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High-speed imaging of ice nucleation in water proves

the existence of active sites

Mark A. Holden?3*', Thomas F. Whale'?, Mark D. Tarn"3, Daniel O'Sullivan'?,
Richard D. Walshaw', Benjamin J. Murray', Fiona C. Meldrum?*, Hugo K. Christenson*

Understanding how surfaces direct nucleation is a complex problem that limits our ability to predict and control crystal
formation. We here address this challenge using high-speed imaging to identify and quantify the sites at which ice
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nucleates in water droplets on the two natural cleavage faces of macroscopic feldspar substrates. Our data show that
ice nucleation only occurs at a few locations, all of which are associated with micron-size surface pits. Similar behavior is
observed on a-quartz substrates that lack cleavage planes. These results demonstrate that substrate heterogeneities
are the salient factor in promoting nucleation and therefore prove the existence of active sites. We also provide strong
evidence that the activity of these sites derives from a combination of surface chemistry and nanoscale topography.
Our results have implications for the nucleation of many materials and suggest new strategies for promoting or

inhibiting nucleation across a wide range of applications.

INTRODUCTION

The development of strategies to control crystallization processes pro-
mises the ability to generate particles with specific structures, sizes, and
morphologies to promote or inhibit crystallization and to determine
where crystals form. However, while there are many effective approaches
for controlling crystal growth, control over nucleation— the point at
which many of these properties are defined—has proven more chal-
lenging, and it remains very difficult to predictably promote nucleation
using foreign particles or surfaces. This is at least in part due to the pro-
blems associated with studying nucleation processes. Although recent
advances in electron microscopy (1, 2) and synchrotron-based techni-
ques (3, 4) are providing new opportunities for studying nucleation pro-
cesses (5, 6), we still have a poor understanding of the factors that drive
heterogeneous nucleation, particularly with respect to the complexities
introduced by topographical and chemical imperfections that are in-
variably present on all substrates.

Here, we describe a study of ice nucleation in droplets of super-
cooled liquid water placed on macroscopic substrates of feldspar
and o-quartz, both important components of atmospheric aerosols.
Our goal was to identify and characterize the sites at which nucleation
occurs. In addition to its importance in both natural and man-made
environments, ice provides a beautiful model system. A single nuclea-
tion event causes the entire droplet to freeze rapidly such that high-
speed video microscopy can be used to find the nucleation site’s location
on the substrate. This contrasts with traditional nucleation studies where
it is impossible to identify the first-formed nuclei, and the final crystal
population is inevitably a product of competitive growth. Our approach
is also distinct from studies of ice nucleation from vapor, where it is not
possible to quantify the activities of different sites.

By directly observing nucleation on these substrates, we demonstrate
that nucleation only occurs at a very limited number of active sites and
quantify the efficiency of these sites. This resolves a long-standing pro-
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blem regarding ice nucleation and shows that substrate heterogeneities
are the most important factor in determining the freezing temperature
of water; we lastly prove the existence of “active sites” and the hierarchy
of their effectiveness. Our data also demonstrate the importance of sur-
face topography in promoting nucleation. While this study focuses on
ice nucleation, there is growing evidence that the ability of topography
to promote nucleation is quite general (7-10) and can potentially offer a
new strategy for promoting nucleation.

RESULTS
We conducted experiments using macroscopic microcline feldspar LD3
samples that had been polished along the two natural cleavage planes
(001) and (010). Feldspar is an important component of atmospheric
aerosols and a very effective ice-nucleating agent (11). We pipetted a
1-ul drop of Milli-Q water onto the prepared substrate, which was
integrated into a Perspex cell with a dry nitrogen flow to avoid water
or ice films forming around the droplet (fig. S1). We then cooled the
substrate at 1°C min~" from 15°C to below the freezing point using a
custom-made cold stage and used high-speed video microscopy to
capture ice nucleation within individual droplets (Fig. 1A). Figure 1 (B
and C) shows two typical sequences of video images taken at 3000 fps
(frames per second) during the cooling of water droplets on the (010)
and (001) oriented section of feldspar, respectively. The nucleation site
can be identified as the point (white arrows) from which fast-growing
dendrites of ice emerge after nucleation at T'= —13.7° and —12.6°C. Anal-
ysis of the images showed that the ice dendrites propagate from the nu-
cleation site at =10 cm s, which is consistent with the literature (12).
Examination of the feldspar (010) and (001) sections with scanning elec-
tron microscopy (SEM) and atomic force microscopy (AFM) (Fig. 2 and
figs. S2 and S3) showed that each nucleation site was contained within a
micron-scale pore or crack. These features are characteristic of the spe-
cific microtextures (termed perthitic) present in alkali feldspars (13).
Individual droplets were also subjected to multiple freeze-thaw cycles
to determine whether nucleation was stochastic—in which case it would
occur at different spatial locations in every cycle due to the presence
of many equally active sites in every droplet—or whether nucleation oc-
curred at preferred active sites. For these particular feldspar samples, we
analyzed nine droplets in this manner over 13 to 26 melting/freezing
cycles on both (001) and (010) thin sections. The (010) and (001)
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Fig. 3. Active site identification on feldspar from freeze-thaw experiments. (A to D) Light micrographs of water droplets on feldspar (001) and (010) sections
showing the location of the nucleation sites for individual runs (numbered). Freezing began in the circled regions, and the characteristic nucleation temperature (T.) for
each droplet is shown. The nucleation temperatures for the individual experimental runs are shown below the light micrographs.
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Fig. 4. Comparison of thin sections with ground, immersed particles. (A) (a to d) Images showing a freezing experiment for an array of water droplets on a feldspar
thin section, where frozen droplets scatter more light. (B) Droplet fraction frozen as a function of temperature for LD3 microcline samples. Green and blue triangles
represent thin sections prepared by cleaving along both the (010) and (001) faces, respectively. The clear red squares and circles represent the ground particles,
immersed in the liquid droplets. (C) Active site density, ny(T), as a function of temperature for the data plotted in (B). In addition, plotted is a fit for BCS376 feldspar,
made by Atkinson et al. (17) from data obtained in a similar microliter droplet experiment on a suspended powder of a typical alkali feldspar. (D) Correlation plot
showing a comparison of nucleation temperatures between two freeze-thaw cycles for an array of water drops on an LD3 feldspar sample. The solid black line is the 1:1

line, along which the nucleation temperature would be the same for both cycles.

sequence of video images of ice nucleation at an individual site is shown
in Fig. 6A, together with data from the freezing of two droplets over
multiple freeze-thaw cycles (Fig. 6, B and C). These figures show that
a few sites again dominated nucleation. However, the nucleation tem-
perature was lower and had a slightly larger spread of —23°C < T <
—19°C. The number of active sites perhaps (9 total) was also higher than
for the feldspar samples for a similar number of runs (21 cycles).

DISCUSSION
The ability of certain substrates to promote ice nucleation attracts con-
siderable attention. Epitaxial matching is often considered an im-
portant factor but does not guarantee activity; many crystals with
good lattice matches to ice are ineffective nucleators (19, 20), while other
substrates can effectively nucleate ice, despite no obvious structural re-
lationship (21). The organization of hydrogen bonds alongside
properties such as surface charge and polarizability may therefore
play crucial roles (21, 22). There is also growing evidence that topo-
graphical features including surface pits (19), cracks (23), and steps
(24, 25) on the surfaces of effective nucleants are associated with
their activity.

Most studies of heterogeneous ice nucleation from liquid water have
used particulate nucleants (26) and thus cannot provide any
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information about the nature of the individual nucleation sites. Our
strategy, in contrast, enables us to identify and characterize these
sites. The SEM and AFM images (Fig. 2 and figs. S2 and S3) provide
very strong evidence for the role of surface topography in promoting
ice nucleation, where systematic studies using feldspar powders have
shown no correlation between ice nucleation activities and the crystal
structures or overall chemical compositions of the feldspars (27). These
data also complement recent studies of ice nucleation from vapor,
which have shown that ice crystals form at surface defects such as cracks
and cavities (8, 28-30).

Why then are these topographic features so effective in promoting
ice nucleation? Our data, and those of others, suggest that a number of
factors may contribute to this activity. In the first place, they may sta-
bilize the ice critical nucleus, as predicted by classical nucleation theory
and suggested for the nucleation of proteins (9) and organic solutes (10)
from solution. This is also supported by simulations, which have shown
that the optimal pore size is approximately the same size as the critical
nucleus (31). The features identified by SEM and AFM (Fig. 2) are far
too large to offer any direct effect on a critical nucleus, which is on the
order of nanometers for ice. An estimate based on the AFM and SEM
images suggests that fewer than one in a thousand of these features are
involved in ice nucleation in each droplet. However, these active sites
may contain nanoscale features such as nanotunnels [often associated
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Fig. 6. Active site identification on rose quartz. (A) Sequence of light micrographs showing the site of ice nucleation in a water droplet on a rose quartz surface.
Images were obtained at 3000 fps (see movie S3). (B and C) Light micrographs identifying the location of ice nucleation sites on the quartz surface during a freeze-thaw
experiment. The numbers represent the cycle in which freezing occurred in the location marked by a circle. Plots of the temperatures at which nucleation occurred in

each cycle of the freeze-thaw experiment are displayed below each micrograph.

these would comprise an optimal but unlikely synergy of topography
and surface chemistry for nucleating ice.

CONCLUSIONS

In summary, we have combined high-speed imaging with freeze-thaw
experiments on droplets to identify the sites at which ice nucleates from
supercooled water on macroscopic substrates. Our study provides direct
evidence for the existence of a small number of active sites and thus
proves that substrate heterogeneities are the most important factor in
determining the freezing temperature, with a secondary contribution
from stochastic effects. The scarcity of these sites indicates that each
exhibits a rare combination of defect geometry and surface chemistry
and that an epitaxial match between the critical ice nucleus and sub-
strate is not required. A growing body of evidence suggests that such
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topographical control over nucleation is by no means unique to
ice. Our imaging-based methodology therefore offers a route by
which substantial advances can be made in understanding heteroge-
neous nucleation and thus developing effective nucleants for appli-
cations as diverse as polymorph control of pharmaceuticals, scale
prevention, and cryopreservation.

MATERIALS AND METHODS

Preparation of macroscopic substrates

The microcline feldspar LD3 was obtained from the University of Leeds
mineral collection, where its phase had been previously confirmed by
powder x-ray diffraction. (37). The rose quartz sample was from Baylis
Quarry, Bedford, NY and was obtained from Excalibur Minerals Cor-
poration (Charlottesville, VA, USA). Its phase (a.-quartz) was confirmed
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