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Abstract: 

Aerosol particles can facilitate heterogenous ice formation in the troposphere and 

stratosphere by acting as ice-nucleating particles, modulating cloud formation/dissipation, 

precipitation, and their microphysical properties. Heterogeneous ice nucleation is driven by ice 

embryo formation on the particle surface, which can be influenced by features of the surface 

such as crystallinity, surface structure, lattice structure, defects, and functional groups.  To 

characterize the effect of crystallinity, pores, and surface functional groups towards ice 

nucleation, samples of comparable silica systems, specifically, quartz, ordered and non-ordered 
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porous amorphous silica samples with a range of pore sizes (2-11 nm), and non-porous 

functionalized silica spheres were used as models for mineral dust aerosol particles. The ice 

nucleation activity of these samples was investigated using an immersion freezing chamber. The 

results suggest that crystallinity has a larger effect than porosity on ice nucleation activity, as all 

of the porous silica samples investigated had lower onset freezing temperatures and lower ice 

nucleation activities than quartz.  Our findings also suggest that pores alone are not sufficient to 

serve as effective active sites, and need some additional chemical or physical property, like 

crystallinity, to nucleate ice in immersion mode freezing.  The addition of a low density of 

organic functional groups to non-porous samples showed little enhancement compared to the 

inherent nucleation activity of silica with native surface hydroxyl groups. The density of 

functional groups investigated in this work suggests that a different arrangement of surface 

groups may be needed for enhanced immersion mode ice nucleation activity. In summary, 

crystallinity dictates the ice nucleation activity of silica samples rather than porosity or low-

density surface functional groups.  This work has broader implications regarding the climate 

impacts resulting from ice cloud formation.   

 

Introduction: 

Heterogeneous ice nucleation is a significant mechanism of ice nucleation in the 

troposphere and the stratosphere.1–4 Heterogenous surfaces can lower the activation energy for 

water to nucleate and freeze and therefore raise the ice nucleation temperature compared to that 

of homogenous aqueous droplets.1 The heterogeneous interactions between a surface and water 

at the interface is influenced by the structure of the surface, the contact angle and the energetics 
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of the surface.5 Heterogeneous ice nucleation is also a subject of interest in materials science, 

agriculture, food science, and other disciplines.5–8  

Heterogenous ice formation in the troposphere is complex and several pathways of 

heterogenous freezing have been proposed, including contact freezing, deposition mode/pore 

condensation freezing, condensation freezing, and immersion freezing, with the latter being the 

one explored in this work.9,10 Immersion freezing involves a solid particle (CCN) suspended in 

liquid water that catalyzes ice nucleation. For cirrus clouds and mixed phase stratiform clouds, 

heterogeneous immersion freezing has been proposed to be the dominant method for ice 

formation.11,12 In this mechanism of ice nucleation, the ability of the particle to order water in 

solution is the most significant factor. Interactions at the surface-water interface can result in 

ordering of water into pre-ice clusters which enhance ice nucleation activity.13,14  However, not 

every aerosol particle is equally active as an ice-nucleating particle, and indeed materials with 

the same composition but different surface morphology can have different freezing 

efficiencies.2,15 Therefore, a greater look into which active sites initiate nucleation and freezing is 

necessary.  Crystal structure, lattice spacing, crystallinity, surface defects (pores, ridges, etc.), 

composition, and surface functional groups can all contribute to the ice nucleation activity of a 

particle.16–21   

Ice formation at the surface of a particle happens at specific sites often referred to as 

active sites, however there are a variety of surface features that could induce ice nucleation. 

Recent work combining high-speed imaging with optical or electron microscopy has shown that  

distinct sites in both immersion and deposition mode freezing are responsible for initiating ice 

nucleation.19–22 These sites have been shown to mostly occur at physical features like surface 

defects or pores on the surface of the minerals investigated.22,23  However, other features of the 
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surface such as crystallinity, lattice spacing, and functional groups, are important for the 

observed ice nucleation behavior as well.18,23–25  

The role of pores in heterogeneous ice nucleation is an area of current focus in the 

literature.  In particular, it has been proposed that what is observed as deposition mode freezing 

is actually homogeneous or immersion freezing of water trapped within pores and grooves and 

this phenomenon has been termed pore condensation. 26–29 Wagner et al. demonstrated the 

enhancing effects that supercooled and frozen water in pores had on the ice nucleation of porous 

materials like diatomaceous earth and zeolites.30 Pore sizes in mineral dust samples vary greatly, 

with illite samples having small pores around 10Å and kaolinite samples having pores around 

30nm.31,32 Effects of nanoconfinement of water in both pores and grooves have shown 

enhancement of ice nucleation for a large range of sizes (0.98-8 nm), depending on the material. 

30,32–35 Some microscopy studies also give evidence that pores play a large role in deposition 

mode freezing.36 The microscopy investigation, however, was on large pores (1-5 µm), which 

does not rule out some physical or chemical feature within the pore that may have promoted ice 

nucleation.36 Additionally, the ice nucleation of carbon nanotubes has been investigated by our 

research group and others as a model for porous carbon-based aerosols.32,37 

In the atmosphere, mineral particles have exposed functional groups at the surface, often 

containing oxygen, with the simplest and most common for mineral dust being hydroxyl (OH) 

groups. It is possible for these exposed groups to create a charge on the surface which have been 

shown to influence the density of water at the surface and the freezing temperature.38,39 Negative 

charged surfaces tend to inhibit ice nucleation, while positive surfaces tend to promote ice 

nucleation.39–42 In addition, heterogenous chemistry, such as oxidative reactions, can occur and 

cause a variety of functional groups to be present on the surface of an aerosol particle. Hydroxyl 
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groups on the surface have a complex effect on ice nucleation activity, and have been 

demonstrated to both impede and enhance this activity.6,24,43 In simulations, a combination of 

factors, like increased OH group density on features like step edges and interaction of the 

substrate and water are more important than the number and arrangement of OH groups 

alone.43,44 For iron oxide particles, Chong et al. demonstrated that a combination of lattice match 

and increased OH group density was more important for ice nucleation activity than either factor 

alone.24 

Surfaces (liquid or solid) coated in or functionalized with hydrocarbons show that ice 

nucleation activity is dependent on a variety of factors including chain length, rigidity, and 

functional groups. For example, increasing hydrocarbon chain length for long-chain alcohols at 

the air-water interface raises the freezing point temperature and contributes to the increased 

ordering of these surface groups.45,46  Both modelling work and laboratory studies of long chain 

alcohols and carboxylic acids have been performed in which the surface organic compounds are 

a well-ordered monolayer of ligands (≈5.4 groups per square nanometer) and these studies 

suggest that alcohols are more active than carboxylic acids at nucleating ice.46,47 Carboxylic 

acids are expected to be less active than alcohols because they have stronger interactions with 

adsorbed water, limiting the ability of the surface to template water for ice formation.6 

Additionally, the effectiveness of alcohols has been attributed to structural fluctuations at the 

surface which allow the alcohol to have a greater lattice match to ice.46,48,49 A comparison 

between perflourinated organic acids (PFOA) and aliphatic acids of the same chain length show 

an increase in freezing temperature attributed to the added rigidity of the perfluorinated acids.40 

However, coatings of this kind are not as effective at nucleating ice until there is at least a 

monolayer at the surface.40 For example, Pluhařová et al. has found that homogeneous freezing is 
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affected by the presence of submonolayer concentrations of pollutants like pentanol and 

pentanoic acid on the surface of water with the alcohol inhibiting ice formation and the acid 

causing no change.50  Additionally, for functional groups on solid surfaces, work performed on 

self-assembled monolayers with a mixture of CH3 and OH terminated alkyl chains (number of 

carbon atoms = 9 to 21) on gold has shown that decreasing carbon chain lengths can decrease the 

surface ordering and therefore also decrease hydrophilicity.51,52  In contrast to studies of the 

effect of surface functional groups, recent experimental work has found evidence that organic 

coatings do not play a significant role in IN activity for immersion mode freezing and may have 

a slight inhibition effect by covering surface active sites.16,53 

  Silica is a good model system for mineral dust particles in the atmosphere because silica 

is one of the most abundant compounds on Earth and exists in both crystalline and amorphous 

forms.4,54  Silica content has been linked to ice nucleation activity in both dust samples and 

volcanic ash samples, with the former effects seen below 245K.55,56  The ice nucleation activity of 

some quartz and amorphous silica samples have been explored, although effects of porosity and 

crystallinity have not been directly compared.21,33,37,55,57–60 Harrison et al. created a 

parameterization for quartz by testing several varieties and showing natural variation in crystalline 

quartz, with Bombay chalcedony (microporous) standing out with high activity, although the direct 

cause of its enhancement has not been proven.60 Silica can be found in both crystalline and 

amorphous forms in the environment, and synthetically in the lab, it can have a variety of pore 

structures and can be easily functionalized.  

In this paper, we aim to isolate and compare the variables of crystallinity, porosity, and 

surface functional groups on immersion mode freezing using silica as a model system. Four silica 

samples with pore sizes ranging from 2-11 nm, quartz, and non-porous silica spheres were used as 
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model systems with controlled surface features of porosity and crystallinity. Milled quartz was 

selected as a highly crystalline sample to compare with amorphous non-porous silica spheres.  All 

of the samples were used with their native surface functionalization, with the exception of non-

porous spheres that were functionalized with silane chemistry. The non-porous silica spheres were 

functionalized to generate low density (≈1.6 groups per square nanometer) functionalized particles. 

The functional groups of interest are the ones containing oxygen groups with a variety of carbon 

oxidation states to mimic the effects of heterogeneous atmospheric chemistry. Other functional 

groups were used, including amines and amides, to compare the effects of nitrogen to oxygen in 

the surface functional groups.  These samples were investigated in an immersion freezing chamber 

for ice nucleation activity.  

 

Methods: 

Materials 

Nonporous spherical silica particle-powders without surfactants (Glantreo Ltd) with 

diameters of 0.5, 0.75, and 1.0 µm and a monodispersity of 8% were used as model non-porous 

aerosol. Ordered porous silica samples used were: MCM-41, MCM-48 and SBA-15 (ACS 

Chemicals). Non-ordered porous silica (Sigma Aldrich), synthesized from a modified Stöber 

method to allow for porosity, were also investigated.61 Quartz was sourced from Ward’s Natural 

Science Establishment and the sample is from Minas Gerais, Brazil (49-5886). The quartz was 

milled to 20µm mesh as well as milled using a McCrone micronizing mill to <1µm and remained 

crystalline as seen from a representative X-ray diffractogram (Fig S4). The ice nucleation and 

freezing of all of these silica samples was determined using an immersion freezing chamber. The 

silanes (Gelest) for silica functionalization were used with further purification: 
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acetoxytriethoxysilane (95%, AETS), 2-(carbmethoxy)ethyltrimethoxysilane (95%, 2-CMETS), 

3-(trihydroxysilyl)-1-propane-sulfonic acid (35% in water, 3TPSA), 

hydroxymethyltriethoxysilane (50% in ethanol, HMT), (3-acetamidopropyl)trimethoxysilane 

(>95%, AAPT), triethoxysilylpropylmaleamic acid (90%, TPMA), and (3-

aminopropyl)triethoxysilane (>95%, ATPES). 

Functionalized Silica Synthesis 

The methods for surface functionalization of silica are well established and involve 

suspending the silica particles in an organic solvent (ethanol or DMF) under a nitrogen 

atmosphere and adding excess of the desired triethoxysilane (Gelest), X-Si(OCH2CH3)3, 

dropwise and refluxing for 6 hours or stirring for 24 hours at room temperature. The reaction 

mixture is then centrifuged three times in water to remove excess starting material.62,63 The 

reactions were performed at room temperature in ethanol. 

For these syntheses, one of the desired surface groups replaces three hydroxyl groups at 

the surface as they react with the triethoxysilyl group to displace ethanol, as seen in Figure 1. 

Typically amorphous silica has between 4.6-4.9 OH groups per nm on the surface which would 

result in approximately 1.6 organic functional groups per nm on the surface of these particles 

when functionalized.57,64,65 However, it is possible that the silanes react with one another and this 

can complicate the picture of functional group density on the surface. The synthesis method 

involved dropwise addition of silane. The small quantities involved in the synthesis and the 

estimation of surface hydroxyl groups made exact stoichiometric amounts impossible. 
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Figure 1: Synthetic scheme for surface functionalization of a silica particle (gray, not to scale) 

where three surface hydroxyl groups are replaced by the silane with desired functionality and 

ethanol is displaced.  

Characterization of Samples 

TGA-MS: A Discovery Series TGA Q5500 coupled with a Discovery MS was used to 

approximate the amount of each organic group that was added to the surface of the 1.0 µm non-

porous silica particles during silanization. The mass spectrometer measures several molecular 

weights during the course of the TGA run. As a result, several species of interest were 

monitored, including desorption of gasses like water and CO2 at low temperatures and the 

decomposition of the organic functional group. The weight percent change occurring with 

decomposition of the organic function group was used to calculate the theoretical conversion of 

surface OH groups to organic surface groups. The coupled Discovery MS was used to confirm 

that the mass fragments lost while heating corresponded to the organic functional groups that 

were added to the silica surface. 

BET: Brunauer-Emmet-Teller (BET) analysis was performed with nitrogen gas using an ASAP 

2020 Automated Surface Area and Porosimetry System (ASAP) 2000 to determine the surface 

area of each sample. Each sample in its powder form is degassed at 90 oC under a vacuum for 2 

hours prior to being analyzed. Error in the measurements is calculated by deviation in repeat 

measurements. The BET surface area of the bare silica particles was used in calculations for the 

functionalized particles, which assumes that the size of the particle does not change significantly 

with functionalization.  Generally, only a monolayer of the silane is added, and as a result, this 

assumption should be reasonable. However, TGA-MS of three samples, 3TPSA, HMT and 
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ATPES, indicated there may be more than a monolayer present at the surface and as a result 

individual BET surface areas were measured for these samples.  

IN Chamber 

The immersion chamber is shown in Figure 2, and was first described by Alstadt et al..32 

The chamber is a copper block housed inside of an aluminum frame with two optical cast plastic 

windows on the top and bottom. Nitrogen gas is passed through a copper coil that is submerged 

in liquid nitrogen and then enters the chamber and flows through the copper block at a controlled 

rate of -3oC/minute using a rotameter. A K-type thermocouple is used to monitor the temperature 

of the copper block and is attached near to where the siliconized (hydrophobic) glass slide is 

placed for the most accurate temperature reading. There are polyimide heaters attached to the 

sides of the copper block which allow us to end a trial and bring the chamber back to room 

temperature for the next trial. The chamber has a purge flow of nitrogen gas to prevent water 

vapor from condensing inside. The flow of nitrogen is not strong enough to noticeably evaporate 

the particles during the duration of the trial (~ 10 min). Above the chamber is a CCD camera and 

a light to capture an image of the droplets at every 0.5 oC.   

 

Figure 2: Schematic of immersion ice nucleation chamber 
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Ice Nucleation Trials 

The silica particles are suspended in 0.03 micron filtered UHPLC water (Thermo 

Scientific) at 0.02%w/v by sonication for 10 minutes. It has been established by TEM that this 

duration of sonication has no visible effect on the surface since the particles remain smooth and 

there are no obvious defects (not shown). For each sample, at least 100 2 µL drops of the 

suspension are tested for their ice nucleation activity in the chamber described above. To achieve 

this, typically 4 trials of 30 particles are analyzed for each suspension. For each particle type, at 

least two different suspensions are tested. The average number of particles in a droplet is on the 

order of 104 particles per sample and varies slightly depending on the particle size distribution. 

Particle concentrations of this magnitude are within previous literature ranges for droplets of this 

size.32 

The activity of the particles was evaluated using frozen fraction, which is indicative of 

ice nucleation activity. Frozen fraction, F(T), is calculated as n(T)/N, where n(T) is the number of 

droplets frozen at a given temperature and N is the total number of droplets. Frozen fraction can 

be used to calculate K(T) which is the number of nucleation sites at a given temperature per mL 

as outlined by O’Sullivan66,67  

𝐾(𝑇) = !"#$%!&(()*
+

× 𝑑      (1) 

where V is the volume of the drop in mL and d is the dilution factor. K(T) is calculated for all the 

trials and for the background freezing of Millipore water. 

From K(T) the active sites per unit area for ice nucleation can be described by 

	𝑛, = 𝐾(𝑇) × 𝐶!%       (2) 
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which is independent of differences in surface area of the particles and the K(T) of each trial has 

been corrected for background water freezing by subtracting K(T)water from K(T)trial. C is the total 

surface area in a given volume and is calculated using BET surface area and the mass percent of 

the silica particles in each experiment.  

The standard deviation for ns is calculated by comparing all trials of the same material. In 

many cases the background freezing of water is comparable to our amorphous silica samples, 

and as a result, the ns is low and the deviation is high, resulting in large error which is 

accentuated in the log-scale.  

 

Results and Discussion: 

 The objective of this work is to understand how crystallinity, porosity, and low-density, 

non-ordered functional surface groups impact the activity of heterogeneous ice-nucleating 

particles using silica as a model system. The BET data of several porous samples, one non-porous 

sample, and a crystalline quartz sample are summarized in Table 1. One of the porous samples, 

which we are designating as P-Si, does not have an ordered pore structure, while both MCM and 

the SBA sample have well-ordered pore structures.  Figure 3a shows the frozen fraction of all the 

silica samples investigated. Only quartz, the crystalline sample, has significant ice nucleation 

activity. The quartz sample (<20 µm) begins freezing at -12 oC and is 50% frozen at -19 oC, which 

agrees with literature.21,60,68 It is important to note that both of our quartz samples were milled 

which may add active sites.15,24 However, our data are in good agreement with immersion freezing 

temperatures of droplets on natural facet unpolished quartz which began freezing at -12.7 oC and 

had a mean freezing temperature of -20.3 oC.21 Additionally, Kumar et al. shows that even when 

in water, as long as a new silica layer has not grown, the IN activity of milled quartz remains 
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constant.57 All other samples, porous and non-porous, are marginally more active than the baseline 

freezing of water. The least enhancement can be seen with the non-ordered porous sample which 

begins freezing at -18.5 oC and is 50% frozen at -25.3oC. This sample has a random distribution 

of pores and the smallest pore size at 2.0 nm which may suggest that this size combined with the 

random distribution of pores results in low activity towards ice nucleation, as seen in other porous 

mineral samples of diatomaceous earth and NX illite.30 P-Si also has a large specific surface area, 

and despite more area for potential active sites, it has the least. In agreement with our data, it has 

been shown previously that amorphous silica has a limited enhancement of ice nucleation over the 

homogeneous freezing of water.33,57,58,69 Smaller non-porous amorphous silica samples were also 

investigated and are shown in Fig. S1.   Results for these samples were similar to background water 

freezing or similar to 1.0 µm diameter silica, and therefore, 1.0 µm were used for functionalization. 
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Figure 3: a) The frozen fraction of each silica sample at a given temperature.  The error is shown 

for background freezing as the standard deviation between trials. b) The ns data for each silica 

sample at a given temperature with the background contribution from water freezing subtracted. 

Both graphs use the same legend. 

 

The BET surface area is used to normalize the frozen fraction results and convert to a plot 

showing active sites, ns, as a function of temperature (Figure 3b; Table 1). Results do not show a 

monotonic increase in ns with decreasing temperature due to the subtraction of background water 
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freezing results. Lower error bars are not present on all data points as they would fall below zero 

which cannot be plotted on a log scale, however they are equivalent in size to the positive error 

bars shown. Although the temperature dependent frozen fraction for all the amorphous samples 

is similar, the porous samples have more surface area than the non-porous silica spheres, 

resulting in fewer active sites per cm-2. This result is unexpected as confined spaces like 

nanogrooves with widths comparable to the hexagonal ice lattice, or 1.0 and 1.7 nm have been 

theorized by modelling to enhance ice nucleation activity by selectively orienting water in such a 

way that ice formation is favorable at 220K.23,35 Pre-activation of ice nucleators by ice in pores 

have also been seen as warm as 260K for deposition studies.30 Nanoscale features like pores and 

step edges have also been observed via microscopy to enhance ice nucleation activity in both 

deposition and immersion modes, though direct correlation to porosity cannot be made with this 

technique.20,22,36 Once again, it is clear that the quartz sample is the most active, as it has the 

most active sites at every temperature. Our data for quartz fall in the range of other mineral dust 

samples, as expected from the literature, making it a decent model for mineral dust.4,58,60,68,70 

Additionally, both milled quartz samples fall in line with the quartz parameterization laid out by 

Harrison et al.60  These data suggest that crystallinity of a sample is more important than porosity 

as it pertains to immersion freezing. Crystallinity has been shown in other samples to be a 

significant factor, separate from the lattice spacing and crystal geometry.18 Porosity has mainly 

been studied experimentally in deposition mode nucleation.26,27,30  

Table 1. Characterization of Silica Samples 

Silica Sample Particle 
size (µm) 

Avg Pore 
Size (nm) 

BET Surface 
Area (m2/g) 

Quartz <20 - 3.01 ± 0.05 

Quartz <1 - 1.46 ± 0.02 
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MCM-48 0.2-0.4 2.7 333 ± 2 

MCM-41 0.1-1.0 3.4 650 ± 30 

SBA-15 1.0-4.0 6-11 488.4 ± 0.9 

Non porous 
silica 

1.0 - 13.14 ± 0.01 

Porous silica, 
P-Si 

1.0 2 628 ± 7 

Several functional groups have been added to the surface of the 1 µm silica particles 

using the method described for ATPES functionalization from the literature (Table 2).62,63 After 

functionalization, the particles were tested using TGA-MS to determine if the functionalization 

was successful by comparing the mass percent change of the organic decomposition to the 

theoretical number of OH groups on the surface. The results suggest the functionalization for all 

of the groups was successful, although some groups had greater than 100% yield. Silanes are 

able to react not only with the surface OH groups of silica, but also with other silanes in solution. 

Although steps in the reaction methods were taken to limit silane-silane reactivity, silane-silane 

reactions are likely the cause of yields greater than 100% (Table 2). For these samples, BET was 

measured directly rather than using the BET surface area of bare silica to account for the increase 

in surface area with abundant silane-silane surface reactions. 

An example of a TGA spectrum for functionalized and unfunctionalized silica particles is 

shown in Figure 4. TGA coupled with mass spectroscopy allows us to track specific masses of 

interest as the sample is heated, these masses were different for each ligand investigated. As 

expected, the mass curve for ATPES functionalized silica shows a greater overall mass percent 

lost than the bare silica particles as well as a decomposition feature around 500oC indicative of 

the decomposition of surface groups. Both samples have a similar desorption feature starting 

upon initial heating (<150oC), indicating comparable levels of adsorbed water and other gasses 
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typically adsorbed to the surface of these materials in an ambient atmosphere. In the 

decomposition phase of the TGA curve for the ATPES functionalized silica, 44 AMU is the most 

prominent mass fragment lost. This mass is proposed to be the fragment of the surface group 

shown above the curve in Figure 4, -CH2CH2NH2. Since TGA-MS uses electron impact 

ionization, a hard ionization technique, it is not surprising that the whole surface group mass is 

not seen. The mass spectra data tracked for 44 AMU also shows a small spike at lower 

temperatures, trending with the desorption feature of the mass curve. This feature is likely 

adsorbed CO2 being lost due to the low desorption temperature, although this conjecture has not 

been confirmed.  

Table 2. Percent Conversion of Functional Groups on Silica Surface.  

  

*samples with an asterisk showed a clear excess of 
ligand on the surface. 
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Figure 4. Thermogravimetric analysis data for 1.0 µm bare silica (black) and ATPES 

functionalized silica (green) shown and MS-coupled mass curve data for the ATPES 

functionalized silica at mass fragment 44 AMU in red. 

Seven functional groups were added to the surface of 1 µm non-porous silica spheres and 

the ice nucleation activity was investigated. Frozen fraction data and ns data can be seen in 

Figure 5, which shows limited difference between functional groups with this low ligand density 

(approx. 1.6 per nm2).  AAPT, the amide functionalized group, showed slight decrease in activity 

compared to the non-functionalized silica resulting in the temperature of 50% frozen being two 

degrees lower than silica and fewer active sites at all temperatures.  A slight increase over non-

functionalized, non-porous spheres, is seen at lower temperatures (<-20.5) for three samples, 

HMT, 3TPSA, and 2CMETS. These correspond to an alcohol, an ester, and a sulfone functional 

group, however these samples, based on TGA-MS, also had greater than a monolayer of surface 

desorption 

 

decomposition 
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groups added to the surface. This result suggests that these groups partially reacted with 

themselves at the surface, which would create surface shape deformities and surface group 

density heterogeneities compared to the other samples. With the exception of these samples, 

none of the modified surfaces showed a large change in ice nucleation activity compared to the 

bare particles. These results are in contrast to work on organic monolayers which found that 

surface functional groups can play a significant role in activating ice nucleation, with carboxylic 

acids less effective ice nucleating particles than alcohols.46  

Additional experiments were performed with the amine and carboxylic acid 

functionalized silica particles to see if charge on the ligand causes the minor differences in ice 

nucleation activity. Suspensions were prepared using solutions of NaOH (pH 11.5) or HCl (pH 

3) to neutralize the charge of the amine and carboxylic acid respectively, with unique 

backgrounds for each trial to account for the added ions in the background water. Changing pH 

and therefore charge of these samples showed no effect on ice nucleation activity (Fig. S3). The 

addition of functional groups to amorphous silica has shown little effect on the immersion 

freezing temperatures. The minimal effects seen may be a result of the lack of ordering of 

functional groups at the surface with this low density compared to studies performed on 

monolayers. These samples are also on an amorphous particle rather than a crystalline one, 

which suggests that crystallinity plays a larger role in ice nucleation activity than surface groups, 

although further research is needed in this area. At such a low-density of surface groups on an 

amorphous substrate, it does not appear that there is an effect from acidity, oxidation, or number 

of heteroatoms on ice nucleation. 

 



 20 

 

Figure 5. a) Functionalized silica frozen fraction data at a given temperature. b) Active sites per 

square centimeter (ns) for the same data with error across at least four trials. Both a and b use the 

same legend. 
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Conclusions: 

This work has helped to clarify the effects of porosity and crystallinity on ice nucleation in 

immersion mode freezing in the atmosphere. Many mineral dust particles as well as anthropogenic 

nanomaterials that are released into the atmosphere will have some porosity, which could be well-

ordered or random. The crystallinity and surface features of solid aerosol particles are subject to 

change during their lifetime in the atmosphere. Atmospheric aging and processing can reduce the 

percent crystallinity, introduce surface defects, and chemically change the surface. Several silica 

samples, porous, non-porous and crystalline, were investigated as model heterogeneous ice 

nucleating particles in an immersion freezing chamber. The results show that quartz had the highest 

ice nucleation activity compared to other non-porous and porous samples. The porous samples 

have few active sites even with their larger surface area, suggesting that a pore alone may not be 

enough to act as an active site in immersion mode freezing.  However future work could involve 

exploring other physical or chemical features that may be needed in a pore to make it an active 

site. It also suggests that crystallinity may be a more significant factor than porosity or functional 

groups for IN activity. 

In addition to physical features, atmospheric aerosol can collect adsorbates and undergo 

chemical changes on their surfaces. This work has shown an example where low surface group 

density and ordering has very limited effects on heterogeneous ice nucleation at densities around 

1.6 groups per square nm. In contrast, Qui et al. modeled that well-ordered monolayers with 

higher functional group densities (e.g. C30H61OH monolayers with 5.4 alcohols per square nm) of 

ligand can affect heterogeneous ice nucleation, with effects from chain lengths, rigidity and 

functional groups.46 More work is needed to understand low density functionalized aerosol and 

non-ordered surface ligands affect ice nucleation, as these will also be present in the atmosphere.  
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 The deconvolution of the effect of surface features, such as porosity, crystallinity, and 

surface functional groups, is key to a complete understanding of the aerosol contribution to ice 

formation in the troposphere, which influences climate and weather.  Additionally, ice nucleation 

is significant in fields like materials science and agriculture, and as a result, this foundational 

understanding could have significance outside of atmospheric chemistry.  

 

Supporting Information: contains characterization of non-porous silica spheres, dependence of 

ice nucleation activity on pH, and XRD of milled quartz samples.  
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