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ABSTRACT.

The ability of water to freeze into ice crystals in mixed-phase clouds affects physical properties
including particle size, precipitation rates, and radiative properties. The presence of an insoluble
particle at the surface of water droplets can promote ice nucleation at higher temperatures than
pure water, even in the absence of a collision. However, contact freezing remains an

underexplored mode of ice nucleation. Here, we present a study of atmospherically relevant
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organic acids and their role as effective ice-nucleating particles in the contact mode using a
Raman-microscope-equipped environmental chamber. We determined contact freezing
temperatures induced by solid crystals of docosanol, adipic acid, cis-pinonic acid, fumaric acid,
4-hydroxybenzoic acid, palmitic acid, phthalic acid, sebacic acid, stearic acid, terephthalic acid,
and vanillic acid. All solids except fumaric acid promoted contact freezing of water droplets at
significantly higher temperatures than pure water in the chamber (-15.0 to -18.5 °C vs -21.3 °C).
Physical and chemical properties were identified which correlate with greater effectiveness of
ice-nucleating particles in the contact mode including crystal lattice mismatch with ice, carbon
number, and insolubility in water. We suggest that the presence of these organic solids in

atmospheric aerosol may promote atmospheric ice nucleation at warm temperatures.

SYNOPSIS.

Contact freezing may be a crucial contributor to atmospheric ice nucleation, but the chemical and
physical mechanism and fundamental characteristics of contact ice nucleating have not yet been
established. Here, several organic solids are reported which significantly increase the freezing

temperature of water when in contact with the droplet.
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1. Introduction

Ice crystals in mixed-phase clouds play a significant role in the global radiative balance,
contributing to both warming and cooling effects on climate.'~¢ The ratio of liquid water to ice in
these clouds impacts their physical properties including particle size, shape, and precipitation rates,
which in turn influence their absorption and scattering properties.””!” However, the ice nucleation
mechanism in mixed-phase clouds is uncertain, and further research is needed to constrain the
atmospheric impacts of this crystalline solid. Pure water droplets, when unperturbed, freeze at
approximately -38°C,!7 although the exact freezing temperature depends on factors including
relative humidity, solute concentrations, and droplet size.'®2! In contrast, the presence of insoluble
particles in atmospheric aerosol can promote heterogeneous ice nucleation, causing freezing at
higher temperatures or lower water saturation levels than would be required homogeneously.!3-22
These particles promote ice formation by providing a stable surface and lowering the energy barrier
to crystal nucleation.?? These effects likely influence the characteristics of ice particles in mixed-

phase clouds, including their number and size.?*

There are several possible modes by which heterogeneous freezing can occur, as displayed in
Figure 1 following descriptions by Kanji et al.!” Deposition freezing occurs when ice deposits onto
a heterogeneous particle from supersaturated water vapor. This mode requires low temperatures
and is likely not a major nucleation mechanism in tropospheric mixed-phase clouds.?> Immersion
freezing derives from an insoluble particle immersed inside of a droplet. In contrast, contact

freezing occurs when an ice-nucleating particle (INP) touches the external surface of a water



droplet, leading to enhanced nucleation. In contact freezing, there is a three-phase contact line
between the liquid water, the contact nucleus, and the surrounding air, which lowers the free-
energy barrier for nucleation according to classical nucleation theory.?® Out of all modes of
heterogeneous ice nucleation, contact freezing is thought to be generally the most effective at the
highest temperatures, although this depends on the INP.?7?8 Previous studies have typically
involved insoluble particles, although contact freezing has also been observed for soluble salts.?®
Previous work has shown that heterogeneous freezing can occur through contact when, even in the
absence of a collision event.3934 As defined by Marcolli et al., we define contact freezing as any
freezing event in which the INP touching a droplet surface leads to enhancement of INP ability,
including but not limited to “collisional contact freezing” in which the collision of the INP with
the droplet leads to freezing.>> The present study probes such static contact freezing without
collision. There is evidence that collisions may create additional transient surface interactions that
can further promote nucleation,3%37 deserving further investigation beyond the scope of this study.
Observational field studies have suggested that contact freezing likely leads to the first formation
of ice in mixed-phase clouds, especially at the edges of low altitude clouds.?*3% Ansmann et al.
and Seifert et al. found that contact freezing was likely responsible for ice nucleation from dust

particles and volcanic ash particles, respectively.3%40
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Figure 1. Diagrams of the forms of heterogeneous freezing discussed here. In deposition
freezing, water vapor deposits onto the nucleus as solid ice. In immersion freezing, the insoluble
nucleus is internally mixed within the liquid droplet. In contact freezing, there is a three-phase
contact line between the liquid water, the insoluble contact nucleus, and the surrounding air.

Studies of atmospheric ice residuals reveal that the most common heterogeneous INPs,
irrespective of freezing mode, include mineral dust, ash, metallic particles, and organics.?!#! These
INPs have been studied experimentally in deposition and immersion mode freezing, including
mineral dusts and clays3!-3742-34 so0t,31->3-°6 and volcanic ash.?!7-8 Biological particles have also
been studied as INPs including microscopic organisms such as fungi,’® phytoplankton,°, and
pollen®! as well as isolated proteins like RuBisCO®%? and inaZ (i.e., SnoMax®).63-64 In addition, it
has long been suggested that certain organic compounds in atmospheric particles, both from
anthropogenic and from natural origin, can act as INPs, dependent on the freezing mechanism.%-
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%8 Organic compounds make up a significant fraction of residuals left behind after the melting of
atmospheric ice crystals.®®7! However, observations show that only certain particulate organics
are capable of nucleating ice. Although a few studies have explored contact ice nucleation by
organic solids and even some viscous liquids,3?33-7%73 there is still a lack of experimental data in
this area as well as relevant theory regarding which organics are the most effectives INPs in this

mode.

Here, we study contact freezing of water droplets by atmospherically relevant, oxygen-
containing organic solids in an environmental chamber equipped with Raman microscopy
capabilities. We combine visual observations with Raman data to determine the contact freezing
temperatures. We then compare these results to freezing of pure water as well as contact freezing
by crystalline silver iodide, a well-known and highly effective ice nucleus. We consider physical
properties of the organic solids in an attempt to uncover correlations among the freezing
temperatures, identify potential trends, and contextualize the results within previous literature.

2. Experimental Methods
2.1. Raman Microscope and Environmental Chamber

The Raman microscope and environmental chamber, shown schematically in Figure 2,
have been used previously to study ice nucleation in the deposition mode’#7® and the immersion
mode.”® Here, modifications in the method will be described to allow for the study of contact ice
nucleation. A prepared quartz slide was placed onto an iridium-coated steel block inside an
environmental chamber at room temperature, which was subsequently sealed. The relative
humidity inside the cell was controlled by combining flows of dry and humidified nitrogen gas in

select ratios. These flows were held steady to produce consistent water content inside the cell. The



dew point was read by a chilled mirror hygrometer (Buck Research Instruments CR-1A). The dew
point in experiments was set to approximately -10°C to prevent droplet evaporation from
undersaturated conditions during freezing experiments. According to equations from Buck and
from Marti and Mauersberger,”®-30 this dew point corresponds to ice saturation values between 1.58
and 2.78 for temperatures between -15.0 and -21.0°C. The sample temperature was controlled by
balancing liquid nitrogen cooling with resistive heating and read by the temperature controller
(Linkam TMS94). The measured temperature was calibrated to the actual temperature in the cell
as discussed in Baustian et al.”> and is discussed in detail in the Supporting Information (Figures

S1 and S2).79:81.82
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Figure 2. Instrumental schematic of Raman microscope and environmental chamber. Adapted
from Schiffman et al.3” Copyright 2023 American Chemical Society.



Raman spectroscopy was used along with visual analysis to determine the phase of the
water droplet at each temperature. Raman spectra were obtained using a Nicolet Almega XR
Dispersive Raman spectrometer with an 8 mW 532 nm laser to probe samples. The OH-stretching
band in the Raman spectrum of water shifts to lower wavenumbers upon freezing due to the
formation of hydrogen bonds between water molecules in the ice structure.®® The Raman
spectrometer was coupled with an Olympus BX51 optical microscope where particles were probed
visually using a 10X magnification objective. The particles became significantly darker in the

microscope images after freezing.

2.2. Materials

Table 1 lists the organic solids used in this study. In the Supporting Information (Table S1) we
list the suppliers and purities of materials used here. The solids were used as they were provided
with no further purification or recrystallization. The selected solid organics had low solubility in
water at room temperature and at 0°C so that the heterogeneous INP could be placed in contact
with the water droplet without mixing. The organic solids possessed a range of physical and
chemical properties including molecular weight and solubility in water. Here we report the room-

temperature and 0°C solubility of the organic solids.

Table 1. Selected chemical and physical properties of chemicals used in this study.

Chemical Chemical Molecular Solubility at Solubility at
Formula Weight 25°C (g/L) 0°C (g/L)
(g/mol)
Docosanol C,,Hy6O 326.61 1.96*1052 —
Adipic Acid CeH 004 146.14 24.3b 7.94°b
Cis-Pinonic Acid CioHi603  184.23 6.66° 3.69°
Fumaric Acid C4H,0, 116.07 7.0 2.30°



4-Hydroxybenzoic ~ C;H¢O; 138.12 4.580 2.49°b
Acid (4-HBA)

Palmitic Acid CicH30,  256.42 6.87*%104° 0.00460°
Phthalic Acid CsHgO4 166.13 6.98° 2.30°
Sebacic Acid CioHis04  202.25 0.247 ¢ 0.0400 ®
Stearic Acid CisH3cO,  284.47 5.97*%104b 0.00180°
Terephthalic Acid  CgH¢O4 166.13 0.0174 0.0426 ©
Vanillic Acid CsHgOy 168.15 1.49¢ 1.0172 ¢

2 Sourced from Alfa Aesar catalog. Docosanol has no published solubility data at 0°C.
b Sourced from the Handbook of Aqueous Solubility Data.?*
¢ Sourced from Bretti et al. as 10-21245 mol/L.%5

d Sourced from Park and Sheehan.8¢
¢ Experimentally determined for this study.
fSourced from Zhang et al. as 1.60*102 mol %.%7

Organic solids were transferred to quartz microscope slides using the end of a glass Pasteur
pipet. Visual analysis of the samples on the slides suggested that the solids were crystalline
particles (Figure 3). Raman spectra for the organic solids are shown in Figure S3. The experimental
spectra obtained here align with previously published spectra, confirming their reliability and
chemical quality.®®°7 In addition, for all the organic solids studied here, there was no overlap in
spectral features in the range of the water O-H stretch that could confound the distinction between

liquid water and crystalline ice.
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Figure 3. Microscope images of the crystalline organic solids studied here in ambient air at room
temperature (~25 °C, RH ~ 40%).

In addition to microscope images and Raman spectra, the organic solids were structurally
characterized using a Rigaku Ultima III X-ray Diffractometer. The diffraction peaks observed

confirm that these solids are in the crystalline phase, as opposed to amorphous or glassy solids

(Figure S4).%8

2.3. Experimental Protocol for Measuring Contact Freezing Temperatures
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The technique of contact freezing used here was adapted from the method of Fornea et al.
and Collier and Brooks.3!*3 Using this method, we are able to disregard effects from collision rates
and collision efficiency in free-floating droplets and particles and focus on phase-phase

interactions.?8

Ultra-pure water was filtered through a 0.45 um cellulose acetate filter before use to remove
microscopic particulate impurities which could act as potential INPs. Before each experiment, a
quartz microscope slide was rinsed with filtered ultra-pure water and isopropyl alcohol before
being treated with Rain-X® water repellent to create a quasi-hydrophobic surface. A micro-
autopipette (I?S Integrapette) was used to place a 1.0 puL droplet of filtered ultra-pure water onto
the slide. Similar contact nucleation experiments performed by Fornea et al. varied the water
droplet volume between 0.5 and 2.0 uL and found no significant change in freezing temperatures
across the range of sizes.3! The droplet size was calculated using the microscope image of a droplet
as demonstrated in Figure S5, resulting in a radius of 650 pm, a height of 910 um, and a contact

angle of 110°.

Using a clean pipette tip, single grains of each potential heterogeneous INP were
maneuvered to be in contact with the water droplet. While not explicitly controlled for size effects,

particle grains were selected between approximately 250 and 450 um in length.

During a freezing experiment the dew point was set to approximately -10°C and the
temperature was set to 0°C. The temperature was lowered in increments of 0.5°C, at a cooling rate
of 1°C/min in between increments. At each step, a Raman spectrum and a visual image of the
droplet were obtained. Raman spectra were averages of 32 scans at a rate of 1 second per scan.
Temperature was lowered in this fashion until a freezing event occurred and crystalline ice could

be confirmed via both optical imagery and Raman spectroscopy. The temperature was then raised
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to 5.0°C for at least three minutes until the ice crystal fully melted into liquid water, also confirmed
by both optical imagery and Raman spectroscopy, at which point the cooling process was repeated.
Each experiment consisted of at least five freeze-melt cycles. The melting of water occurred at
0.0°C in all experiments, indicating the accuracy of the temperature calibration performed for the

environmental chamber.

We attempted two methods to conduct immersion mode ice nucleation experiments for
comparison. The first method was to place 1.0 pL of filtered water directly onto a dry particle on
a slide. The second method was to place 0.5 puL on either side of the particle and allow the two
droplets to coalesce. This method has been used successfully to study immersion freezing of other
INPs including silver iodide (manuscript in preparation). In both methods, each organic solid
immediately moved through the water to the surface of the droplet and thus it was not possible to
immerse the organic particle inside the droplet without contacting the droplet surface (Figure S6).
This occurred for each organic solid studied spanning a range of sizes between 120 and 370 um.
As such, we conclude that for these organic solids under our experimental conditions, it was not

possible to probe immersion ice nucleation.

In order to examine whether organic acids partitioning to the aqueous phase could impact
the freezing of these water droplets, we dissolved select acids with the greatest solubilities (adipic
and fumaric) to their saturation limits at room temperature, filtered out any remaining solid, and
attempted freezing experiments of the supernatant with no solid INP. In both cases of adipic and
fumaric acids, the freezing temperature was indistinguishable from pure water. As a result, we do
not believe any meaningful change in ice nucleation is occurring with these systems due to

dissolution.
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3. Results and Discussion
3.1. Water Controls and Contact Freezing by Silver lodide

To set benchmarks for contact freezing performed by organic solids, freezing experiments
were first performed with pure water and with silver iodide as a contact INP. As discussed in
Section 1, an effective heterogeneous INP will freeze water at temperatures higher than would

occur with pure water.

Figure 4 shows example data for pure water freezing under our experimental conditions.
The Raman peaks between 3390 and 3410 cm™! were used as markers for liquid water while the
peaks between 3135 and 3160 cm ! indicated ice. These peak assignments agree with literature
values for water and ice.®? In addition to the Raman spectra, visual microscope images were used
to confirm the phase of water as solid or liquid. The experiment began with liquid water as
indicated in the top panels in Figure 4, both by visual inspection and the Raman spectrum. The
temperature was then lowered and the wavenumber of maximum intensity remained in the liquid
water range. Freezing was determined as a steep transition to 3140 cm! as well as darkening of
the image. The freezing temperature for each cycle was selected as the calibrated temperature set
by the Linkam controller where the transition from liquid to solid occurred. The temperature was

then gradually increased until a melting event occurred at 0°C, as indicated by a sharp rise in
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wavenumber of the peak of highest intensity to 3400 cm!. Raman spectra were obtained at the

center of the red crosshair shown in the microscope images.
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Figure 4. (Left) Raman spectra of a water droplet in the liquid phase (top, points #7 and #19)
and crystalline phase (bottom, points #8 and #18). The vertical black lines indicate the
wavenumber of maximum Raman intensity. (Middle) Microscope images of the same water
droplet before freezing (top #7,-20.2 °C) and after freezing (bottom, #8, -20.7 °C). The dew point
was approximately -10 °C. The red crosshair indicates where the Raman spectra were obtained.
The scale bar represents a length of 100 um. (Right) A plot of wavenumber of maximum Raman
intensity vs temperature over the course of an experiment, which displays a hysteresis of water
freezing and melting. The experiment begins at data point #1 and subsequent data points follow
the directions of the arrows as indicated. The circled points correspond to the Raman spectra and
microscope images presented. The determined contact freezing temperature for this experiment is
-20.7°C.

The same method was employed with a contact INP of silver iodide and the determination
is shown in Figure 5. As the temperature is lowered, the shift in wavenumber of maximum intensity
from liquid water to solid ice occurs at significantly warmer temperatures than with pure water.

However, melting occurs at the same temperature, 0°C, regardless of freezing method.

14



g 10- 3500 —
= \-\ E—reerT #6 Water
E 0.8 --=-- Spec. #13
[=]
?; 06 — (3 o
% g4 ‘g 340046 e #l (D3
E : ~—
T 02- 3
E ol | Temem =
& T T T 8 3300-
4000 3600 3200 2:300 c Contact
= 0 Wavenumber (cm ') E Free n
2 104
g - :‘ Y---- Spec. #12 g 3200 -
Z 06 R
z
é 0.4+ v" 7®£@ﬂ12
E »
5 02+ 3100 r_,_,,
& 0.0 Amommpe=® -5 0

A
4000 3600 3200 2800
Wavenumber (cm’w)

Temperature (°C)

Figure 5. (Left) Raman spectra of a water droplet in contact with silver iodide in the liquid
phase (top, points #6 and #13) and crystalline phase (bottom, points #6 and #13). The vertical
black lines indicate the wavenumber of maximum Raman intensity. (Middle) Microscope
images of the same water droplet before freezing (top, #6, -4.2 °C) and after freezing (bottom,
#7, -4.7 °C) The dew point was approximately -10 °C. in contact with silver iodide. The grain
shown has a diameter of approximately 380 um, as measured by the thin blue line. The red
crosshair indicates where the Raman spectra were obtained. The scale bar represents a length of
100 um. (Right) A plot of wavenumber of maximum Raman intensity vs temperature over the
course of an experiment, which displays a hysteresis of water freezing and melting. The
experiment begins at data point #1 and subsequent data points follow the directions of the arrows
as indicated. The circled points correspond to the Raman spectra and microscope images
presented. The determined contact freezing temperature for this experiment is -4.7°C.

For each experiment, the freeze-melt cycle is repeated several times. Due to the stochastic
nature of freezing events, some variance in heterogeneous freezing temperatures is to be
expected.’34%%9 As such, uncertainty is reported for each mean freezing temperature as the standard
deviation of measurements. The random variation in freezing temperatures for each organic solid
can be observed across all trials (Table S2). The uncertainties of measurements in this study lie
within or less than the range of uncertainties reported by other studies using similar experimental

methods which had greater numbers of freezing trials.3'-33 For example, when testing the freezing
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temperature for pure water, the ten data points produced a mean freezing temperature of -21.3 £
1.7°C (Figure 6). This temperature is warmer than that which would be expected from a pure water
droplet in the atmosphere freezing homogeneously, which would be approximately -33°C for a
droplet of comparable volume.'® Although Fornea et al. observed freezing in pure water droplets
at approximately -33°C in a similar experimental apparatus, it is possible that we are witnessing
the effects of either a less hydrophobic microscope slide facilitating nucleation or contaminants in
the water droplet.3! For example, Bogler and Borduas-Dedekind reported that the use of cellulose
acetate filters led to greater background freezing temperatures compared to their other filters.!%0
As such, acetate leaching from the filter membranes into the water may be a source of
contamination. However, because these filters still decrease background freezing relative to
unfiltered water in our experiments, their use still provided a control with which to compare our
organic solids’ INP capabilities. Filtering pure water through 0.45 um nylon filters did not result
in a significantly different freezing temperature compared to using cellulose acetate filters.
Nonetheless, we treat this pure water experiment as a baseline with which to compare our organic

solids’ INP capabilities. The melt-freeze cycles with silver iodide in this study produced a mean
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heterogeneous freezing temperature of -5.4 + 1.1°C, well above the values for pure water as shown

in Figure 6.
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Figure 6. An example of the data sets collected throughout the pure water droplet experiment and
the contact freezing experiment with silver iodide. The Linkam temperature controller measures
to within £0.1°C, setting the lower bound of error bars for freezing temperature. The Raman
spectra were obtained by lowering in steps of 0.5°C, setting the upper bound of error bars. The ten
data points for pure water produce a freezing temperature of -21.3 £ 1.7°C (blue triangles). The
seven data points for silver iodide produce a contact freezing temperature of -5.4 = 1.1°C (red
circles).

Ice nucleation by silver iodide (Agl), a highly effective INP in both the immersion and
contact modes, has been studied extensively and has been utilized in artificial snowmaking.3?
DeMott found that Agl in aerosol act as efficient contact INPs in a dynamic cloud chamber at
temperatures as warm as -6°C.1°! A more recent review by Marcolli et al. of the INP ability of
silver iodide reports several studies that suggest ice nucleation through contact with Agl at
temperatures between -5 and -6°C, approximately 10°C warmer than when silver iodide is
immersed inside the bulk of the droplet.?> Our experimental values for contact freezing of ice by

Agl are in excellent agreement with literature values. From this we conclude that a collisional
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event is not necessary nor solely responsible for the enhancement of freezing ability from Agl. We

thus used this technique to probe contact freezing using a range of organic acids.

3.2. Contact Freezing by Solid Organic Acids and Docosanol

The freeze-melt cycle was performed with each of the organic acids in contact with a 1.0 uL.
water droplet in the environmental chamber and the results are summarized in Table 2. An example
of the procedure used for the organic solids as contact INPs is demonstrated with adipic acid in
Figure S7. As above with pure water and silver iodide, Raman spectra were obtained as the
temperature was lowered approaching the contact freezing point. For each organic, we report the
recorded freezing temperature for each trial in Table S2 as well as the crystal length of each organic
solid used in this study. Images of each of the other organic acids are shown in Figures S8 and S9.
The organic solids remained at the droplet contact line before and after freezing (Figure S9). In
addition to organic acids, the long-chain alcohol docosanol was also investigated. Docosanol has
been shown to be an effective ice nucleator when coated on the surface of water droplets,®73 more

effective than organic acids, so it acted as a point of reference compared to the organic acids.

Table 2. Mean contact freezing temperatures induced by each insoluble organic solid as
determined in this study.

Organic Solid Mean Freezing Temperature?
(°O)

Docosanol -15.0+1.5
Palmitic -15.6 £0.7
Stearic -15.8+0.7
Terephthalic -16.5+0.9
Cis-Pinonic -16.7+ 1.9
4-HBA -17.1+1.5
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Sebacic -17.7+£1.0

Phthalic -17.9+£0.5
Vanillic -18.3+0.2
Adipic -18.5+£0.8
Fumaric -20.8 £ 1.7
Pure Water 213+1.7

a Uncertainty presented is the sample standard deviation across all melt-freeze cycles for each
heterogeneous INP.

For each of the organic solids, statistical analysis was performed comparing the mean contact
freezing temperature induced by each INP with that of pure water to determine whether the contact
nucleation event occurred at a statistically higher temperature. The analysis is detailed in the
Supporting Information (Table S3).192 We found that, with 99% confidence, all but one of the
organic solids studied here nucleate ice at a meaningfully higher temperature than pure water. Only
fumaric acid cannot be statically distinguished as nucleating ice at a warmer temperature than pure

water within this confidence.

3.3. Identifying Potential Trends in Contact Ice Nucleation Ability

To identify potential trends among contact freezing temperatures within this data set, we
examine several physical and chemical parameters of the organic solids. The crystal lattice
mismatch between a heterogeneous INP and ice, first described by Turnbull and Vonnegut, is
considered to be potentially important to INP ability.'% For example, it may help to explain why
silver iodide is such an effective INP.3%104 Other forms of heterogeneous crystallization phase-
change events, including contact efflorescence of aqueous droplets, also appear to be promoted by

a low lattice mismatch.!%3-19 This phenomenon was recently shown by McMillan et al., comparing
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the effectiveness of stearic and cis-pinonic acids toward contact efflorescence based on their lattice
match with ammonium sulfate.'%” However, as explained by Fitzner et al., while a low mismatch
with ice may promote ice nucleation, no direct correlation has been reported between
heterogeneous ice nucleation and lattice match.!9%19 To investigate this relationship, we calculate
the crystal lattice mismatch parameters between ice and the organic solids (Table S4).105.110-123
Here, the lattice mismatch is defined based on the work of Davis et al. as the minimum of the

following formula:

where al and a2 are the lattice constants a, b, or ¢, from Table S4 defining the parameters

('11,1NP - al,i) + (‘12,1NP - a2,i> )
b

a1,i a2,i

for the INP and the ice crystal (i).!195119 Each lattice constant of ice (a, b, and ¢) was compared to
each constant of the INP, and the lowest calculated value is used. The organic solids used in this

study have been confirmed to be in crystalline form by X-ray diffraction as shown in Figure S4.

The mean contact freezing temperatures are plotted against crystal lattice mismatch with
ice in Figure 7a. Among the organic solids studied, docosanol, which has the lowest lattice
mismatch, promotes the highest contact freezing temperature. However, no clear trend emerges
between crystal lattice mismatch and contact freezing temperatures. Adipic acid, for example, has
a relatively low lattice mismatch of 0.070 but is not an effective ice nucleator. This implies that
lattice mismatch is not a reliable predictor of freezing behavior for these organic solids. This agrees

with recent findings that ice nucleation does not rigorously depend on crystal lattice match.
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Figure 7. (a) The mean contact freezing temperatures of water from each organic solid plotted as
a function of each solid’s crystal lattice mismatch with ice. (b) Contact freezing temperatures
plotted as a function of each solid’s solubility in water at 25°C. The black dashed line represents
the mean freezing temperature of pure water in this study. Errors bars represent sample standard
deviations for each solid.

In looking for other trends, it has been found previously that films of long-chain organics
on water droplets nucleate ice more efficiently than shorter-chain counterparts.!?412° The cause of
this has been attributed by some to the ability of long-chain organics to form a well-packed surface,
which is crystalline and immobile in nature, onto which ice can nucleate even at high
temperatures.'?4126 Molecular simulations by Qiu et al. further support that long carbon chains
allow for the rigidity required for the formation of a hydrogen bonding network which leads to

freezing.!8

Others suggest that it is the flexibility of long-chain organic films, and therefore their
ability to self-assemble and withstand strain, which contributes to their effectiveness as ice
nuclei.!?”129 Because odd-numbered long-chain alcohols nucleate ice more effectively than even-

chain counterparts, Pharoah et al. hypothesize that reduced rigidity allows for better alignment of
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C-O bonds in an orientation more compatible with ice nucleation.!?° This trend relating INP ability
to molecular flexibility of hydrogen-bonding groups has also been observed in other systems and
modes of freezing, for example theoretically by aluminum kaolinite surfaces in the contact mode
by Zielke et al.!3* or experimentally for organic crystals in the deposition mode by Fukuta and

Mason.06:131

The interplay of necessary rigidity and flexibility helps to explain why the crystal lattice
mismatches calculated from constants in Table S4 may not fully describe nucleation ability at the
droplet’s surface, as some substances may be more or less able to adopt a configuration which
promotes ice formation. The ice nucleation temperature as a function of carbon number for the
organic solids studied here is shown in Figure S10. It can be seen that among our organic solids,
the molecules with higher carbon number are generally better contact INPs. This may help to
explain why fumaric and adipic acids, with low carbon numbers and therefore an inability to form

a rigid molecular structure, are poor contact nucleators of ice.

Moreover, there is ongoing debate about the role that hydrophilicity, the ability to bind
water, plays in determining INP ability. Lupi and Molinero used molecular dynamics modeling to
show that hydrophilicity does not directly predict contact nucleation ability, as different methods
of increasing hydrophilicity could either increase or decrease freezing ability.!*? On one hand,
molecular dynamics simulations of immersion nucleation by Cox et al. suggest that INP ability
can be lost if the particle’s hydrophilicity is too great.!3*13* In contrast, Brooks et al. found
experimentally that oxidizing soot particles changed the particle’s surface structure, increased
hydrophilicity, and improved contact freezing.3> Subsequent molecular dynamic simulations by
Fitzner et al. confirm the importance of the interplay of both morphology (e.g., crystal lattice

match) and hydrophilicity toward ice nucleation.'%8
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An additional property to consider is partial solubility, which has been shown to detract
from INP ability of organic .?® For example, it has been found that less soluble dicarboxylic acids
were the most efficient INPs in the deposition mode.'3> Mehndiratta et al. also suggest that
increased solubility can disrupt the formation of critical ice nuclei and lead to decreased INP
ability.!3¢ Simulations by Qiu et al further indicate that surface fluctuations of ice-nucleating
material, including those due to solubility of the surface in water, can increase surface roughness
and therefore decrease ice-nucleating ability.!?® A more soluble particle is less likely to provide a

solid surface onto which ice can nucleate.

When we plot the mean contact freezing temperature induced by each organic as a function
of the solid’s solubility in water in Figure 7b, a moderately correlated negative logarithmic trend
emerges. The two most soluble organics, adipic and fumaric acids, are the least active INPs in this
study, while the least soluble organics, the fatty acids and docosanol, are the most active INPs.
This appears to align with expectations that higher solubility leads to decreased freezing
ability.?®128 This trend is also parallel to our trend regarding carbon number as shown in Figure
S10, as organic compounds with a longer carbon chain tend to be less soluble.!37 In Figure S11,
we display the same plot with solubility in water at 0°C, which largely follows the same trend as

at room temperature.

3.4. Comparison with Literature Studies of Heterogeneous Freezing of Organics

In 1966 Fukuta suggested that organic compounds which are effective INPs tend to possess
polar or hydrogen-bonding groups while remaining poorly soluble in water, and tend to be

crystalline solids.®® Amphiphilic organic compounds such as long-chain alcohols, dicarboxylic
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acids, and fatty acids have been studied as effective INPs in the deposition mode,%5-7475.135.138 the
immersion mode,3%13% and in films on water droplets.’3:124.125,128,140.141 Additionally, secondary
organic aerosol, which are common components of atmospheric aerosol,'4?>-14> have been shown
to effectively promote ice nucleation in both the deposition mode’®146-151 and the immersion
mode.””147:148,15L152 T ohmann posits that contact freezing following anthropogenic emissions of

insoluble, carbon-containing aerosol could cause a significant effect in ice clouds.!>?

Several of the organic solids investigated in the present study have been studied in other modes
of heterogeneous freezing. Previous results for deposition freezing are summarized in Table
S5.6574135,138 An early study reported that phthalic and terephthalic acids were especially effective
INP for deposition freezing at temperatures above -10°C, as well as 4-HBA and adipic acid.®
However, that study from 1961 did not reveal the partial pressure of water vapor used, and as such
it is difficult to conclude what mode of freezing actually took place. Marcolli argued that the
observed freezing in these cases is more likely explained by condensation and subsequent freezing
of liquid water rather than direct deposition.!”1* Most studies show that deposition freezing
typically requires low temperatures below the homogeneous freezing temperature of pure water
and therefore are concluded not to be an important atmospheric process for warmer mixed-phase
clouds.?” We then must investigate other forms of heterogeneous freezing that may occur at higher

temperatures.

An early study by Fletcher investigated over 1000 organic compounds in the contact nucleation
mode, including several of the organic solids investigated in this study.”> Like in this study,
Fletcher placed droplets of water in contact with the organic of interest on a cold plate. However,
unlike this study, Fletcher did not attempt to determine contact freezing temperature and performed

all experiments at -3°C. Using this method, Fletcher concluded that adipic acid; fumaric acid; 4-
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HBA; palmitic acid; phthalic acid; sebacic acid; stearic acid; and terephthalic acid were ineffective
contact ice nuclei. This conclusion, however, does not account for colder temperatures that are
present in actual atmospheric conditions. The contact freezing observed in the present study
suggests instead that these organic compounds could in fact lead to atmospheric ice nucleation

events through the contact mode at lower temperatures.

Collier and Brooks experimentally determined contact freezing temperatures induced by solid
octacosane and viscous liquids squalane and squalene, as well as the same three organics after
oxidation by ozone.?3 The contact freezing temperatures of organic solids reported in the current
study are greater than all those presented by Collier and Brooks, both before and after exposure to
ozone. One possible explanation for the differences in freezing effectiveness could be that the
organic solids studied here were crystalline, whereas squalane and squalene were viscous liquids
and the octacosane, both fresh and oxidized, may have had amorphous qualities. Therefore,
different contact freezing mechanisms may have occurred, highlighting the greater effectiveness
of crystalline solids. Additionally, the organic solids studied here have innate oxidized groups
throughout the crystals, rather than the surface-level oxidation on the organics as noted in FTIR-
ATR surface spectra by Collier and Brooks.3? Because flexible oxygenated functional groups have
been linked with INP ability,® this may help to explain why the organic acids are more active as

contact INP.

Table S6 presents heterogeneous freezing temperatures observed of these organic solids in
previous literature studies in the contact and immersion modes, as well as in coatings on water
droplets.63:73:124,125,128,136,139,141 Tt ghould be noted that the size of water droplets ranges between
these studies. In nearly all cases, the contact freezing temperatures observed in our contact freezing

apparatus are higher than those of other studies, including with larger or smaller water droplets.
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For example, studies by Zobrist et al. and Mehndiratta et al. report that immersion of these organic
acids did not lead to significant freezing enhancement of smaller water droplets compared with a
water blank.!3¢139 In contrast, in this study, we found that the organic solids promote contact
freezing at temperatures significantly warmer than pure water with the exception of fumaric acid.
This outcome, which reveals contact freezing as more effective than immersion freezing, is a well-
documented phenomenon in literature studies of INPs.28155-15% However, it should be noted that
larger pure water droplets are known to freeze at higher temperatures than smaller droplets, and so

direct comparison may be challenging.'?

Fatty acids, including palmitic and stearic acids, and long-chain alcohols, like docosanol, have
also been studied in films on the surface of liquid water. Studies by Gavish et al. and Popovitz-
Biro et al. reported that monolayers of fatty acids, including stearic acid, on the surface of water
drops nucleated ice between -17 and -13°C.124125 Qur contact freezing temperatures and freezing
enhancements for palmitic and stearic acids fall within this range. However, other studies report

little to no freezing enhancement from coatings of palmitic or stearic acid.”®!28141

DeMott et al. experimentally investigated contact freezing of small water droplets (between
0.1 and 0.4 nL, i.e. four orders of magnitude smaller than our droplets) which had been condensed
onto crystalline particles of palmitic and stearic acids (less than 100 pm in length).”® They found
that these fatty acids induced freezing at temperatures which were significantly warmer than pure
water (respectively, -36 and -34°C vs. -37°C), concluding that these fatty acids were effective INPs
in the crystalline contact mode. Similarly, the contact experiments in this present study also found
that crystalline palmitic and stearic acids nucleate ice at warmer temperatures compared to pure
water (respectively, -15.6 and -15.8°C vs. -21.3°C). However, the contact freezing temperatures

reported here are warmer than those reported by DeMott et al., and they produce greater
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enhancements in freezing temperature vs pure water. These differences in contact freezing ability
may arise due to our larger water droplets (1.0 pL vs 0.1-0.4 nL) and contact particles (250-450
um vs < 100 nm). Further, DeMott et al. used a faster cooling rate (5 °C/min) than is used in the
present study (1°C/min in steps of 0.5°C), and higher cooling rates have been associated with lower

reported freezing temperatures.3!

4. Conclusions and Atmospheric Implications

There is a general lack of experimental data investigating pure organic substances in the contact
freezing mode. Collier and Brooks predicted that organic compounds found in the atmosphere
would exhibit approximately similar INP abilities to each other in the contact mode, based on their
study of the oxidized products of squalane, squalene, and octacosane.’* While our results also show
only small variability, we do find modest trends in INP ability in the contact mode, with freezing
events occurring at temperatures ranging as high as -13.2°C for docosanol and as low as -22.6°C
for fumaric acid. These findings demonstrate that freezing enhancement can occur for organic
solids in contact with water droplets, even in the absence of a collisional event, as is consistent
with other studies on contact nucleation.’3* The INP ability of these organic solids appeared to
be related to their physical and chemical properties, including their crystal lattice mismatch with
ice, carbon number, and solubility in water. Ultimately, these properties dictate the probability of
whether the INP will have a solid surface favorable for ice formation. Fumaric acid, the C4 olefin
dicarbonyl, was the only compound unable to significantly increase the freezing temperature of
water, possibly due to its short carbon chain and high solubility in combination with its poor lattice

match with ice.
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Observations of continental atmospheric aerosol in the troposphere, both urban and remote,
report that a majority of aerosol mass in submicron particles — at times up to 90% - is carbonaceous
and commonly includes organic acids.!>"14 The organic solids studied here are representative of
those in atmospheric aerosol, and each solid has been specifically reported in observational studies.
Many aromatic organic acids are found in primary emissions, such as 4-HBA and vanillic acid in
wildfire smoke from biomass burning,'6%:16! or terephthalic acid from plastic burning.'®> Docosanol
was found to be the most abundant alkanol emitted from plant waxes.!%31%4 Other acids here are
formed in secondary organic aerosol. For example, adipic acid is formed from the aqueous
oxidation of cyclohexene,!6®> phthalic acid from the oxidation of polyaromatic hydrocarbons,!6°
sebacic acid from the oxidation of unsaturated fatty acids,!'¢” and cis-pinonic acid from the
oxidation of alpha-pinene.'®® Additionally, in sea spray aerosol, McCluskey et al. found that a large
majority, nearly 80%, of marine INPs were composed of fatty acids including palmitic acid.'6’
Fatty acids are shown to potentially retain their INP ability in sea spray aerosol,!#!-19? which is
considered a major contributor to the global population of INPs.!” The diverse range of these
organic acids in the atmosphere could have impacts on global processes of ice nucleation. While
our study presented experiments of single-component organics, atmospheric particles and droplets
typically contain a complex mixture of organics as well as inorganic salts. Future research should
include experiments on additional pure organics and multi-component mixtures of organics, as
well as mixtures of organics and salts, to better simulate atmospheric conditions. These
investigations would build our understanding of INPs and help extrapolate the trends presented

here to complex organic aerosol in the atmosphere.

The contact freezing temperatures measured in this study are not intended to precisely replicate

atmospheric processes. The freezing of pure water droplets here on the microscope slide, with a
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mean temperature of -21.3 = 1.7°C, occurs at warmer temperatures than similarly sized, freely
floating droplets in the atmosphere. Nevertheless, the observed statistical improvement of contact
freezing compared to the baseline of pure water exemplifies the enhancement which can
potentially be extrapolated to atmospheric settings. While this study suggests that freezing can be
promoted at the surface of droplets without requiring a collisional event, further research is needed
to replicate these findings in a more realistic setting with freely floating droplets. Since
atmospherically relevant contact is likely to involve a collision, experimental studies are needed
to be able to make accurate extrapolation. The presence of these organic solids in atmospheric
aerosol and cloud droplets may play a role in ice nucleation in aerosol or mixed-cloud

environments.
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