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Abstract 

Heterogeneous ice nucleation activity is affected by aerosol particle composition, crystallinity, 

pore size and surface area. However, these surface properties are not well understood regarding 

how they act to promote ice nucleation and growth to form ice clouds. Therefore, synthesized 

materials for which surface properties can be tuned, were examined in immersion freezing mode 

in this study. To establish the relationship between particle surface properties and efficiency of ice 

nucleation, materials, here, covalent organic frameworks (COFs), with different pore diameters 

and degree of crystallinity (ordering) were characterized. Results showed that out of all the highly 

crystalline COFs, the sample with a pore diameter between 2 and 3 nm exhibited the most efficient 

ice nucleation activity. We posit that the highly crystalline structures with ordered pores have an 

optimal pore diameter where the ice nucleation activity is maximized, and that the not highly 

crystalline structures with non-ordered pores have more sites for ice nucleation. The results were 

compared and discussed in the context of other synthesized porous particle systems. Such studies 

give insight on how material features impact ice nucleation activity. 
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Introduction 

Earth’s climate is altered by ice formation in the atmosphere affecting cloud lifetime and 

radiative properties.1,2 Studies to parameterize the ice nucleation of particles have focused on the 

formation of ice crystals in both cirrus cloud conditions3–7 and mixed-phase cloud conditions.8–12 

Surface properties of atmospheric aerosol particles that affect the ice nucleating activity are rarely 

probed systematically. Recent studies to examine how lattice match, functional groups, and defects 

on the surface resulting from particle aging affect ice nucleation activity have shed some light in 

understanding ice formation on model aerosol systems.13–18  Holden and coworkers recently 

identified active sites at which ice nucleates from supercooled water on macroscopic feldspar 

substrates using high-speed imaging and suggested that the activity of these sites arises from 

surface topography and chemistry.19,20 These surface properties identify as sites for ice nucleation, 

one of which can consist of pores on a particle surface. 

Pores on material surfaces are known to affect heterogeneous ice nucleation activity in 

immersion mode,15 condensation mode,21 as well as deposition mode.22 However, it has been 

hypothesized that what we regarded as deposition mode ice nucleation could instead be prior 

condensation of supercooled water in pores below water saturation and subsequent freezing when 

ice supersaturation is reached.23–26 For surface defects, such as, pores, cracks and cavities, pore 

condensation and freezing has been emphasized in recent studies.24,27,28 For example, the ice 

nucleation activity of cloud‐processed soot is observed to be enhanced for cirrus cloud conditions 

by the pore condensation and freezing mechanism due to the increase in pore water compared to 

unprocessed soot particles.29 Similarly, aged black carbon soot particles after being oxidized and 

compacted have also been shown to have improved ice nucleation efficiency,30 whereas pores 
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formed in highly fractal particles with more branching features might be too large (> 50 nm) for 

pore condensation and freezing. Nichman et al. suggested that the pore condensation and freezing 

mechanism was the major pathway of ice nucleation that occurred in empty spaces or inner pores 

between black carbon aggregates rather than smaller single aggregates with similar chemistry.31 

In addition, other studies suggest that pore condensation and freezing can take place in pores 

formed within a single soot aggregate, not only in intra-aggregate pores.32 Further, it has been 

demonstrated by Jantsch and Koop that pores between aggregates of spherical particles, like 

oxidized soot particles formed by freeze-dried water-soluble organics, are suitable to act as sites 

for ice nucleation.28  

Synthesized silica particles with uniform pores have been used to study the effect of pore 

diameter on pore condensation and freezing where it was found that ice nucleation occurred only 

at temperatures below the homogeneous freezing temperature of pure water (approximately -38 oC 

or less).25,33 Marcolli suggested that pore condensation at water subsaturation and subsequent 

freezing at temperatures relevant for homogeneous freezing of small volumes of pure water is 

predominant with respect to heterogeneous freezing triggered by ice active sites within pores.24 

Above the homogeneous freezing temperature of pure water droplets, larger pore volumes (> ~100 

nm3) are required for at least one active site to be present for heterogeneous ice nucleation in water-

filled pores.24 Based on these and subsequent results, the literature has hypothesized that what has 

traditionally been interpreted as deposition nucleation is actually pore condensation and freezing. 

Although less common, the heterogeneous freezing events at higher temperatures are assumed to 

be due to immersion freezing on rare active sites on the pore walls.24,34  

Whale et al. used carbon nanotubes and graphene oxide sheets as model systems representing 

carbonaceous particles in the atmosphere to study immersion mode ice nucleation efficiency.35 
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They reported that ice nucleated on the sites inside the nanotube pore walls at higher temperatures 

than at the edges of the sheets. Further studies have shown how the size of uniform pores in carbon 

nanotubes affects the ice nucleation activity.15,36 Both studies have reported ice formation at higher 

temperatures within pore diameters of 2 – 3 nm due to ice-like cluster formation of a polymorph 

of ice I, whereas water confined in 1 nm pores had fewer hydrogen bonds, resulting in weaker ice 

nucleation activity. 

In this experimental study, we characterized particle porosity to examine the role of pore size 

on ice nucleation via immersion freezing. We quantified ice nucleation active site density of 

crystalline, porous particles that entirely consist of covalent organic frameworks (COFs) as a 

model system for atmospheric aerosol. Increased interest in emerging porous materials has resulted 

because of their numerous industrial and environmental applications, including gas adsorption,37 

molecular separation,38 gas storage,39 energy storage,40 catalysis,41 optoelectronics,42 and drug 

delivery.43 In addition to inorganic porous materials like silica and zeolites, and inorganic-organic 

porous materials like metal organic frameworks (MOFs), porous organic polymers like COFs have 

been found to exhibit extraordinary large surface areas (few thousand m2/g) and are highly stable 

– both chemically and thermally.42 Organic aerosols in general, e.g. soot,44 aged particles coated 

with organics,45 secondary organic aerosols,46 are abundant in the atmosphere and are known to 

have varied ice nucleation behavior.47 Freeze-drying of organic aerosol particles can cause changes 

in particle morphology and can result in solid porous organic particles at high altitudes.48 Pore 

sizes in atmospheric aerosol particles can vary from a few Angstroms to up to ~30 nm.49,50 

Chemical functional groups on particle surface and pore walls, like hydroxyl groups, are known 

to promote ice nucleation51 by hydrogen bonding with water molecules. In this study, we 

hypothesize that the ice active sites are due to functional groups in the pore. 
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COFs are a class of porous organic polymers, which are known for their ability to adsorb water 

due to high microporosity and various functional groups.52 Maintaining their porous structures and 

high surface areas, polar organic functionalities can be incorporated within the COF framework 

without compromising their stability, which may provide scope for ice nucleation studies. 

Nevertheless, it is challenging to explore polycondensation reactions to synthesize highly 

crystalline frameworks with substantial surface area as well as structurally stable ordered pores 

without collapse.53 In this paper, COFs are used as a model system to study heterogeneous ice 

nucleation relevant to freezing behavior in porous organic particles. Imine-based COFs are 

generally more thermodynamically stable and are generally found as two-dimensional layers.54–56 

To obtain porosity, COFs are synthesized by reacting one monomer (e.g. polyamine) to another 

complementary functional compound that acts as a linker (e.g. polyaldehyde). Although COFs can 

be specifically functionalized using a variety of different methods, in this study, we obtained 

similar COFs, all comprised of benzene rings, imines and aldehydes to form two-dimensional 

hexagonal networks in order to isolate pore size variability.57–59 To increase the size of the 

individual pores, the lengths of the linkers were changed by adding benzene rings to the linear 

component. However, the increased lengths resulted in non-uniform pore structures during 

synthesis.58,60 Here, we studied the effect of increasing pore diameter on ice nucleation efficiency 

in water-insoluble COFs of both highly crystalline and not highly crystalline structures. 

 

Experimental Methods and Materials 

Six hexagonal, imine-linked COF samples were solvothermally synthesized from 

commercially-available monomers using reported procedures.58 The pore diameter of each sample 

was varied by altering the node/linker structure without significantly modifying the hexagonal pore 
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shape (Figure 1, Table 1). The COFs selected for this study are considered 2D COF structures, i.e., 

they are covalently polymerized in (approximately) 2D sheets with nanometer-sized periodic 

hexagonal apertures.58 The 3D structure of these materials relies on the stacking of the 2D sheets 

in the third dimension, which is driven by π-π interactions. The 3D pores can be thought of as 

approximately hexagonal nanotubes, whose diameter is defined by the structure of the 2D sheet. 

For example, similar to graphene/graphite, a 2D COF contains sp2 planar sheets that are somewhat 

akin to graphene, and the 3D structure is a stack of these sheets, i.e., graphite. The bonding within 

the layers is strong and covalent, whereas the bonding between the layers is associative in nature. 

The COF sheets could stack in several ways: an extreme comparison would be two neighboring 

sheets whose pores are fully aligned (generating nanotube-like ordering) versus a sheet whose 

pores are fully blocked by the next sheet beneath it (the next sheet shifted by half of the pore 

dimension, such that the pore is fully blocked by the next sheet down).58,61 Our experimental 

evidence from XRD and BET points to a non-occluded 3D structure with aligned sheets that 

generate the expected, nanotube-like ordering. This result is consistent with the current consensus 

in the field for hexagonal 2D COFs without additional functional groups.  

All of the samples were characterized by X-ray diffraction (XRD) for crystallinity, the 

Brunauer–Emmett–Teller (BET) N2 adsorption method for surface area and pore diameter, and X-

ray photoelectron spectroscopy (XPS) for elemental composition. Three samples with high 

crystallinity and high surface area had uniform and ordered pores of diameter 1.7 nm, 2.7 nm and 

3.2 nm. The COF samples with larger pores (4.1 nm and 4.7 nm) had lower crystallinity (and 

correspondingly, low surface areas), suggesting non-ordering and less uniformity in the samples. 

Throughout the manuscript, highly crystalline is synonymous to ordered porous COF and not 

highly crystalline is synonymous to non-ordered porous COF. The crystalline grain size for 
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assessed samples ranged from 15 nm to 35 nm, based on Scherrer analysis of their XRD patterns. 

An additional sample (“amorphous COF”) was synthesized from the same monomers as the 3.2 

nm COF sample (TAPB-PDAcrystalline), and was deliberately made amorphous (TAPB-

PDAamorphous) for comparison to the higher-surface area material.57  

XRD: Powders were front loaded into a silicon zero background holder and diffraction data 

were collected using a Malvern PANalytical Empyrean III using copper Kα radiation  

BET: ~25 mg samples of each COF were prepared for BET analysis by degassing under vacuum 

for approximately 12 hours at 120 oC to remove impurities (CO2, water vapor, organic solvents, 

etc.), without changing the surface properties or phase of the material. The surface area of the 

sample was measured using a Micromeritics ASAP 2420 Accelerated Surface Area and Porosity 

Analyzer. N2 was used for all adsorption measurements. N2 isotherms were generated by 

incremental exposure to nitrogen up to 760 mmHg (1 atm) in a liquid nitrogen (77 K) bath. BET 

surface areas were calculated from the linear region of the N2 isotherm at 77 K within the pressure 

range P/P0 of 0.05 – 0.09. 

XPS: For all the COF samples, XPS experiments were performed using a Physical Electronics 

VersaProbe III instrument equipped with a monochromatic Al kα x-ray source (hν = 1,486.6 eV) 

and a concentric hemispherical analyzer. Charge neutralization was performed using both low 

energy electrons (<5 eV) and argon ions. The binding energy axis was calibrated using sputter 

cleaned Cu (Cu 2p3/2 = 932.62 eV, Cu 3p3/2 = 75.1 eV) and Au foils (Au 4f7/2 = 83.96 eV) 62. Peaks 

were charge referenced to the CHx band in the carbon 1s spectra at 284.8 eV. Measurements were 

made at a takeoff angle of 45° with respect to the sample surface plane. This resulted in a typical 

sampling depth of 3-6 nm (95% of the signal originated from this depth or shallower). 



8 
 

Quantification was done using instrumental relative sensitivity factors (RSFs) that account for the 

X-ray cross section and inelastic mean free path of the electrons.  

 

 

Figure 1. Structures of the crystalline COF materials: (a) DAB-TFB, (b) BND-TFB, (c) TAPB-

PDAcrystalline, (d) TAPB-PDA2-phenyl, and (e) TAPB-PDA3-phenyl. 
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Table 1. Properties of the COF Samples Used in this Study 

COF materiala BET surface 
area (m2/g)b 

pore diameter 
(nm)b O:C (from XPS)c 

DAB-TFB 1300 1.7 1:40 

BND-TFB 2000 2.7 1:13 

TAPB-PDAcrystalline 2800 3.2 1:65 

TAPB-PDAamorphous 10 1.9 1:70 

TAPB-PDA2-phenyl 200 4.1 1:46 

TAPB-PDA3-phenyl 100 4.7 1:48 

astructures are shown in Figure 1.  
bmeasured by BET (BET uncertainties range from 0.63 to 6.19% for a standard carbon black 
material generally used for calibration of the equipment.63). Highly crystalline samples with 
ordered pores have pore diameters 1.7 nm, 2.7 nm, 3.2 nm, and not highly crystalline samples with 
non-ordered pores have pore diameters 4.1 nm, 4.7 nm. The sample with a pore diameter of 1.9 
nm is amorphous in nature. 
cmeasured by XPS 
 

 

Suspensions of individual COF samples were prepared with UHPLC water (Thermo Scientific) 

at 0.02% w/v and sonicated for 10 – 15 minutes for homogeneous dispersion of the material in 

water. 2 µL droplets were pipetted onto siliconized glass slides (Hampton Research) and placed in 

the immersion chamber that is built in-house and described in Alstadt et al.15 The chamber was 

cooled by liquid N2 at a cooling rate of 3 °C/min, and it was constantly purged with N2 gas to 

prevent condensation. It is to be noted that due to the large volume of the droplets, evaporation of 
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the droplets was negligible for the entire duration of the experiment (~ 8 – 10 minutes). Images 

were taken every 0.5 °C until all the droplets froze completely, and the number of frozen droplets 

was recorded from each image to calculate the frozen fraction for that temperature (ratio of the 

number of droplets frozen at a given temperature, n(T), to the total number of droplets, N, during 

the trial. Three to four trials with 36 droplets each were performed for one sample, and the number 

of surface ice-active nucleation sites was determined at a given temperature per unit surface area 

(ns, cm-2) given by 

𝑛!(𝑇) =
"#$(&"($(')/*))

+×-×./
× 𝑑                                   

where V is the volume of the droplet in mL, C is the concentration of the particles in g/mL, SA is 

the BET surface area in cm2/g, and d is the dilution factor, here 1.15,64,65 Trials were also run for 

ultrapure water droplets to determine their freezing spectrum, referred in this manuscript as 

background freezing. For all the particle sample trials, the number of nucleation sites per droplet 

volume was corrected for the background water freezing, i.e., the number of active sites per volume 

of water is subtracted from the number of active sites per volume of each solution sample, and the 

standard deviation was calculated for each given temperature. 

 

Results and Discussion 

The freezing data for all six COF samples used in this study is shown in Figure 2. The fraction 

of droplets frozen as a function of temperature in Figure 2a and 2c shows the freezing spectra for 

the COFs being significantly above that of ultrapure water (background freezing spectra). The 

freezing spectra for the highly crystalline pore samples in Figure 2a have uniform profiles, with 

the 2.7 nm pore COF having the warmest profile with an onset temperature of -12.5 oC. The 

freezing spectra for the not highly crystalline pore samples in Figure 2c (blue symbols) display a 



11 
 

higher onset temperature for the 4.1 nm pore COF compared to the 4.7 nm sample. The onset 

temperatures for the crystalline COF samples with pore diameters of 1.7 nm and 4.7 nm were the 

lowest. The 1.7 nm pore could be too confined for the orientation of water molecules into an 

ordered ice-like nanocluster, increasing the nucleation barrier to form ice.36,66 On the other hand, 

the 4.7 nm pore could be too big, leading to a number of hydrogen bonds in the confined water 

comparable to that in the bulk water. The onset temperatures for the amorphous COF and the 4.1 

nm pore diameter COF (-11.5 oC and -14 oC, respectively) were found to be comparable to the 2.7 

nm sample although the complete freezing took place at much lower temperatures (-25.5 oC and -

23 oC) leading to a slope similar to ultrapure water (Figure 2c). The frozen fraction analysis is 

generally based on the temperatures at which 10%, 50% and 90% (T10, T50, T90) of the droplets are 

frozen. However, due to the occasional occurrence of one particle that freezes at temperatures 

higher than the others, the onset temperature is also important as it defines the warmest freezing 

event. The onset temperatures, T10, T50, T90 and the average slopes are reported in Table 2.  The 

slope is calculated by dividing the difference in the percentage frozen (i.e. y-axis of frozen fraction 

plot times 100) by the difference in the temperature of freezing (i.e. x-axis of frozen fraction plot) 

and averaging over all data points. The highly crystalline COF samples in Figure 2a had steeper 

slopes (i.e. larger in absolute value, Table 2) indicating uniform freezing following the freezing 

onset, whereas the not highly crystalline COF samples in Figure 2c had shallower slopes. These 

shallower slopes could indicate that the non-uniformity of the active sites leads to complete 

freezing over a wide range of temperatures. The amorphous COF had the shallowest slope (Figure 

2c). The gradual increase in the fraction of frozen droplets per degree of cooling indicates fewer 

ice active sites at a given temperature compared to highly crystalline samples, and therefore, non-

uniform freezing following the freezing onset. It should be noted that the uncertainties in the slopes 
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for the COF samples with 2.7 nm and 4.1 nm pore diameters are high, and that the slopes may vary 

depending on experimental set-up, droplet volume and cooling rate. For different experimental 

parameters, the values of the slope may be different, but the trend will remain the same. 

  

Figure 2. (a) Fraction of droplets frozen as a function of temperature for highly crystalline COF 

samples. Background freezing of ultrapure water is also shown. (b) Number of active sites frozen 

for each COF sample per unit surface area as a function of temperature for highly crystalline COF 

samples. (c) Fraction of droplets frozen as a function of temperature for all systems. (d) Number 

of active sites frozen as a function of temperature for all systems. The legends on the plot list the 

(a) 

(c) 

(b) 

(d) 
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pore diameter. The standard deviations in (b) and (d) could have negative values that cannot be 

displayed on a logarithmic plot; only the error in the positive direction is shown in most cases. 

However, the negative values are equivalent to the positive error bars. Some of the uncertainties 

are small and hidden by the marker. 

 

Table 2. Freezing Temperatures and Average Slopes of the Freezing Spectra of COF Samples 

material (pore diameter)a Tonset (oC)b T10 (oC) T50 (oC) T90 (oC) slope 
(%/°C)c 

pure water -20.0 -22.8 ± 
0.96 

-25.9 ± 
0.58 

-28.6 ± 
1.03 

-14.7 ± 
4.19 

DAB-TFB (1.7 nm) -17.5 -19.9 ± 
0.60 

-21.6 ± 
0.26 

-22.9 ± 
0.29 

-27.3 ± 
4.83 

BND-TFB (2.7 nm) -12.5 -16.1 ± 
0.32 

-17.3 ± 
0.37 

-18.8 ± 
0.56 

-31.0 ± 
7.13 

TAPB-PDAcrystalline (3.2 nm) 
-15.0 -17.7 ± 

0.38 
-19.7 ± 
0.46 

-21.2 ± 
0.46 

-22.5 ± 
0.50 

TAPB-PDAamorphous (1.9 nm) 
-11.5 -14.7 ± 

0.93 
-18.9 ± 
1.85 

-21.5 ± 
2.19 

-12.1 ± 
2.33 

TAPB-PDA2-phenyl (4.1 nm) 
-14.0 -15.1 ± 

0.27 
-17.2 ± 
0.66 

-19.6 ± 
1.48 

-19.3 ± 
7.00 

TAPB-PDA3-phenyl (4.7 nm) 
-16.5 -19.2 ± 

0.85 
-22.4 ± 
1.07 

-24.9 ± 
0.53 

-14.0 ± 
0.90 

ahighly crystalline  samples are 1.7 nm, 2.7 nm, 3.2 nm, and not highly crystalline  samples are 4.1 

nm, 4.7 nm.  

bonset temperatures are reported as determined for all the trials for a single system combined. 

cexperiments were repeated 3 – 4 times (average values are reported within one standard 

deviation). 

 

The ice nucleation activity is defined based on the ice active site density (ns), i.e. the most 

efficient ice nucleation occurs at higher temperatures and larger values as characterized, for 

example, by T50 on the ns curve (Figure 2b and 2d). The optimum pore diameter for which ice 
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nucleation activity was the highest was found to be 2.7 nm out of all the highly crystalline samples 

(Figure 2b), which agrees well with previous freezing studies involving carbon nanotubes.15,36 

However, the ice active site densities for the highly crystalline  COF samples were low compared 

to the not highly crystalline samples (Figure 2d). The ice active site densities for the samples with 

4.1 and 4.7 nm pore diameters were the highest out of all the five crystalline samples (Figure 2d). 

This result could be due to an order of magnitude smaller surface areas as well as non-ordered pore 

structures when compared to the highly crystalline samples with larger surface areas and more 

ordering. To explain further: In a highly crystalline COF structure, all polymer-forming monomers 

make precise bonds in productive directions to form sheets and stack into nanotubes, forming a 

perfectly regular structure with ordered pores, high apparent crystallinity, and close-to-maximal 

measured surface area. In a real material, generated by a complex synthetic process, errors in both 

bond formation and stacking occur, resulting in deviations from the idealized structure.18,67 These 

defects could include dangling bonds from unreacted monomers, a higher density of edge ice active 

sites, unexpected stacking arrangements, and/or different sized pores, though the precise nature of 

these defects is not easy to directly assess.61 Structural imperfections impact the extent of 

crystalline ordering and lower the apparent surface area, making these measurements a reasonable 

proxy for material quality (and, relatedly, number of defects). Therefore, the larger pore COFs, 

which exhibit lower crystallinity and lower measured surface area than the smaller pore analogs, 

likely contain a larger number of structural defects, which may give rise to a greater number of ice 

active sites per surface area.68 Supporting this hypothesis further is the fact that the intentionally 

amorphous COF (which will contain a very high number of structural defects) in Figure 2d has the 

highest ice active site density of all the samples.69   
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Results from previous pore condensation and freezing studies using clay and silica samples 

suggest that after water is condensed inside the pores at water subsaturation, at T > -38 oC, 

heterogeneous ice nucleation can only occur if rare active sites are present within the pores.24,25,33 

In the absence of such ice active sites, ice nucleation within pores via pore condensation and 

freezing at water subsaturated conditions would not occur at these temperatures. Therefore, ice 

nucleation may not be dependent on the pore size of the materials at higher temperatures.33 Note 

that our study is performed under different conditions (particulate matter in an aqueous droplet) 

and different temperatures than studies reporting ice formation by pore condensation and freezing.  

We observed heterogeneous ice nucleation in immersion mode for all the COF samples with pore 

diameters ranging from 1.7 nm to 4.7 nm indicating presence of active sites. Another explanation 

of our results could be that ice nucleation is initiated on the external surface of the COF rather than 

by ice active sites within the pores, yet we found a trend similar to previous studies suggestive of 

active sites being present in the pores.15 Alstadt et al. showed similar ice nucleation activities for 

systems with similar inner pore diameters, where they compared the effect of outer diameter, short 

lengths, and long lengths of the multiwalled carbon nanotube samples, indicating the importance 

of inner pore diameters on ice nucleation over outer diameters. The lengths and outer diameters of 

their samples did not influence the trend in ice nucleation activity. In addition, here, our emphasis 

is the dependence of ice formation on pore size because the surface chemical functional groups on 

all the COF samples are the same. Note also, that the surface O:C ratio in all the samples likely 

does not have a determining effect on ice nucleation activity, as the samples with 1.7, 4.1, and 4.7 

nm have similar O:C ratios but different ice nucleation activities.  Note, however, that among the 

highly crystalline samples (1.7, 2.7, and 3.2 nm pores), the surface elemental O:C ratio of the 2.7 
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nm COF sample is the highest, which may contribute to its higher ice nucleation activity (Table 

1).  

The COF results compare reasonably well with previous studies of carbon nanotubes that have 

uniform pore structures with internal pore diameters ranging from 1 nm up to 12 nm.15 2 – 3 nm 

was found to be the optimal pore diameter for ice nucleation to occur in carbon nanotubes as shown 

in Figure 3. Even though the highly crystalline COF samples have lower ice nucleating activity 

than the carbon nanotubes, the not highly crystalline COFs have higher ice active site densities. 

This higher activity of the not highly crystalline COFs results from the lower surface area and 

increased defects in the not highly crystalline COF samples compared with those of the highly 

crystalline COFs, resulting in more active sites per unit surface area. It should be noted that the 

comparison is between two different sets of crystalline materials having similar inner pore size. 

Overall, it was found that the carbon nanotubes have warmer freezing spectra than the COFs, and 

both materials have the same optimal pore size that promotes ice nucleation. This narrow range of 

pore diameter could be optimal for ice nucleation due to abundant hydrogen bonding, compared 

to fewer hydrogen bonds in smaller and bigger pore diameters.36 The COF results were also 

compared to another study with amorphous porous silica with pore sizes of 2 – 11 nm (Figure 3).70 

The silica sample with a pore size of 2.7 nm showed the highest ice nucleation activity at the 

highest temperatures at which it nucleated ice, supporting our results. Although the pore sizes of 

the silica samples were similar to the COFs and carbon nanotubes, the ice nucleation activity was 

seen to be lower than for these systems perhaps because amorphous SiO2 is a poor ice nucleating 

material.70 Note also that the non-ordered porous silica sample (pore size 2 nm) has the lowest ice 

nucleation activity of any of the silica samples,70 whereas the COF structures with the most defects 

have higher ice nucleation activity than the more crystalline COF samples. We expect that this 



17 
 

difference results from the non-ordered porous silica sample being truly amorphous in structure, 

whereas the not highly crystalline non-ordered porous COF samples have regions of short-range 

crystalline ordering but are highly defected across longer ranges.68,69 It is noteworthy to emphasize 

that the amorphous COF that showed higher ice nucleation activity is actually compared to the ice 

nucleation activity in COFs that are all crystalline. In contrast, the non-ordered and ordered porous 

silica are all amorphous, and we have no data for crystalline porous silica to compare with. The 

finding that both porosity as well as crystallinity are key factors in immersion ice nucleation agrees 

well with Marak et al. However, they found that amorphous silica was less ice-active than 

crystalline quartz, whereas for COFs, the amorphous sample was more ice-active.70 Additionally, 

in a previous study, crystallinity has been found to play an important role in immersion mode 

freezing for aluminum hydroxide, alumina, iron oxyhydroxide, and iron oxide samples.13,14 

Moreover, the difference between active sites in amorphous silica and amorphous COF could also 

be due to different surface chemical groups and different pore structures, not studied here. 
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Figure 3. Number of active sites frozen for COF samples (in red), carbon nanotubes (CNT, in 

grey),15 amorphous porous silica (in blue)70 per unit surface area as a function of temperature. 

Error bars displayed are as described in the Figure 2 caption. Open symbols for each set of 

materials show the optimal pore diameter between 2 nm and 3 nm for the highest onset 

temperature. All the COF and multiwalled carbon nanotube samples are crystalline unless noted 

in the legend. 

 

 

Conclusions and Atmospheric Implications 
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Atmospheric aerosols may consist of solid porous organic particles that have diverse surface 

defects and crystallinity impacting how they cause heterogeneous ice nucleation in clouds via 

immersion freezing. Therefore, understanding the interaction between the surface of such particles 

and water at the interface becomes essential. Studying freezing behavior in engineered materials, 

such as crystalline porous COFs is a useful tool for understanding ice nucleation phenomena due 

to tunable and controlled pore size, surface chemical functionality, and crystallinity. In this paper, 

we have investigated the effect of pore diameters between 1.7 nm to 4.7 nm on the ice nucleation 

efficiency of crystalline COFs, with both high and low crystallinity, in immersion freezing mode. 

The amorphous COF sample used in this study was synthesized deliberately to compare its ice 

nucleation activity to that of the crystalline COFs, both high crystallinity and low crystallinity. For 

the porous COF samples with high crystallinity, the particles with a pore diameter of 2.7 nm 

showed the highest immersion freezing ice nucleation activity. All the crystalline COF samples 

with pore diameter less than 2 nm and greater than 3 nm nucleated at lower onset temperatures, 

although the largest pore size samples with non-ordered pores exhibited higher numbers of active 

sites. We hypothesize that the increased number of active sites is due to the non-ordered pores and 

lower surface area rather than the influence of pore size alone. Studies in which single property of 

the particle is isolated, such as a crystalline vs. amorphous structure or pore size, may provide 

advanced understanding of the ice nucleation activity of complex aerosol systems. Hydrogen 

bonding between water and the pore wall could be examined using molecular modeling to provide 

further insights.   
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