Subliming Ice Surfaces: Freeze-Etch Electron Microscopy

Abstract. Vacuum sublimation of oriented single crystals of ice at temperatures
from —I110 to —60 degrees Celsius was studied by electron microscopy with
the freeze-etch technique. Sublimation etches the ice surface to produce pits and
asperities and above —85 degrees Celsius causes extreme surface roughening. The
etch pits are ascribed to surface dislocations, and the extreme roughening is
ascribed to the departure from unity of the vaporization coefficient. The asperities
could not be attributed to impurities; they may be related to the whiskers that
others have observed at higher temperatures.

The freeze-etch technique (FET) has
provided a very useful means of study-
ing biological fine structure (I, 2). It
should also prove useful to the physical
scientist interested in the surface mor-
phology of solids that sublime below
room temperature. The FET depends on
electron microscopic examination of the
replica of an etched fracture plane in a
frozen specimen. With reference to bio-
logical materials, “etched” means that
the three-dimensional relief of a frac-
ture through the frozen specimen is
enhanced by subliming water molecules
away from nonvolatile constituents such
as proteins, lipids, or carbohydrates.
Very little is known about the morpho-
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logical changes that occur on ice sur-
faces during sublimation at low tem-
peratures under high vacuum (3).

In the first paper describing the con-
struction and use of a freeze-etch de-
vice, Moor et al. (I) noted asperities
with diameters of 10 to 30 nm, which
they called “warts,” on the etched sur-
face of ice. Although numerous investi-
gations have subsequently utilized the
FET to investigate the structure of bio-
logical specimens in an aqueous milieu,
the presence of these warts on the
etched ice surface has either been ig-
nored or ascribed to some undefined
contaminant. Instead, attention has
focused on numerous particles seen in
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many cellular membranes (2, 4). These
biological particles can usually be dis-
tinguished from the ice warts because
the biological particles are usually small-
er in diameter, more limited in distribu-
tion, and occur in freshly fractured, un-
etched preparations (the ice warts ap-
pear only after sublimation). However,
further differentiation of the two struc-
tures would be important both for the
interpretation of biological structure in
freeze-etch replicas and for the under-
standing of the ice sublimation mecha-
nism. We have therefore correlated
structural and kinetic approaches in this
study of ice crystal sublimation.

We grew ice from distilled water by
the method of Jona and Scherrer (5)
(Fig. 1a) and mounted a single ice crys-
tal (Fig. 1b) so that basal-face (c-face)
samples had the ¢ axis vertical; “prism-
face” samples had the ¢ axis horizontal.
Note that, in the prism-face samples, an
a axis was not necessarily vertical, and
thus the true prism-face orientation was
not fully determined. The orientation
of the various axes and faces for ice is
indicated in Fig. 1le.

Multiple knife passes fractured the
mounted samples (Fig. 1, ¢ and d) to
produce a macroscopically flat surface.
Immediately after the last pass, the
knife was positioned about 1 mm above
the surface to act as a cold trap and to
minimize the chance for condensation
of any vacuum contaminant on the sam-
ple surface (6). After the sample had
been etched for the chosen period, the
knife was moved away and a replica
was immediately produced by simulta-
neous vapor deposition of carbon and
platinum (/). The sample was removed
from the freeze-etch machine and was
thawed, and the replica was placed on
a grid for examination in the electron
microscope.

The maximum rate at which a mate-
rial could sublime can be calculated

Fig. 1. Experimental approach. (a) Ice is
crystallized slowly from the melt in a 600-
ml beaker. (b)) Polarizing optics are used
to sélect a single-crystal region from which
small disks are cut. The disks are frozén
to 5-mm washers, and the orientation is
rechecked. (c) The mounted sample is
clamped on a cold stage (temperature ad-
justable to =+ 0.1°C), and (d) the sample
is fractured, etched, and replicated. The
knife is maintained at —196°C. (e) Basal
face (¢ face) of hexagonal ice. Open cir-
cles are 0.09 nm above filled circles. The
edge-on views of two prism faces (one a
{1120} face and one {1100} face) are indi-
cated. Both have shallow trenches (0.238
and 0.138 nm, respectively) running
parallel to the c axis.

SCIENCE, VOL. 168



t, °C
g "50-60 -70 -80 -90 <100
10 N LS T T I ] T T T 1 1
B \\ 3
i NN = 105
g \'\\ =
— N =3
£ 105 N\ Ho e
< = N & E
£ F \\‘ ¢ R
Eip 29 £
3 s
® 10 = ! =
s £ b 2
e -110% g
= 5 & =
=3 - =
7 103 = 4 z
C - 102
‘02 ! 1 ] ! 1 ! vj
46 50 54 58,
103 og-1

T

Fig. 2. Ice vaporization rate versus tem-
perature. Solid line, theoretical rate;
dashed line, measured rate.

from its vapor pressure. The actual rate
cannot be calculated but must be meas-
ured under vacuum conditions (to as-
sure negligible gas-phase collisions of
the evaporated molecules). Such studies
have been made on single crystals of ice
with microbalance techniques (7). Fig-
ure 2 shows both the theoretical maxi-
mum and the observed rates as a func-
tion of temperature. The ratio of these
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two rates is called the vaporization co-
efficient: «,(T) = observed rate divided
by theoretical rate. No orientation de-
pendence of the rate has been found,
but, at temperatures above about
—85°C, the observed rate begins to fall
below the theoretical rate («, begins to
fall below unity). This phenomenon im-
plies that for the higher temperatures
there is some rate-limiting step prior to
desorption in the evaporation process.
It has been observed (8) that, in mate-
rials with «, < 1, sublimation may pro-
duce surface roughening. Surface
roughening increases the total surface
area and gives a vaporization rate be-
tween the rate observed from a hypo-
thetical flat surface with the true «, and
the rate from a flat surface with a, = 1.

Electron micrographs of ice surface
replicas obtained by the FET are shown
in Fig. 3. The variables of interest are
the orientation, the temperature, and
the duration of sublimation. Figure 3a
shows a crystal that was cleaved and
then replicated before any significant
etching had occurred. The largest part
of the surface is smooth and rounded
out by conchoidal fracture. This ap-
pearance is quite general; it does not
depend on orientation or sample tem-
perature. The various fracture modes
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observed are believed to be due to local
variations in the rate and direction of
fracture propagation. -

In Fig. 3b, a basal-face sample is
shown; Fig. 3¢ shows a prism-face sam-
ple. Both samples were etched 1 minute
at —100°C, which corresponds to a loss
of 120 nm. The basal face exhibits
round, flat-bottomed etch pits about
1 pm in diameter (9). One etch pit is
shown in Fig. 3b. The entire surface is
covered with asperities, which are rela-
tively featureless and which have a max-
imum size of about 30 nm. Their aver-
age density on any sample is about 200
per square micrometer, but this density
varies within a factor of 2 from place
to place within a sample. Within etch
pits the asperities are smaller. The
prism-face samples exhibit two kinds of
etch pits, apparently on different crys-
tallographic faces. The round kind are
indistinguishable from the pits on basal-
face samples, but the rectangular pits
are obviously different. Stair-step ledges
extend up their walls, where the asperi-
ties appear elongate. The pit edges are
parallel and perpendicular to the ¢ axis,
and the flat pit bottoms are free from
asperities.

In a series of samples etched at dif-
ferent temperatures for times calculated
to produce equivalent etching, those at
—110°C looked like those etched at
—100°C. However, sublimation at high-
er temperatures did change surface mor-
phology. In prism-face samples etched
at —90°C (Fig. 3d), the sharp edges
of etch pits are not so well developed

Fig. 3. Electron micrographs of ice sur-
faces (x 30,000). (a) As cleaved. (b)
Basal face, etched 1 minute at —100°C.
(c—e) Prism faces. To vaporize equal
amounts of water at different tempera-
tures, samples were etched 1 minute at
—100°C (c), 10 seconds at —90°C (d),
and 3 seconds at —85°C (e). Shadows
are white; shadow direction from bottom
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and the asperity density is about one-
third that observed at —100°C. At
—85°C (Fig. 3e), all etch pits are round
and the asperities, which appear as
warts at —100°C, now appear as holes
in the replica. At higher temperatures
(—=75°C, —60°C), these holes become
progressively larger and the surface be-
comes so extremely rough that we could
not produce a continuous replica with
our technique,

In another series {(not shown) in
which longer times of sublimation were
used, the characteristic etch pits defined
by temperature and orientation grew
larger and shallower until, after about
10 pm of ice had etched away, they
merged and were no longer evident.
Long periods of etching appeared to
cause a slight increase in the average
number and size of the asperities, but
never by a factor of more than 2.

Since the etch pits appear in large
numbers at the edges of the fracture
conchoids and are relatively rare at their
centers, it seems likely that surface dis-
locations, introduced by the cleaving,
initiate the pits. The strain fields do not
penetrate far below the surface, and
soon a relatively stable, low-index face
develops and grows (10).

_Apparently the faces {0001} (¢ face),
{1120} (a face), and {1100} are slightly
more stable kinetically than other (ran-
dom) faces. On prism-face samples at
all temperatures, very small amounts of
etching are sufficient to reveal the di-
rection of the ¢ axis, owing to the ten-
dency of the {1120} or the {1100}
planes (which are parallel to the ¢ axis),
or both, to develop as facets (7).

Surface asperities are harder to in-
terpret. Neither vacuum contaminants
nor the cleavage and replicating pro-
cedures can explain their development
because they are completely absent on
unetched surfaces and on the flat-bot-
tomed part of the rectangular etch pits.
Furthermore, their appearance changes
over the 15° interval from —100° to
—85°C. It is also highly improbable
that the asperities are due to disloca-
tions, as their density (200 per square
micrometer) is three to four orders of
magnitude higher than the highest dis-
location densities observed in non-
metals.

We can explain the asperities and
their temperature-dependent appearance
on the basis of the following assump-
tions: (i) The ice contains domains
whose effective vaporization coefficient
is lowered to a value a,’ < a,. (ii) The
domains sublime or blow away (I2)
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when exposed at the ice surface. (iii)
The temperature dependence of «,’ is
not necessarily the same as that of «,.
The absence of asperities on the rec-
tangular etch pit bottoms would imply
that for this crystal face «, =a, for
temperatures less than —90°C.,

Microbalance studies show that a
variety of ionic impurities can lower the
vaporization rate (I3). Domains with
lowered vaporization coefficients could
be attributed to such impurities (/4).
We have examined replicas of ice sam-
ples deliberately doped with deuterium
oxide (I5) or ammonium fluoride
[NH,F does lower «, (I3)], rapidly
frozen samples of high purity (resistiv-
ity, > 18 megohm cm) (16), and sam-
ples degassed and frozen under vacuum
to minimize gaseous contaminants. None
of these treatments altered the asperity
density. It is therefore improbable that
the asperities are produced by impuri-
ties.

At temperatures above —55°C,
elongate whiskers have been observed
on subliming ice surfaces (/7). They
have been attributed to surface migra-
tion and recondensation phenomena,
but the underlying factors that can ex-
plain their origin are unknown. The
asperities seen at the low temperatures
that we investigated may be primitive
forms of these whiskers. If so, the holes
and extreme roughening in the replicas
of ice vaporizing at temperatures above
—90°C could be the result of tall, thin
asperities (whiskers), whose replica
would be too delicate to survive melting
of the sample and transfer of the repli-
ca to the electron microscope grid.

Our studies have shown that the
subliming ice surface displays features
that vary remarkably in appearance as
a function of crystal orientation and
temperature in the range —100° to
—85°C. We have also found that, for
given conditions, the surface takes on a
characteristic steady-state appearance by
the time 100 nm of the ice have been
removed; subsequent sublimation makes
only slow changes in this appearance.
These temperature-dependent topo-
graphical features of ice should be taken
into account by those interested in the
mechanism of sublimation or the inter-
pretation of structure in hydrated,
freeze-etched samples.
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