice freezes as seen by the vibrational bands at 3139, 3255, and 3361 cm

!, corresponding to liquid
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where in eqs 1—6, p is the water vapor pressure either of a
liquid water (1) when Ty > 273.15 K, where Ty is the dew
point temperature, or ice (i) when Ty < 273.15 K, p° is the
water saturation vapor pressure, subscripts EC and TR refer
the value of the temperature and pressure in the environmental
cell and at the triple point for water, respectively, L is the latent
heat of vaporization for water either of a liquid (/) when Ty >
273.15 K or a supercooled liquid (s/) when Tgc < 273.15 K,
and R, is the ideal gas constant.”’ Note that Tgc 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 of 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 that include NaCl,
NaNO;, Na,SO,, NH,NO;, and (NH,),SO, are given in the
Supporting Information (Figure S1) and fall closely within the
range of reported literature 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.”" 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,” a calibration curve was generated by
back calculating the temperature***® that the particles
experienced at different set temperatures, rearranging eqs 1

11141

and 4. New NaCl samples were prepared for each DRH
measurement. The deliquescence protocol described above
was followed, with the addition of a 20 min temperature
calibration period following the initial drying. Spectra were
collected to confirm deliquescence at each temperature and are
shown in Supporting Information, Figure S2. Supporting
Information, Figure S3 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.

Immersion Ice Nucleation Experiments. 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, and a spectrum confirmed water uptake.
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 Supporting Information, Figure $4, to
maintain a constant RH. As the temperature decreased, spectra
were collected continuously every one second, monitoring the
2800 to 3800 cm™! range for changes in the O—H stretch,
specifically the appearance of the distinct low frequency 3139
cm™! peak, indicating ice formation, as shown in Figure 2.
Additionally, this process can be monitored through the optical
microscope video feed, looking for the appearance of optical
interference indicating ice nucleation.

The water uptake and immersion freezing process for a
single particle and the associated spectra are shown in Figure 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.

B RESULTS AND DISCUSSION

The ice nucleation behavior of a variety of different
atmospherically relevant particles including Snomax, kaolinite,
montmorillonite, illite NX, lysozyme, lipase, and lipopolysac-
charide (LPS) were measured using the environmental cell
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Figure S. Ice nucleation onset temperatures for LPS, lipase, lysozyme, montmorillonite, kaolinite, Snomax, and illite NX. The blue dashed line is
the freezing temperature of the water blank, and the shaded blue area indicates the uncertainty in the measurement, as determined by the upper and

lower values experimentally measured.

coupled micro-Raman spectroscopy. Snomax, kaolinite, mont-
morillonite, and illite NX were chosen as standards; immersion
freezing of these systems has been well characterized in the
literature across a variety of different immersion ice nucleation
systems.*’~>?

Snomax, a lysed strain of Pseudomonas syringae, is an
excellent INP, initiating freezing as warm as —2 °C.>* The ice
nucleation behavior of Snomax has been attributed to a specific
protein complex on the surface of the bacterial membrane that
orders water molecules, which facilitates ice nucleation.” As
already noted, Snomax was selected as a standard in this study
because of its extensive characterization in the literature****~®'
and its warm freezing temperature. It was experimentally
determined that the freezing of Snomax occurred at —4.8 + 0.8
°C in this system.

Kaolinite, montmorillonite, and illite are common clay
minerals that have been investigated and used as ice nucleation
benchmark standards.'>*>*° Tllite NX is used in this study for
consistency with Hiranuma et al.”> There is a lot of variability
in ice nucleation temperatures reported, and much of that can
be attributed to the size dependence of their ice nucleation
behavior.”>"® We found these minerals to nucleate ice at
—11.8 + 2.4, —14.9 + 0.6, and —15.5 + 1.1 °C for kaolinite,
montmorillonite, and illite NX, respectively, as shown in Figure
S. These values correlate with literature ice nucleation values
for similarly sized particles on the order of 1 to 2 pum.
Additionally, these minerals freeze ice in the middle of the
temperature range investigated here.

In addition to measurement of these standards, the
homogeneous freezing temperature of water was measured
and is shown as the dashed blue line in Figure S. Water
droplets produced from Milli-Q ultrapure water freeze at
—26.5 + 0.9 °C, warmer than the homogeneous, atmospheric
freezing temperature of —38 °C, but within the range reported
in literature for laboratory studies.”®*’~® Steps were taken to
decrease the ice nucleation onset temperature of pure water,
including minimizing sample exposure to ambient air, using
Milli-Q_ultrapure water, and altering the rate at which the

temperature was changed. The current experimental parame-
ters, as described in the Experimental Methods, have yielded
the lowest freezing temperature of pure water. The freezing
temperature does not affect the ice nucleation onset temper-
ature of the standards, leading to the conclusion that any ice
nucleation measurements warmer than the measured homoge-
neous freezing temperature of water are valid.

Overall, ice nucleation onset temperatures of Snomax,
kaolinite, montmorillonite, and illite NX show good agreement
with literature values (Table 1). This agreement between the

Table 1. Comparison of Experimental and Literature Ice
Nucleation Values of Snomax, Kaolinite, and
Montmorillonite

IN onset: this IN onset: literature

Compound study (°C) values (°C) Refs

Snomax —4.8 + 0.8 -2 to —6.6 47, 48, and
61

kaolinite —11.8 + 2.4 —10 to —14 50, 51, and
53

montmorillonite —149 + 0.6 —12 to —16.3 50, 52, and
S3

illite NX —-155+ 13 —11 °C to =27 25 and 70

current measurements and the literature values, which were
collected using other methods, confirms the validity and
viability of the current method. A small degree of variation in
these measurements is due to experimental differences,
including the size of particles and the time dependence of
ice nucleation. However, values measured here all fall within
the range of ice nucleation values reported in literature for
comparably sized particles.

The single particle ice nucleation onset temperatures of the
particles produced from LPS, lipase, and lysozyme (Figure 5)
have never been measured before. LPS, a bacterial degradation
product, and lipase, an enzyme, are both marine relevant.”"”*
Lysozyme, a known bacterial enzyme found in marine aerosol,
readily IXses peptidoglycan on the surface of Gram-positive
bacteria.”® The ice nucleation behavior of systems when acted
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upon by lysozyme has been previously studied,”””* but the ice
nucleation of Iysozyme itself has not. In this study, we found all
three systems to nucleate at —23.6 + 0.7, —23.8 + 1.1, and
—25.2 + 1.3 °C for LPS, lipase, and lysozyme, respectively, all
which fall within the ice nucleation temperature range close to
that of Milli-Q ultrapure water, indicating that they are not as
good at nucleating ice as the minerals studied or as Snomax. It
is not surprising that LPS is a poor INP due to its high relative
abundance and the relatively low INP emissions from SSA.*

The ice nucleation behavior of Snomax was also probed after
reaction with ozone. First, the reaction of ozone and oleic acid
particles was measured as validation that ozone was reaching
the environmental cell. The associated spectra of the reaction
with ozone and oleic acid are shown in Supporting
Information, Figure S5, showing that ozone was indeed
reaching the substrate.

Spectra of Snomax before and after reaction, Figure 6, show
a loss of peaks at 1125, 1350, 1550, and 1650 cm™}, indicating

= Snomax unreacted OH.
——Snomax + O, (OH)
= Snomax + O; ice |

Intensity

Wavenumber (cm™")

Figure 6. Raman spectra of Snomax, before (black) and after (red)
reaction with ozone (O;) and after ice nucleation (blue). Yellow
highlighted regions correspond to peaks that have largely disappeared

from the spectrum following exposure of Snomax to ozone.

a reaction occurred, but due to the fact that Snomax is a
commercial product, we do not have access to its structure.
The ice nucleation temperature is depressed following reaction
with ozone, shifting from —4.8 + 1.0 °C to —6.0 + 1.3 °C.
This is a statistically insignificant change in the onset
temperature from the Snomax ice nucleation temperature
before reaction with ozone, which agrees with findings from
Attard et al."® What is most interesting is that although there
are significant changes in the Snomax Raman spectrum
following ozone exposure, there is only a slight change in the
freezing behavior of Snomax, indicating that active sites for ice
nucleation remain unchanged. This demonstrates the capa-
bilities of this system to monitor the effect reactive gases have
on ice nucleation behavior as well as changes in chemical
composition and phase.

B CONCLUSIONS

Herein we have characterized individual atmospherically
relevant particles for their ice nucleation activity using an
environmental cell that allows for spectroscopic and optical
probing to the freezing process. The impact of exposure of
ozone on ice nucleation activity of Snomax was also explored.

It was shown that, although clear spectroscopic changes of the
Raman spectrum of the Snomax particle occurred, there was
only a small change in the ice nucleation activity. Future
experiments will focus on identifying good INPs within the
population of SSA particles collected from field studies to
resolve ice nucleation behavior and mechanisms at the single
particle level. Additionally, we are interested in determining
the impact of heterogeneous chemistry and particle aging on
ice nucleation for a wide range of particle types.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.anal-
chem.9b01819.

Additional details of the experimental methods, relative
humidity and temperature calibration data, and addi-
tional Raman spectra including heterogeneous reaction
of ozone with oleic acid; Overall, five additional figures
are included (PDF)
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