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ABSTRACT: Despite dedicated efforts aimed at revealing
possible molecular structures of the ice defects associated
with stacking faults in ice (I), these molecular arrangements
have remained a puzzle. Here we demonstrate how the
reorganization of water molecules on different faces of ice
(I) can facilitate formation of stacking faults within a crystal.
We show that a pair of point defects can manifest a particular
combination of coupled five- and eight-membered rings
(5—8 rings). These structural motifs can facilitate a shift in
layers within an ice (I) crystal, thereby inducing stacking
faults. Furthermore, the presence of molecular solutes such
as methane at the ice interface appears to trigger the
formation of coupled 5—8 rings. The observation of such
coupled 5—8 ring defects provides insights into the possible
molecular mechanisms of stacking fault formation in ice (I)
and has implications for ice crystal growth phenomenology
and the consequent physical and chemical properties of ice.

aterials properties, including thermal, mechanical, and elec-

tronic behavior, are dependent on the molecular arrange-
ments at the nanoscale and can be strongly impacted by defects
and/or dopants.lf’3 In metal alloys, for instance, stacking faults
formed as a result of dislocation evolution can affect plastic
deformation of metal alloys,>* and in alloys doped with impu-
rities, the dopants segregate toward these stacking faults.” Hence,
an understanding of the microscopic origins of defects and their
formation is of fundamental importance for furthering our
appreciation and mastery of materials. Hexagonal ice, the crystal-
line phase of water arising at atmospheric pressure, can be
expected to contain defects that may sometimes cause a shift in
the subsequent crystalline layers."* In an ice (I) crystal, these
layer shifts can represent stacking faults that coincide with a cubic
ice structure, a metastable form of ice (I)."~** Stacking faults in
ice (I) are planar defects on the basal face of hexagonal ice or the
(111) face of cubic ice that change the pattern of the layers
between hexagonal and cubic stackingl_8 (see SI-Figure 1). The
origin of stacking faults within ice is currently believed to be
either point defects,"”'* which can be positional or orientational,
or dislocations™'* in the crystal lattice formed during nucleation®'®
or growth.>'°"'? In this regard, fluctuations at the liquid—solid
interface are an important factor in this process.”>” *'> Point
defects and dislocations can cause insertion or deletion (partial
or complete) of layers of molecules”®'* that distort the ideal
hydrogen-bonding network in an ice lattice. Consequently, water
molecules must reorganize themselves in attempting to satisfy their
desire for four hydrogen bonds and to minimize void space in the
presence of defects.”"'®'” Depending on the nature of a defect, ice
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layers might shift with respect to each other, generating stacking
faults. In current experimental investigations, it is rather difficult to
track directly the phenomena leading to stacking fault formation
because these events are prone to fluctuations if they occur at the
interface and are otherwise beyond of the resolution of current
instruments>”'>'* if they persist below the growing layers. Molec-
ular simulations can provide molecular-level insights into crystal
growth phenomenology,'®"” and we have utilized such an
approach [see the technical details in the Supporting Information
(SD] to explore stacking fault formation during ice growth and
characterize it microscopically.

Figures 1 and 2 show molecular configurations resulting from
simulations of the directional growth of the basal (0001) and
primary prism (1010) faces of hexagonal ice, respectively, from
(undercooled) liquid water, where patterns associated with
stacking faults are immediately observable. It is noteworthy that
these molecular simulations of ice growth are the largest such
reported to date. In both Figures 1 and 2, representative defective
regions have been highlighted with color, and different cross-
sectional slices of these defects are provided as additional panels.
Two key features are common to all of the highlighted defective
regions: the presence of two five-membered rings coupled to an
eight-membered ring (5—8 rings) and the triangular character of
the defective regions accommodating the stacking faults. The
triangular morphology and its rough dimensions are comparable
to the scanning tunneling microscopy (STM) images from a
recent ice growth experiment'* carried out at rather low tem-
peratures (140 K).

Apart from the morphological similarities between the STM
images and our results, the model proposed in ref 14 to account
for the apparent occurrence of cubic ice layers in the STM
experiment is similar to the molecular configurations presented
in Figure 2b,d. However, this model is limited to the assumption
that the apparent structural mismatches always occur at the
positions of substrate steps, leading to formation of screw
dislocations in the ice crystal. However, there are unexplained
triangular features in the STM images'* that appear to be
associated with stacking faults that do not occur at step locations
of the substrate. The phenomenology observed in the present
work arises from the behavior of the ice itself, as there is no
substrate. The coupled 5—8 ring defects, when viewed along the
line of the defects as in Figure 2c, appear as stretched hexagonal
cavities across the crystal and resemble the “voidlike” regions at
grain boundaries (interfaces) sought by other groups7 (also see
SI-Figure 4). These coupled 5—8 ring defects not only facilitate
stacking faults in an ice crystal but also can extend across a crystal,
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Figure 1. Defect structure in an ice—water system during directional
growth of the basal face (0001) of hexagonal ice, I. This system
configuration resulted from allowing ice to grow at 24 K undercooling
for 35 ns; the direction of growth is defined as the z axis. (a) The yz
projection of the final system, in which only hydrogen bonds between
molecules are shown. Some representative defective regions are high-
lighted in red, yellow, or green. Panels (b) and (c) are single- and
multilayer xy cross sections, respectively, of a representative defective
region in the system. Coupled 5—8 ring motifs are highlighted with
white rectangles in (b), whereas in (c) these features are highlighted with
correspondingly colored rectangles. The apparent triangular morphol-
ogy of the stacking fault regions in (b) and (c) is noteworthy. An
alternative visualization of panel (c) is provided in SI-Figure 2. Addi-
tional xy cross-sectional slices are provided in SI-Figures 3 and 4.

which makes them a reasonable candidate for a structural motif
present at (sub)grain boundaries.”*°

Although stacking faults are known as planar defects, their
initiation is apparently a three-dimensional structural event. A
possible mechanism is suggested in Figure 3, which illustrates
that on the (2021) face of hexagonal ice there are sets of 10-
membered rings, a feature also shared by the (001) face of cubic
ice. If two of the water molecules in these rings move inward and
hydrogen bond (forming point defects) as pictured in Figure 3,
then two five-membered rings result, one of which lies in the
basal face and the other in the prism face. While five-membered
rings are quite stable,”" they interfere with further growth of the
ice crystal. Additional water molecules in the face may adopt this
pattern to form other pairs of five-membered rings, which are
always separated by eight-membered rings. This motif then
extends across an ice layer, producing a shift in the molecular
positions of the next layer and hence a stacking fault. For a large
(basal) interface, it is likely that an ice layer might nucleate as
islands of crystals, which could grow until they reach each other’s
boundaries. If the stacking in these islands is not in register, then
the coupled 5S—8 ring defect could facilitate connecting the whole
layer together (see SI-Figures 3 and 4).

There are other important factors in the observation of
coupled 5—8 ring defects. One of these is the temperature.
The degree of undercooling appears to be an essential factor in
the appearance and stabilization of this defect. At smaller under-
coolings (e.g,, 15 K), the defect was rarely seen in our simula-
tions, although experiments are still able to detect a noticeable

Figure 2. Defect structure in an ice—water system during directional
growth of the primary prism face (10—10) of hexagonal ice, I;,. This
system configuration resulted from allowing ice to grow at an under-
cooling of 24 K for 25 ns; the direction of growth is identified as the z
axis. (a) The xz projection of the final system, in which only hydrogen
bonds between molecules are shown. Within the grown ice crystal, four
layers exhibiting defect motifs have been colored red, green, yellow, and
blue from top to bottom in the direction of view. The triangular shape of
the stacking faults resembles the patterns seen in the STM images in ref
9. Panels (b—d) are cross-sectional slices in the yz plane through the
configuration, where coupled 5—8 ring defects are again apparent at the
boundaries of the shifted layers. A representative defect has been
highlighted in (a) by a white rectangle. An alternative visualization of
panel (a) is provided in SI-Figure S.

population of stacking faults.'>"* It is expected that lower tem-
peratures slow down annealing processes, thereby allowing for
the survival of coupled five-membered rings. This is consistent
with the STM experiment observations,'* which were performed
at low temperature; higher temperatures would likely have
tended to anneal such defects in a growing ice crystal. It is the
relatively low undercoolings and short observation times (relative
to experimental observation and annealing times) of the present
simulations that have aided in our observation of coupled S—8 ring
defects.

Periodic boundaries and the simulation length scale can also
be important factors. Comparison of the defect features in
Figures 1 and 2 with those shown in SI-Figures 6—9 indicates
that smaller system size and lattice periodicity can easily con-
strain the defect either to anneal or to appear as part of a large
feature. If a crystal cannot accommodate or anneal the defect,
then further growth appears to stop (see SI-Figures 6 and 7).
This supports the suggestion that previous workers had not
detected coupled 5—8 ring defects or their morphological
consequences because their systems were not of sufficient size
to accommodate the necessary fluctuations.">"'*"?

It is easy to envisage that solutes at an ice interface might be
coupled to structural fluctuations and the formation of point
defects' able to generate coupled 5—8 rings. In moderate-sized
systems (i.e., those with widths of 2 to 3 nm), we observed that
the presence of solutes such as methane, ammonia, and methy-
lamine in the liquid phase can induce the formation of coupled
5—8 ring defects. Figure 4 presents representative examples that
occurred during the directional growth of the (111) and (011)
faces of cubic ice from an aqueous methane solution. The
presence of methane molecules at the right time and place at
the interface appeared to promote displacement of the appro-
priate water molecules to trigger five-membered ring formation

dx.doi.org/10.1021/ja109273m |J. Am. Chem. Soc. 2011, 133, 704-707



Journal of the American Chemical Society

COMMUNICATION

Figure 3. Formation of coupled 5—8 ring defects. The hydrogen-
bonding network of water molecules is shown for the (2021) and
(0001) faces of hexagonal ice. The ideal (lattice) hydrogen bonds of a set
of molecules that give rise to coupled $—8 rings are colored solid red and
yellow, whereas the defect-associated hydrogen bonds are depicted with
yellow and red stripes. Hydrogen bonds that subsequently formed to
complete the defect motif on the (0001) face are colored with purple and
green stripes. The latter bonds formed instead of the (ideal) lattice
bonds, which are colored green. The white lines represent the remainder
of the ice-lattice hydrogen bonds. It can be seen that the formation of a
hydrogen bond between two water molecules of a large 10-membered
ring on the (2021) face results in two coupled five-membered rings. One
of these five-membered rings lies relatively flat in the (0001) face and the
other one in the prism face. These coupled rings can help promote the
formation of similar motifs in nearby lattice sites (green-and-purple-
striped bonds) and can extend across the layer.

(a)
Xz ¥

(b)
X-F N-F (111)

Figure 4. Defect structure in ice—water systems during directional
growth of two faces of cubic ice, I, in the presence of a methane solute.
Only the hydrogen bonds between water molecules are shown, and the
yellow spheres represent methane molecules. The direction of ice
growth is defined as the z axis. The defective layers are colored green
and blue. Red water molecules have distorted hydrogen bonds to a
defective layer and may have participated in formation of the defect. (a)
System configuration resulting when the (111) face of cubic ice was
allowed to grow from aqueous solution at an undercooling of 24 K for 37
ns. The left and right panels show slices through the system configura-
tion along the xz and xy planes, respectively. An entrapped methane
molecule can be seen to reside in proximity to an eight-membered ring
structure. (b) System configuration resulting when the (011) face of
cubic ice was allowed to grow from aqueous solution at an undercooling
of 24 K for 43 ns. The green layer contains motifs of coupled S—7 rings
that apparently arise as a result of the structural mismatch with the layer
containing the coupled 5—8 ring defect. The left panel presents the xz
projection of the configuration, while the right panel provides a view of
the coupled 5—8 ring defect on the (111) face.

(as demonstrated in Figure 3), leading to the defect. Specifically,
it is the steric bulk of a methane molecule that increases the
tendency of the two water molecules in a 10-membered ring on
the (001) face of cubic ice or the (2021) face of hexagonal ice to
form a hydrogen bond (see Figure 4a). The resultant eight-
membered ring pocket provides the methane molecule with an

apparently favorable location to reside (stabilizing it in a manner
not unlike that found in clathrate hydrate formation**). We
should emphasize that as soon as these coupled 5—8 ring defects
form on the (111) face of cubic ice or the (0001) face of
hexagonal ice in moderate-sized systems, the growth of further
ice layers effectively stops, as discussed above. The (011) face of
cubsic ice (see Figure 4b) also exhibited similar phenomenology
in the presence of methane molecules. Other solutes, such as
ammonia and methylamine, were also able to trigger the forma-
tion of coupled 5—8 rings (see the SI).

Along with coupled 5—8 ring defects, sets of coupled S—7
rings> are also apparent in our configurations [Figure 1b,c;
Figure 2a; Figure 4b (111); also see the SI]; these resemble
Stone—Wales defects in graphene.”* However, in graphene
sheets, such 5—7 defects are strictly two-dimensional structures.
Although coupled 5—7 rings in ice appear mainly in layers of
hexagonal rings [Figure 1b; Figure 2a; Figure 4b (111)], they
must have a three-dimentional nature because of the hydrogen-
bonding network in ice. Furthermore, the presence of coupled
5—7 rings induces only a local intralayer perturbation (the
rearrangement of a few molecules) in the ice structure,” which
is incapable of inducing stacking faults. In contrast, coupled 5—8
ring defects engage multiple layers as they form (Figures 1 and 2)
and thus facilitate stacking faults.

Apparently, the coupled 5—8 ring defect can provide a mole-
cular basis for understanding a variety of experimental obser-
vations.'>"® The characteristics of the coupled 5—8 ring defect,
particularly the length scale of the resultant structures, match
those of arrays of dislocations identified in ice cores,'>'>*°
which are evidently associated with (sub)grain boundaries. The
density of these defects is apParently higher in our systems than
estimates from experiments; > rapid growth rates and the lack of
time for annealing are likely factors enhancing the appearance of
coupled 5—8 defects in our simulations. Further structural,
kinetic, and energetic aspects of this defect should clearly be
investigated with approaches such as accurate ab initio simula-
tions and spectroscopic techniques in conjunction with existing
X-ray topographs of stacking faults'> and STM images."* The
role this defect can play in shifting ice layers to generate stacking
faults, as well as its possible inclusion at (sub)grain boundaries,
may help glaciologists"'® and planetary scientists'”>>* in inter-
preting the properties of defective ice crystals”” formed under
strain—stress or hydrostatic pressure conditions. It would assist
atmospheric scientists® in understanding how impurities® may be
incorporated into ice crystals and how they may affect the
structure of ice. It may offer clues to cryobiologists”** on how
to prepare solutions from which ice (I) crystals with more cubic
character might be produced; it is believed that such ice crystals
would be smaller and less harmful to living tissues.”” The
presence of coupled five-membered rings accompanied by
an eight-membered ring void may also provide the means for
an ice surface to nucleate other structures, such as clathrate
hydrates.”
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© Ssupporting Information.  Simulation methods, complete
ref 26, topology and stacking of hexagonal ice (0001) and cubic
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inducing coupled 5—8 ring defects. This material is available free
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