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There is growing evidence that a metastable phase of ice, cubic ice, plays an important role in the

Earth’s troposphere and stratosphere. Cubic ice may also be important in diverse fields such as

cryobiology and planetary sciences. Using X-ray diffraction, we studied the formation of cubic ice

in pure water droplets suspended in an oil matrix as a function of droplet size. The results show

that droplets of volume median diameter 5.6 mm froze dominantly to cubic ice with stacking

faults. These results support previous suggestions that cubic ice is the crystalline phase that

nucleates when pure water droplets freeze homogeneously at B235 K. It is also shown that as the

size of the water droplets increased from 5.6 to 17.0 mm, the formation of the stable phase of ice,

hexagonal ice, was favoured. This size dependence can be rationalised with heat transfer

calculations. We also investigated the stability of cubic ice that forms in water droplets suspended

in an oil matrix. We observe cubic ice up to 243 K, much higher in temperature than observed in

many previous studies. This result adds to the existing literature that shows bulk ice Ic can persist

up to B240 K. The transformation of cubic ice to hexagonal ice also showed a complex time and

temperature dependence, proceeding rapidly at first and then slowing down and coming to a halt.

These combined results help explain why cubic ice forms in some experiments described in the

literature and not others.

Introduction

Recently, it was found that cubic ice (ice Ic), as opposed to the

stable hexagonal phase (ice Ih), was the major product when

aqueous solution droplets froze homogeneously at tempera-

tures of less than 200 K.1 This strongly suggests ice Ic forms in

the Earth’s upper troposphere where it may significantly

impact the formation of ice clouds and enhance dehydration

through a process analogous to the well known Bergeron–

Findeisen process.2 This process is driven by the vapour

pressure difference between ice Ic and ice Ih, where the

metastable phase necessarily has a larger vapour pressure than

that of the stable phase.2 Ice Ic may also be important in other

areas such as cryobiology and planetary sciences.3

In our recent study on cubic ice we observed that a small

amount of ice Ic was formed when emulsified pure water

droplets (water droplets suspended in an oil matrix) homo-

geneously froze at B235 K.1 This was unexpected as prior to

our work, ice Ic was only observed in pure water droplets when

they were hyperquenched onto a cold substrate below 190 K.4

Ice Ic has also been observed when water clusters (6.6–5.5 nm)

froze at 200 K.5 Others have suggested that crystallisation of

water droplets begins with nuclei having a cubic structure even

at temperatures well above 200 K.5–9 Clearly, more work is

required to understand the conditions that are required for the

formation of ice Ic.

To explain our previous results and better understand the

conditions at which cubic ice forms in pure water droplets we

have carried out two sets of experiments: first, we have

investigated the formation of cubic ice in emulsified water

droplets as a function of droplet size. Second, we have

investigated the stability of ice Ic that forms in these emulsified

droplets. One of the benefits of our experimental configuration

is that mass transfer via the vapour phase is blocked since the

droplets are suspended in an oil matrix. This allows us to focus

on the solid state transformation in contrast to many previous

measurements. Our combined studies provide insight into the

nucleation and crystallization process, and allow us to spec-

ulate on the structure of the crystalline nucleus responsible for

homogeneous nucleation in water droplets, an important topic

that still is not resolved. Our results, combined with previous

results, also allow us to speculate why cubic ice forms in some

experiments, which are recorded in the literature, and not in

others.

Experimental

The X-ray diffractometer (Bruker D8 Discover) employed in

this study was configured in a standard Bragg–Brentano

reflection geometry and was equipped with a Cu Ka X-ray

source and a Bruker SOL-X X-ray detector. In order to

improve the signal-to-noise a different source and detector to

those described by Murray et al.1 were employed in the present

study. Other than a factor of two improvements in signal-to-

noise, the diffraction patterns from the present and previous

studies are directly comparable.

Emulsions of pure water droplets were prepared by mixing

pure water (distilled water further purified with a Millipore

system) with an oil phase in a proportion of 30–40% water in

oil (by mass). The oil phase consisted of B10 wt% of

surfactant (lanolin, Aldrich Chemical Company) in
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hydrocarbon oil (paraffin oil, Fisher Scientific, kinematic

viscosity at 40 1C ¼ 34.5 cSt). This mixture was then agitated

for 5–10 min or until the droplets were of the desired size.

Droplet size could be varied by adjusting the agitation time

and the resulting droplet size distribution was determined by

optical microscopy (see the insert in Fig. 2 for an example of a

size distribution determined by this method).

The X-ray diffraction experiments were performed with a

modified commercial low temperature X-ray diffraction cham-

ber (Anton-Paar, TTK 450). The emulsions were placed in a

cell consisting of an aluminium base and covered with a 30 mm
thick film of Teflon to hold the emulsions in place and also

prevent evaporation of the droplets. The temperatures of the

cell and emulsion were measured with a thermistor (Pt-100)

positioned within the aluminium base. This cell was placed in

good thermal contact with a cryostat, which was cooled with a

flow of liquid nitrogen and the required temperature set by use

of a heater and temperature controller (Anton-Paar, TCU).

This system allowed the temperature of the emulsion cell to be

set to between 90 and 300 K (and to higher temperatures if the

liquid nitrogen flow was stopped). The uncertainty in the

temperature was �1 K based on melting point measurements.

The temperature of the cell could be ramped up or down at

rates up to 30 K min�1, where 10 K min�1 was the standard

cooling rate in the freezing experiments. The cryostat and

emulsion cell were positioned inside an airtight chamber which

could either be evacuated or purged with a dry flow of N2 in

order to prevent frosting at low temperatures. Windows made

of Capton in the walls of this chamber permitted X-ray

radiation to pass into and out of the chamber.

Since the droplets were suspended in an oil matrix preferred

orientation of the crystals after freezing was not expected.

Also, the measured diffraction patterns were expected to be

equivalent to a powder X-ray pattern, since there were be-

tween 106 and 108 individual frozen droplets exposed to the

X-ray beam in a typical experiment. To test these assumptions,

we compared the diffraction pattern of the frozen droplets

after annealing, which results in pure hexagonal ice (see

Fig. 1a), with patterns of hexagonal ice calculated using the

POWDER CELL programme10 using crystallographic data

for hexagonal ice.11 The measured peak intensities were in

excellent agreement with the calculations, indicating preferred

orientation was not an issue. If there was a preferred orienta-

tion, or not enough frozen droplets to approximate a powder,

the peak intensities would not match the calculations.

Results and discussion

The formation of ice Ic in pure water droplets as a function of

droplet size

Emulsions of pure water droplets were cooled to 173 K at a

rate of 10 K min�1, while monitoring a strong ice reflection (at

either 2y E 24 or 401) in order to determine the freezing

temperatures of the droplets. Freezing of droplets occurs over

a range of temperatures, since nucleation is a stochastic

process.12 The observed freezing range of pure water droplets

(between approximately 237.5 � 1 and 230.4 � 1 K) is in very

good agreement with literature values for homogeneous freez-

ing of micrometer sized droplets,12 indicating that the oil and

surfactant were not significantly altering the nucleation pro-

cess and that these droplets froze homogeneously. The ob-

served freezing range varied by less than the uncertainty in the

Fig. 1 Diffraction patterns of frozen droplets. Patterns (b) to (g) are

the diffraction patterns of frozen pure water droplets, where the size of

the droplets was varied. The volume median diameter, dvm, is given for

each pattern. The droplets were cooled at a rate of 10 K min�1 and

froze between 237.5 � 1 and 230.4 � 1 K. The pattern shown in (a) is

for the same frozen water droplets that appear in (f), but which were

annealed at 263 K for 5 min to yield pure ice Ih. The diffraction pattern

shown in (h) is a diffraction pattern of ice Ic with stacking faults. This

pattern was obtained by freezing 45.2 wt% (NH4)3H(SO4)2 solution

droplets, which froze between 192.4 � 1 and 184.5 � 1 K. The

estimated proportion of stacking faulty ice Ic, determined from the

linear combination of the hexagonal patterns (a) and cubic pattern (h),

are given for patterns (b) to (g) (see text and Fig. 3 for details of this

estimate). All patterns are normalized to the intensity of the peak at

401 and are shifted on the intensity scale for clarity. Reflections unique

to ice Ih are labelled ‘‘h’’ and those common to ice Ic and ice Ih are

labelled ‘‘h þ c’’. Bragg peaks from the aluminium base and those

from the cell construction materials are labelled Al and cell, respec-

tively. All diffraction patterns were recorded at 173 K. The baseline in

pattern (h) is more pronounced compared with the other patterns

because of the smaller water content in the concentrated

(NH4)3H(SO4)2 solution droplets.
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measurements as the volume median diameter varied from

5.6–17.0 mm. This is consistent with freezing temperatures

recorded in the literature.12

Once cooled to 173 K the diffraction patterns of the frozen

droplets were measured between 2y ¼ 19 and 501. Patterns are

illustrated in Fig. 1b–g for a number of emulsion samples of

varying droplet size. The peaks exclusive to ice Ih have been

labelled ‘‘h’’ and the peaks common to both ice Ic and ice Ih
have been labelled ‘‘h þ c’’. Also shown for comparison is the

diffraction pattern of pure ice Ih, generated by annealing pure

water droplets at 263 K (Fig. 1a) and a diffraction pattern of

ice Ic (Fig. 1h). Pattern 1h was obtained by freezing 45.2 wt%

(NH4)3H(SO4)2 solution droplets, which froze between

192.4 � 1 and 184.5 � 1 K. This diffraction pattern is in very

good agreement with the diffraction pattern of ice Ic reported

in the literature.1,3,4,13 Note that in the 45.2 wt% solutions,

(NH4)3H(SO4)2 did not crystallize, and hence in the diffraction

pattern only peaks due to ice are observed. The major ice Ih
reflections at 34 and 441 are completely absent from this

diffraction pattern, indicating the absence of bulk Ih. The peak

at 231, which is usually associated with the (100) reflection of

ice Ih, is present in the diffraction pattern. This feature has

been observed in previous studies of ice Ic employing X-ray

diffraction1,3,4,13 and neutron diffraction14–16 and has been

associated with hexagonal-like stacking faults, believed to be

an intrinsic property of ice Ic.
3,14 Also, the region between 22

and 271 is raised above the background. This broad feature is

also most likely related to stacking faults.17,18

Based on Fig. 1, the diffraction pattern of frozen water

droplets with a volume median diameter of 5.6 mm (pattern g)

has some similarities with the diffraction pattern for ice Ic with

stacking faults (pattern h). First, the major ice Ih reflections at

B34 and 441 are significantly reduced in intensity relative to

the peaks common to both ice Ih and ice Ic. Also, the region

between 2y E 22.5 and 26.51 is significantly raised above the

background, similar to ice Ic with stacking faults.

As the volume median diameter was increased from 5.6 to

17.0 mm, the peaks exclusive to ice Ih increase in intensity

relative to the peaks common to both ice Ic and ice Ih (see

patterns b–g in Fig. 1). This indicates that there is a strong size

dependence of the ice crystal structure with droplet size, and

the amount of ice Ic decreases with an increase in droplet size.

Overall, as the size increases, the diffraction pattern becomes

more like the diffraction pattern of ice Ih.

The intensity ratios I44/I40 and I33/I47 (where I44 and I33 are

the intensities of the exclusive hexagonal peaks at 2yE 43.5 and

33.41, and I40 and I47 are peak intensities common to cubic and

hexagonal ice at 2y E 40.1 and 47.11) for the X-ray diffraction

patterns illustrated in Fig. 1 have been plotted in Fig. 2 as a

function of droplet size. These intensity ratios provide a con-

venient qualitative measure of the amount of ice Ih in the frozen

droplets, where I44/I40 ¼ 0.79 � 0.3 and I33/I47 ¼ 1.31 � 0.06

indicates pure ice Ih and a value of zero indicates stacking faulty

ice Ic (the ratios for pure hexagonal ice are determined from the

hexagonal pattern illustrated in Fig. 1a).

The droplet diameter quoted in Fig. 1 and plotted in Fig. 2

is the volume median diameter (dvm). The horizontal bars

represent the particle diameter range over which 68% of the

volume resides. These bars were calculated from the measured

geometric standard deviation.19 Fig. 2 illustrates the very

strong dependence of the phase of ice on droplet size—as

the size of the particles increases the amount of ice Ic
decreases. When the volume median diameter is 5.6 mm, the

droplets freeze close to pure ice Ic with stacking faults.

Recently, based on classical thermodynamic calculations, it

has been suggested that pure water droplets smaller than

30 nm in diameter would freeze to cubic ice and bigger

droplets would freeze to hexagonal ice.20 These calculations

do not agree with our observations that water droplets with

a volume median diameter of 5.6 mm freezes dominantly to

ice Ic.

The decrease in the amount of ice Ic as the size is increased

from 5.6 mm can be explained with heat transfer calculations.

When a water droplet freezes heat is produced, since crystal-

lization is an exothermic process. If the heat is not dissipated

Fig. 2 The intensity ratio I44/I40 (panel (a)) and I33/I47 (panel (b)) as a

function of the droplet volume median diameter (dvm), which was

determined from the measured droplet size distributions. A value of

I44/I40 or I33/I47 ¼ 0, indicates that no bulk ice Ih formed in the

droplets, and therefore that the dominant product was ice Ic, whereas a

value of I44/I40 ¼ 0.79 � 0.03 or I33/I47 ¼ 1.31 � 0.06 indicates pure ice

Ih (these values were determined from the diffraction pattern of

hexagonal ice illustrated in Fig. 1a). The horizontal bars represent

the range of droplet sizes in which 68% of the volume resides. The

vertical error bars are derived from the uncertainty associated with

measuring the diffraction peak areas. The bracketed letters correspond

to the diffraction patterns in Fig. 1. An example of a size distribution is

shown as an insert; dvm for these droplets was 10.6 mm with a

geometric standard deviation of 1.8.
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to the droplet’s environment more rapidly than it is produced

during crystallization, the temperature of the droplet will

increase during freezing, which can allow ice Ic regions in

the ice droplet to anneal to ice Ih (it will be shown later in this

paper that the ice Ic to ice Ih transition occurs more readily at

higher temperatures). Based on equations given in Pruppacher

and Klett,12 and temperatures and thermal properties consis-

tent with our experiments, a droplet of 10 mm in diameter will

dissipate heat to the oil matrix at a rate similar to the rate of

heat production within the supercooled droplet due to crystal-

lization. As a result 10 mm particles may not warm up

sufficiently to anneal all ice Ic to ice Ih, which is consistent

with our experimental results. Smaller droplets will have a

greater surface area to volume ratio than larger droplets and

will therefore dissipate heat more efficiently. Hence, one would

expect the amount that the particle warms up, and therefore

the amount of ice Ic, to depend strongly on droplet size, which

is in agreement with our observations. Our combined results

are consistent with ice Ic nucleating in all of the droplets, and

the final amount of ice Ic being governed by the amount the

temperature of the droplet increases during freezing. From this

we infer that ice Ic, rather than ice Ih, is likely to be the

crystalline phase that nucleates when water droplets freeze

homogeneously at B235 K. In making this statement, we

assume that the crystalline phase of the ice nucleus is the same

as the crystalline phase observed in the small droplets, which

experience no appreciable heating. This is similar to assump-

tions that have been previously made in the literature.5 This

also assumes that crystallization begins with the formation of

a critical nucleus with a well defined crystal structure, which is

still a matter of debate in the literature.21

Our inference that homogeneous nucleation of water dro-

plets at B235 K begins with ice Ic is consistent with thermo-

dynamic arguments that indicate the free energy of formation

of an octahedral germ of ice Ic is lower than the free energy of

formation of an ice Ih germ.8,22 Also these results are consis-

tent with previous experiments by Huang and Bartell.5 These

authors froze water clusters (5.5–6.6 nm) at 200 K in a

supersonic expansion and determined the free energy of the

solid–liquid interface when ice nucleated in these clusters.

They found that the clusters froze to ice Ic, using electron

diffraction, and they also noticed that the interfacial energies

they determined were consistent with those determined from

homogeneous freezing experiments of emulsified water dro-

plets. Based on this they concluded that ice Ic initially nucle-

ates in water droplets at B235 K as well as at 200 K.

Furthermore, it has been suggested that ice Ic is the phase

that nucleates based on measurements of the angles between

the c-axis in snow polycrystals and frozen water droplets.6,7

These previous measurements combined with our direct mea-

surements of the phase of ice that forms in water droplets

provides convincing evidence that ice Ic is the crystalline phase

that nucleates when pure water droplets freeze homogeneously

at B235 K.

In Fig. 3, we have compared experimental diffraction pat-

terns of frozen water droplets with composite patterns gener-

ated by taking a linear combination of the pattern of pure ice

Ih (Fig. 1a) and ice Ic with stacking faults (Fig. 1h). The best

fits were determined by minimizing the sum of squares differ-

ences between the experimental and composite patterns. The

agreement between measured and composite patterns (open

circles and solid lines, respectively) is good. The good agree-

ment suggests that pure water droplets may freeze to a

combination of ice Ih and stacking faulty ice Ic. The propor-

tions of ice Ic with stacking faults and ice Ih determined from

this analysis have been quoted in Fig. 3. This analysis has also

been applied to the other diffraction patterns in Fig. 1, and the

proportions of stacking faulty ice Ic from this analysis are also

quoted there. When estimating the proportion of stacking

faulty ice Ic and ice Ih it was assumed that the X-ray quantita-

tion constants (integrated intensity per unit mass of ice) for the

common peaks are the same for hexagonal ice and cubic ice

Fig. 3 Comparison of composite (solid lines) and measured X-ray diffraction patterns (points). The composite patterns result from a linear

combination of two separate patterns: the first is a pattern of 45.2 wt% (NH4)3H(SO4)2 solution droplets which froze at around 188 K to stacking

faulty ice Ic (illustrated in Fig. 1h); the second diffraction pattern (illustrated in Fig. 1a) is that of pure water which froze around 235 K and was

subsequently annealed at 263 K to form ice Ih with no detectable stacking faults or regions of ice Ic. The pure ice Ih pattern and the stacking faulty

ice Ic pattern were scaled and added together to give the composite patterns. The scaling factors were determined by minimizing the sum of squares

differences between the composite and experimental patterns and the resulting proportions of stacking faulty cubic ice and hexagonal ice are

indicated in the figure (assumptions and uncertainties associated with these values are discussed in the text). The measured patterns are (a) droplets

of dvm ¼ 13.9 mm (Fig. 1c) and (b) droplets of dvm ¼ 5.6 mm (Fig. 1g). All patterns were background subtracted. The regions of the diffraction

patterns influenced by diffraction from the cell construction materials were not included when calculating the sum of squares differences and have

been removed for clarity.
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with stacking faults. Measurements in which we monitor

the intensity of the common peaks as cubic ice with stacking

faults is annealed to hexagonal ice show that the X-ray

quantitation constants are the same to within 5%. Note

that the quantitation constants of the common peaks for

pure cubic ice (samples free of stacking faults) will be dif-

ferent from the quantitation constants for hexagonal ice,

based on calculations of the diffraction patterns using the

POWDER CELL programme.10 Evidently stacking faults

appear to influence the quantitation constants of cubic ice.

Assuming a 10% uncertainty in quantitation constants, the

proportions of stacking faulty ice Ic and ice Ih only change by

at most 5%.

In the future we will carry out a full modelling study of the

diffraction patterns to quantitatively evaluate the proportions

of ice Ic and ice Ih as well as investigate the nature and density

of stacking faults. Further experiments are also required to

determine if individual frozen droplets contain regions of ice Ih
and ice Ic with stacking faults or if individual droplets freeze

exclusively to a stacking faulty cubic structure or a hexagonal

structure.

The stability of ice Ic in water–oil emulsions (i.e. the

transformation of ice Ic to ice Ih in frozen water droplets

suspended in an oil matrix).

In this series of experiments the transformation of the ice Ic
component of the frozen pure water droplets was investigated

as a function of time at several temperatures between 228 and

263 K. Emulsified droplets of dvm E 10 mm were cooled at a

rate of 10 K min�1 to 223 K, and then the temperature was

rapidly ramped to the temperature of the isothermal transfor-

mation measurement (Ttrans). While the frozen droplets were

held at Ttrans�0.2 K, the diffraction pattern between 2y¼ 39.3

and 44.31 was monitored. This covers the exclusive ice Ih
reflection at 2y E 43.51 and the reflection common to both

ice Ic and ice Ih at 2y E 401.

The ratio I44/I40 determined during the isothermal transfor-

mation measurements is plotted in Fig. 4. Prior to starting the

isothermal transformation measurements I44/I40 was close to

0.4 in all measurements, which indicates that a significant

amount of ice Ic resulted from the freezing process, as expected

from the earlier work. The results in Fig. 4 show that at 228 K

ice Ic is very stable. When the ice was held at 228 K the frozen

droplets still contained a significant amount at ice Ic after

nearly 12 h, with an intensity ratio I44/I40 ¼ 0.56 � 0.02 (recall

that I44/I40 for stacking faulty ice Ic is 0 and for pure ice Ih it is

0.79 � 0.03). In fact, even after nearly 5 h at 238 K the ice had

not fully relaxed to perfect ice Ih (I44/I40 ¼ 0.65 � 0.03). In

contrast ice Ic at 263 K is rapidly converted to ice Ih, and at

243 K, almost all of the ice Ic is converted to ice Ih (I44/I40 ¼
0.73 � 0.05) after 178 min.

To test if X-ray exposure was influencing the ice films during

the annealing experiments, we repeated the measurements at

228 K, but this time the shutter to the X-ray source was only

opened for enough time to establish the ratio I44/I40 once every

few hours. The results of this test (not shown) are in agreement

within the uncertainty of the measurement with the results

presented in Fig. 4 (open triangles) indicating that the expo-

sure to X-rays did not significantly affect the ice crystal

structure.

Many of the previous measurements of the ice Ic to ice Ih
phase transition have found that ice Ic transforms to ice Ih
rapidly below B205 K.23 It has been suggested that the ice Ic
to ice Ih phase transition is related to surface area —very high

surface area ice Ic tends to transform more rapidly and at

lower temperatures to the stable ice Ih.
4 In high surface area ice

Ic samples, surface nucleation is likely to be much more rapid4

and also possibly mass transfer from ice Ic crystals to ice Ih
crystals via the gas phase may have dominated in many

experiments.2 In our experiments the particles are suspended

in an oil matrix and hence mass transfer via the gas phase and

possibly surface nucleation were blocked, which provides an

explanation for the longer lifetimes at higher temperatures

observed in our studies.

Our long lifetimes at higher temperatures are consistent with

a number of studies of low surface area ice Ic. Using X-ray

diffraction Mayer and Hallbrucker4 found that ice Ic samples,

prepared by hyperquenching water droplets, required around

30 min at 240 K to fully convert to ice Ih. Using a similar

technique to produce ice Ic, Kohl et al.3 found that the

transition was centred around 230 K, while Kuhs et al.15

found that a sample of ice Ic made from ice V mostly

transformed below 205 K, but a significant portion remained

in the cubic phase up to between 237 and 245 K. Kuhs et al.

suggested this cubic portion of their ice took the form of

planar stacking faults within ice Ih. Cubic ice has also been

observed at higher temperatures in porous silica.24 The stabi-

lity in these experiments is likely due in part to the confined

geometries.

Fig. 4 The intensity ratio I44/I40 as a function of time after freezing

for pure water droplets (dvm E 10 mm). A value of 0.79 � 0.3

corresponds to the ratio of ice Ih with no detectable ice Ic stacking

faults, and a value of zero indicates that no bulk ice Ih formed in the

droplets, and therefore that the dominant product was ice Ic. Results

are shown for several different isothermal transformation tempera-

tures.
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Also of interest is the nonlinear trend observed in Fig. 4. For

example, at 233 K there is a fast increase in the ratio and then

it levels off, indicating that a certain fraction of the cubic ice is

very long lived. This is consistent with the measurements of

Kuhs et al.,15 described above in that portions of the ice Ic
appear to be more stable than others. The fact that a similar

trend was observed using two very different methods of

preparing ice Ic suggests that this trend may be an intrinsic

property of cubic ice. Possibly related, Johari argued that ice Ic
and Ih can coexist over a broad temperature range due to

contributions from grain boundaries, interphases and strain

energies.25 The nonlinear trend observed in Fig. 4 may also be

related to slow nucleation kinetics in some frozen droplets. As

mentioned we most likely only measured the solid state

transition (as the vapour-mediated transformation is blocked).

Therefore, the phase transition is likely initiated by nucleation

in lattice imperfections, such as line defects and at grain

boundaries.26 Some frozen droplets may have significantly less

imperfections for nucleation of ice Ih, resulting in some frozen

droplets with very long lived ice Ic regions. Smaller frozen

particles may have significantly less imperfections compared to

large particles, assuming the occurrence of imperfections is

random. In this case, ice Ic in the smaller particles will be more

stable than in the larger particles (assuming the conversion

rate is limited by nucleation at lattice imperfections). Further

research is needed on this topic.

Conclusions

The data presented in this paper are consistent with the

emulsified water droplets freezing to a significant proportion

of stacking faulty ice Ic and that the proportion of stacking

faulty ice Ic increases as the droplets decrease in size. In fact,

droplets of volume median diameter 5.6 mm appear to freeze

dominantly to ice Ic with stacking faults. The size dependence

can be rationalised with heat transfer calculations since smal-

ler droplets, with a large surface area to volume ratio, will

dissipate heat more rapidly and be less likely to form ice Ih.

These results support previous suggestions that ice Ic is the

crystalline phase that nucleates when pure water droplets

freeze homogeneously at B235 K.5–9

When water droplets freeze in the atmosphere, our results

suggest that ice Ic will initially nucleate. However, heat

transfer calculations show that when droplets freeze in the

atmosphere they will be more likely to freeze to ice Ih than

droplets in our emulsion experiments. The rate of heat dis-

sipation for a particle suspended in a gas will be roughly a

factor of 10 smaller for a similar droplet suspended in oil due

to the difference in thermal conductivity of the medium.27

According to simple heat transfer calculations,12 a 1 mm
droplet in the atmosphere will have a similar propensity for

freezing to ice Ic as a 10 mm droplet in our experiment.

Heymsfield and Miloshevich28 found evidence that liquid

droplets smaller than 3 mm froze homogeneously below

237 K in orographic wave clouds; we suggest that these

droplets may have frozen to a significant amount of ice Ic.

We observe ice Ic up to 243 K, much higher in temperature

than observed in many previous studies.23 This result adds to

the existing literature3,4,15 that shows ice Ic can persist up to

B240 K. Our results focus on the solid state transformation

since we most likely blocked surface nucleation and vapour

transport by placing droplets in an oil emulsion in contrast to

most previous studies.

The ice Ic to ice Ih measurements show a complex time and

temperature dependence of the phase transition. The transfor-

mation proceeds rapidly at first and then slows down and

comes to a halt. This could be because a fraction of the frozen

droplets have fewer lattice imperfections and hence the ice Ic in

these particles is more stable. Alternatively, the results may in

part be due to ice Ic stacking sequences that persist at

temperatures above 205 K.15

The results from this study, combined with results from

other studies, help explain why ice Ic is observed in some bulk

samples and not others: Ice Ic must always be held below

B240 K regardless of the surface area of the sample or else it

will be rapidly converted to ice Ih through a solid state

tranformation. (One exception is ice Ic formed in nanoporous

material, which can exist to higher temperatures, possibly due

to the confined geometries.24) Also, during the crystallization

process, the rate of heat dissipation from the sample needs to

be greater than the rate of heat production by crystallization

or else the sample will heat up and the ice Ic may be converted

to ice Ih. In addition, if the ice has a high surface area and mass

transfer via the vapour is not blocked, it must be prepared

below B200 K, or else surface nucleation and mass transfer

will occur and any ice Ic that forms will be converted rapidly to

ice Ih, by vapour-mediated transformation. This overall dis-

cussion is consistent with our measurements as well as most

measurements of ice Ic reported in the literature.3,4,13,23
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