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Structural Transitions in Amorphous Water Ice 
and Astrophysical Implications 

Peter Jenniskens and David F. Blake 
Selected area electron diffraction is used to monitor structuralchanges of vapor-deposited 
water ice in vacuum during warm-up from 15 to 188 K. A progressionof three amorphous 
forms of water ice is found with well-defined transitions. The formation of a high-density 
amorphous form (I,h) at 15 K is confirmed, and the transition to the more familiar low-
density form (1,l) occurs gradually over the range 38 to 68 K. At 131 K, the ice transforms 
into a third amorphous form (Iar),which precedes the crystallization of cubic ice (I,) and 
coexists metastablywith I, from 148K until at least 188K. These structuraltransformations 
of amorphous water ice can be used to explain hitherto anomalous properties of astro-
physical ices. The structural transition from labto Ia1is responsiblefor the diffusion and 
recombinationof radicalsin ultraviolet-photolyzedinterstellaricesat lowtemperatures.The 
occurrence and persistenceof Iarexplains anomalous gas retentionand gas releasefrom 
water-rich ices at temperatures above 150 K. 

Amorphous water ice, vapor-deposited 
and with trapped impurities, plays an im-
portant role in astrophysics (1, 2). Such ice 
is observed spectroscopically as a frost on 
interstellar dust in dense molecular clouds 
and constitutes the bulk of matter in comets 
(1, 2). Amorphous water ice has relevance, 
too, in biological electron microscopy and 
cryobiology, where it is used as an embed-
ding material replacing liquid water (3), 
and in the study of the structure and phys-
ical properties of liquid water itself (4-6). 
The experiments described here, although 
relevant to all of these areas, were designed 
to help interpret the complex outgassing 
phenomena observed in laboratory studies 
of cometary ice analogs and the diffusion of 
radicals found in exueriments that simulate 
interstellar ices. These studies usually mon-
itor gas release (7) or infrared absorption 
bands (8, 9) during a gradual warming of ice 
layers. Such phenomena are most likely 
related to changes in the structure of the 
water matrix. but structural changes are not-
directly observed. 

We have recently combined selected 
area electron diffraction (SAED) and cryo-
genic techniques in an instrumental config-
uration that allows direct observation of the 
water ice structure as it evolves during 
warm-up under experimental conditions 
similar to those described above. Water 
vapor is deposited onto a 15 K amorphous 
carbon film inside a Hitachi H-500 H trans-
mission electron microscope at a base pres-
sure of 2 x lop7torr (10). The resulting ice 
film (-0.05 pm thick) (11) is warmed at 
the rate of 1 to 2 K per minute, and 
diffraction uatterns are collected at 1-min 
intervals and stored digitally during warm-
up. These diffraction patterns are then con-
verted into radial intensity distributions 
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(Fig. 1). The momentum transfer coordi-. "  , 
nate (k = 2~r/d,where d is the lattice 
spacing) is calibrated with patterns of crys-
talline gold deposited on a small part of the 
substrate. The relativelv small intensitv 
contributed by the aniorphous carbon sub-
strate is removed by a background subtrac-
tion algorithm. 

Water ice that is formed by vapor dep-
osition at low pressure has three established 
forms: two crystalline forms, the hexagonal 
(Ih) and cubic (I,) polymorphs and a low-
density amorphous form-I,1 (our nota-
tion)-with a local density of 0.94 g/cm3 
(4). In addition, Narten et al. (12) de-
scribed a high-density (1.07 g/cm3) amor-
phous form of water ice (1,h) made by 
vapor deposition at 10 K. The oxygen-
oxygen radial distribution functions de-
rived from x-rav diffraction Datterns were 
found consistent with a structure similar to 
low-density amorphous ice but with addi-
tional interstitial water molecules. 

We confirm the formation of a high-
density amorphous form when water vapor 
is deposited on an amorphous carbon film at 
15 K. Our diffraction patterns are identical 
to those reported by Heide (3). Fourier 
transformation of the 1,h pattern confirms 
the presence of a peak between 3 and 4 A in 
the oxygen-oxygen radial distribution func-
tion, indicative of interstitial water (12). 
Thus, the high-density amorphous form is 
not an artifact of epitaxial growth on an 
oriented single crystal surface as was later 
suggested (4, 13). We have followed the 
transformation of high- to low-densitv-
amorphous ice by monitoring the position 
of the first and second diffraction maxima. 
The high-density form 1,h persists until 
about 38 K and then undergoes a well-
defined, albeit sluggish, transition to the 
low-density amorphous form I,1 in the tem-
perature regime of 38 to 68 K (Fig. 2). 

When the temperature T is increased 

further, an irreversible change in structure 
of the low-densitv amoruhous form occurs. 
marked by an increase in intensity and a 
slight sharpening of the first diffraction 
maximum. The structure starts to change 
before any sign of crystallinity in either the 
diffraction pattern or the bright-field images 
and has a well-defined onset at 131 * 2 K 
for given experimental conditions (Fig. 3). 
In other experimentswith heating rates of 1 
to 2 K per minute but different annealing 
times, the onset of this transformation oc-
curs between 122 and 136 K. The onset of 
crystallization occurs at 148 K (142 to 160 
K in other experiments), during which the 
cubic 220 and 311 peaks appear (Fig. I ) ,  
the pattern becomes spotty, and crystallites 
emerge in the bright-field images. But most 
remarkably, within-the time and tempera-
ture constraints of our experiments, the ice 
does not fully crystallize, a phenomenon 
first observed by Dowel1 and Rinfret (14). 
The magnitudes of the cubic diffraction 
maxima become. at best. similar to those of 
the amorphous component. 
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Fig. 1. Electron diffraction patterns of the differ-
ent forms of vapor-deposited water ice from a 
region about 10 pm in diameter. The forms 
encountered are high-density amorphous ice 
(Iah), low-density amorphous ice ( l a \ ) ,  re-
strained amorphous ice (Iar) (while transform-
ing from !,I), and a composite of restrained 
amorphous Iar and cubic crystallineice (I,). The 
latter can be separated into two components by 
subtraction of a standard cubic pattern as 
indicated, which allows one to follow changes 
in the amorphous component after the onset of 
cubic crystallization. 
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The amorphous component of the pat-
tern cannot be attributed to small crystallite 
size. The crystallites have sizes normally 
distributed about 0.05 to 0.15 p.m. As the 
cubic diffraction pattern becomes more in-
tense, the crystallites do not vary much in 
size and the half widths of the cubic diffrac-
tion maxima remain unaltered. These fea-
tures are indicative of a structure transition 
rather than crystal growth (14). This con-
stancy of crystal size allows us to separate 
the observed patterns into two components 
by subtracting an intensity-scaled pure cu-
bic pattern. From this, we find that the 
amorphous component continues its gradu-
al change as before the onset of crystalliza-
tion until the rate of change of both cubic 
and amorphous components slows at 16TK 
(158 to 170 K in other experiments). Sim-
ilar but smaller changes are observed in the 
width and positioL of both diffraction 
peaks. This behavior is consistent with a 
transition from the low-density amorphous 
form to another amorphous form, which we 
call 1,r. This form coexists with cubic crys-
tals for at least 16 hours at 178 K. There is 
probably not a clear phase separation. In-
stead, we expect the amorphous component 
to be intimately mixed with cubic ice in the 
crystallites. 

The ice layer becomes noticeably thin-
ner as a result of sublimation at about 180 K 
and is lost at 188 K (188 to 212 K in other 
experiments). At higher confinement pres-
sure. the recrvstallization of cubic to hex-
agonal ice has been reported to start at 213 
K (14). In the process, the amorphous 
component is converted to hexagonal ice 
(14). as can be deduced from ~ublished. ,. 
x-ray patterns (15). 

The specific temperatures at which the 
transitions occur depend on the style of 
deposition, the deposition rate, and the 
presence of impurities (8). In our experi-
ments, we found that the critical factors are 
the heating rate and the "annealing time," 
the time between deposition and the onset 
of the cubic transition. The values quoted 
here are for heating rates of 1 to 3 K per 
minute and annealine times of 1to 2 hours." 

An important question is whether the 
observed amomhous forms ~ersistover ex-
tended periods of time. In time-dependency 
studies. the onset of crvstallizationoccurs at 
exponentially increasing times for higher 
1/T. We derive an activation enthalpy of 
AH = 44 + 2 kJ/mol, which is in agree-
ment with previous studies (16, 17) and is 
about equal to the energy of two Ih hydro-
gen bonds per molecule (18). We find 
similar exponential behavior for the onset 
of amorphous form I,r, with AH = 25 + 5 
kJ/mol. This creates a large region in the 
time-temperature diagram in which this 
amorphous form can persist. Preliminary 
results for the cubic to hexagonal recrystal-

lization indicate an activation enthalpy of 
AH 2 50 kJ/mol. 

This brings us to the structure of amor-
phous form 1,r of water. We propose the 
name "restrained" amorphous form (1,r) 
because the structure of this form prevents 
large-scale reordering into the cubic poly-
morph (19). What type of short-range order 
would prevent restructuring into the cubic 
crystalline polymorph (before transforma-
tion into the hexagonal form at higher 
temperature or longer time)? A clue is 
provided from experiments in which amor-
phous ice is rapidly heated to 145 K and 
held at that temperature for several hours. 
Under these conditions, the diffraction pat-
terns after the onset of cubic crystallization 
contain weak diffraction peaks characteris-
tic of hexagonal ice Ih. Bright-field images 
of the 0.1-um crvstallites show numerous 
planar defe'cts, odcasionally with spacings 
<0.005 p,m. We attribute these defects to 
local stacking disorder in which the normal 
ABCABC . . . stacking sequence of the 
cubic polymorph is interrupted by ABAB 
. . .domains typical of the hexagonal poly-
morph. These domains may have had their 
origin in the precursor amorphous ice 1,r. 

We propose a model in which the I,1+ 
I,r transition causes the water ice to relax 
into local domains of both hexagonal 
ABAB and cubic ABCABC closest pack-
ing. The ,ordering within these domains 
cannot extend beyond a few unit cells lest 
they would cause crystalline diffraction 
peaks (20). The activation enthalpy for the 
transition 1,t + 1,r suggests that this relax-
ation, involves the breaking of one hydro-
gen bond per water molecule. The transi-
tion I,1 + I, involves an activation en-
thalpy equivalent to the breaking of two 
hydrogen bonds per molecule. However, by 
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Fig. 2. Temperature dependence of the posi-
tion of the first and second diffraction maxima in 
the temperature range in which amorphous 
water ice transforms from the high-densityform 
to the low-density form. The transition is well 
defined, albeit sluggish. The ice was deposited 
at 15 K and held there for 37 min before 
warm-up at a rate of 2 K per minute. 
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the formation of small hexagonally ordered 
domains during the relaxation. an even-
larger energy barrier is created that prevents 
crystallization 1,r + I, until all the ice 
rystallizes into the hexagonal polymorph Ih. 

We have no time-dependency data on 
the high- to low-density amorphous ice 
transition that can be used to determine the 
activation enthalpy. The low temperature 
of the transition (starting at 38 K) suggests 
that AH is less than 10 kJ/mol. One possi-
ble reason for the existence of the transition 
1,h + I,1 at such low temperature is that 
interstitial water allows five-coordination, 
which is thought to lower the activation 
enthalpy for restructuring (5). 

Previous studies have suggested a third 
amorphous form, or even a phase, of amor-
phous water with an  onset just before crys-
tallization. In outgassing experiments, Kou-
chi observed an increase of vapor pressure 
at 133 K, which he interpreted as the result 
of a third amorphous phase called "I,,," also 
called "a-H20(111)" and "H20a,(111)" (7, 
21). This interpretation was questioned by 
Sack and Baragiola (17), who argued that 
the observed pressure increase was caused 
by a combination of a high vapor pressure of 
the amorphous phase and disequilibrium 
temperatures from rapid heating. However, 
it is likely that Iardoes have a higher vapor 
pressure than 1,l. It is not clear how 1,r 
relates to Speedy's (22) hypothetical "water 
11," a phase that was proposed to link the 
quite different heat capacities of I,1 and 
liquid water. It is also not clear how Iar 
relates to the elass transition that has been-
reported just before the onset of crystalliza-
tion at 136 to 138 K (23). The cycling 
between 127 and 148 K needed to show the 

Fig. 3. Temperature dependenceduring warm-
up of the intensity (inarbitrary units) of, from top 
to bottom, the second and first diffraction peaks 
of the amorphous component and the cubic 
220 peak, which marks the onset of crystalliza-
tion into I,. The onset of the transition Ia1-* Iaris 
well defined by an increase in intensity of the 
first diffraction peak. The heating rate was 1 to 
2 K per minute, and the onset of the cubic 
crystallization occurred 182 min after deposi-
tion at 15 K. 
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glass transition in differential scanning cal-
orimetry suggests that the ice is in the I,r 
form when measured. 

The existence of different, naturallv 
occurring amorphous forms of water ice, 
each with a specific range of metastability, 
has important consequences in astrophys-
ics. Observations of outgassing and diffu-
sion of radicals in astrophysicalice analogs 
can be attributed to changes in the struc-
ture of the water ice matrix, which enclos-
es the observed impurities. Indeed, for 
water-dominated ices we can make several 
observations. 

Interstellar ice in cold (T < 20 K) dense 
molecular clouds is frozen on dust grains in 
an amorphous form. A good agreement of 
the position and width of the 3.07-$m 
infrared ice band with that of low-T depos-
its (8, 24) suggests that the ice is at least 
partially in the form Iah. The I,h + IJ 
transition can olav a role in the formation. , 
of solid reduced carbon. This proceeds 
through ultraviolet (UV) photolysis of 
H20, which creates mobile hydrogen atoms 
that are scavenged by carbon-containing 
impurities (for example, CO and C02).  
The resulting radicals recombine into more-
complex organic molecules called "organic 
residue" (25). This residue is subsequently 
processed into refractory material by addi-
tional UV photons (26). Figure 4 shows a 
laboratory simulation of this process in an 
experiment by Schutte (27), who traced 
the trapped impurities and radicals (HCO) 
by monitoring the strength of their infrared 
absorption bands during warm-up. Indeed, 

the transition from high- to low-density 
amorphous ice is easily recognized in the 
diagram and coincides with a loss of HCO, 
13C0, and 13C0, infrared band strength 
(because of incorporation into larger organ-
ic species or outgassing). Therefore, small 
"organic residue" molecules may already be 
formed in the Iah + I,1 transition, before 
the evaporation of the water matrix. This 
probably accounts for the relatively high 
efficiency of residue formation in laboratory 
studies (26, 27) and suggests an even great-
er 'efficiency of organic residue formation 
under astrophysical conditions. This is so 
,because transient heating events could" 
warm interstellar ice 'grains from the 1,h 
regime into the Ial regime, causing radical 
recombination and residue formation. After 
cooling to the Iahregime, UV photons can 
transform the ice from the IJ form to the 
I,h 'form (3, 28) and create new radicals in 
the ice. Subsequent transient heating 
events could repeat the cycle many times 
over as lone as traces of CO and CO," 
remain in the ice. Temperature fluctuations 
of low magnitude are much more abundant 
than those high enough to evaporate the 
water ice. 

Comets are composed of primitive solar 
system ices. Two families of comets are 
known: Kuiper Belt objects, which remain 
during their lifetime at temperatures below 
30 to 50 K, and Oort cloud objects, which 
were expelled from their formation zones in 
the Uranus-Neptune region where the ice 
was heated to some 60 to 100 K (2, 29). 
After being-expelled, the Oort cloud com-

Fig. 4. A laboratory simula-
tion of the formation of re-
duced organic matter ("or-
ganic residue") from a UV-
photolyzed ice mixture 
H,O:CO:NH, (0.63:0.25: 
0.12) deposited at 15 K 
(data by W. A. Schutte) (27). 
The figure shows the inten-
sity of a number of infrared 
absorption bands that were 
monitored during warm-up 
at about 1 K per minute, 
where the band assignment 
to functional groups is that 
of Schutte (27): The struc-
tural transitions as derived 
from Figs. 2 and 3 are clear-
ly seen in the changes in the 
infrared absorption spectra 
during warm-up. 

ets cool down to temperatures T < 20 Kbut 
retain the structural signature of their high-
er temperature origin. Given this tempera-
ture history, we infer that the two classes of 
objects should have amorphous ice in two 
different forms: Kuiper Belt objects are 
made of high-density ice, whereas Oort 
cloud comets are made of low-densitv ice 
(but probably have a crust of high-deksity 
ice induced by cosmic-ray ion bombard-
ment). "Density" in this context refers to 
the local ice structure and not to the mean 
volume density of the comet. The differ-
ence in ice structure may manifest itself in 
the outgassing characteristics of new com-
ets. A small amount of outgassing associat-
ed with the amorphous to amorphous tran-
sitions is apparent in many lab experiments 
(7, 28). Finally, the amorphous form 1,r 
can account for the anomalous gas reten-
tion reported for warming of impure ices to 
temperatures T > 150 K (7, 30), because 
probably not all trapped volatiles are re-
leased until sublimation or transformation 
into hexagonal ice (Ih). 

We conclude that the structural forms of 
amorphous water ice and their transitions 
underlie and are responsible for many hith-
erto "anomalous" properties of astrophysi-
cal ices. These findings allow remote obser-
vations of astrophysical ices to be interpret-
ed in terms of structural properties of the 
water ice matrix. 
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Infrared Laser Spectroscopy of the 
Linear C,, Carbon Cluster 

T. F. Giesen,* A. Van Orden, H. J. Hwang,"f. S. Fellers, 
R. A. Provengal, R. J. Saykally 

The infrared absorption spectrum of a linear, 13-atom carbon cluster (C,,) has been 
observed by the use of a supersonic cluster beam-diode laser spectrometer. Seventy-six 
rovibrational transitions were measured near 1809 wave numbers and assigned to an 
antisymmetric stretching fundamental in the '8,+ ground state of C,,. This definitive 
structural characterizationof a carbon cluster in the intermediate size range between Cl0 
and C,, is in apparent conflict with theoretical calculations, which predict that clusters of 
this size should exist as planar monocyclic rings. 

T h e  structure and bonding in oure carbon- * 

molecules have been of interest for many 
years because of the importance of these 
species in many contexts, ranging from dust-
grain formation in the interstellar medium to 
soot formation in combustion systems. Re-
cently, this interest in carbon clusters has 
intensified because of the dramatic emer-
gence of fullerene science, centered primar-
ilv about the discovew and characterization 
oi  the C,, molecule and other members of 
this "third form of carbon." A review article 
by Weltner and Van Zee describes research 
conducted before 1989 (1) . Experimental 
(2) and theoretical (3) evidence suggests 
that the formation of C,, and other 
fullerenes proceeds by a mechanism in which 
small carbon clusters undergo condensation 
from 1inear.chains through monocyclic rings 
and finally to large three-dimensional, cage-
like structures. A detailed characterization 
of this mechanism, as well as those for 
related orocesses like soot formation. re-
quires a ;borough understanding of how the 
structure and bonding evolve in smaller 
carbon clusters as the cluster size increases. 
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Extensive theoretical and ex~erimental 
efforts have been under way for several years 
to elucidate these mechanisms. From theo-
retical considerations, the picture that has 
emerged is that the small, odd-numbered 
clusters of C3 to Cg exist exclusively as 
cumulenic linear chains with '8,+ ground 
electronic states, whereas the even-num-
bered clusters of C4, C,, and C8 have two 
nearly isoenergetic structural isomers, a 38-
linear chain and a nearly planar singfet 
cyclic ring (4-6). Above C, a transition 
occurs, and the ground-state structures of 
both even and odd clusters become planar 
monocyclic rings, while the corresponding 
linear structures become relatively high in 
energy (5, 7, 8). This trend is thousht to 
continue for C,, to C,,. As the cluster size 
increases toward C,,, high-level ab initio 
calculations become unfeasible, although 
several calculations at lower levels of theory 
have been reported (9, 10). Ion mobility 
measurements indicate that a rich varietv of 
structures begins to form above C,,, includ-
ing planar monocyclic and polycyclic rings 
(11). Some calculations suggest that clusters 
as small as C18may exist as fullerenes (lo), 
although there is no experimental evidence 
to support this suggestion. However, it is 
clear that fullerenes become the most stable 
structures at sizes larger than C3,. 

Experimental verification of this picture 
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