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also be detected by broadening the satellite 
transitions, a third, sensitive method for 
probing mobility. The rapid conductivity of 
these materials means that 170 enrichment 
is simple and efficient. These new ap- 
proaches, combined with two-dimensional 
exchange experiments and with the more 
traditional relaxation methods for probing 
dynamics, should yield detailed insight into 
the mechanisms of conduction in a wide 
range of oxide conductors. 
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Structural Studies of Several 

Distinct Metastable Forms of 

Amorphous Ice 
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J. Neuefeind,2 B. Tomberli,4 P. A. Egelstaff4 

Structural changes during annealing of high-density amorphous ice were stud- 
ied with both neutron and x-ray diffraction. The first diffraction peak was 
followed from the high- to the low-density amorphous form. Changes were 
observed to occur through a series of intermediate forms that appear to be 
metastable at each anneal temperature. Five distinct amorphous forms were 
studied with neutron scattering, and many more forms may be possible. Radial 
distribution functions indicate that the structure evolves systematically be- 
tween 4 and 8 angstroms. The phase transformations in low-temperature liquid 
water may be much more complex than currently understood. 
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Amorphous forms of ice have been produced 
by many techniques. For example, pressur- 
ization of ice I to - 13 kbar is known to yield 
the most common high-density amorphous 
(HDA) form of ice (1). Low-pressure vapor 
deposition onto a cold target (2), rapid 
quenching of the liquid (3), or decompression 
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and heating of the HDA form are known to 
produce other amorphous forms, all with den- 
sities that are similar to that of the crystalline 
ice I phase. These forms have been catego- 
rized as low-density amorphous (LDA) 
forms. In addition, the LDA form has been 
reported to abruptly and reversibly transform 
into the HDA form with the application of 
pressure, possibly through a first-order phase 
transition (4). This has resulted in the sug- 
gestion that all forms of amorphous water can 
be partitioned into these two high- and low- 
density forms (5). However, a survey of the 
literature provides the seemingly contradicto- 
ry view that a continuous range of amorphous 
structures may exist (6-10). In fact, Mishima 
and others in their original work on the crys- 
talline to amorphous transition stated that 
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"Heating below the 117 K transition causes 
irreversible changes in the diffraction pat- 
tern. .." (1), thus suggesting the possibility of 

many amorphous forms. However, no de- 
tailed structural studies of these possible in- 
termediate forms have ever been reported; 
therefore, the interpretation of the nature of 
this important transition is difficult. 

Calorimetric studies of this transition have 
indicated a slow exothermic process followed 
by a sharp exothermic peak associated with the 
HDA to LDA transition at 113.4 K at a heating 
rate of 10 K hour-1 (11). In addition, subtle 
differences in the Raman and infrared spectra 
(12, 13) have been accepted as indicating only 
minor variations of the more general LDA 
structural category, and similar claims have 
been made regarding the HDA category (7). 
Structural studies by neutron and x-ray diffrac- 
tion (14-18) have also resulted in the sugges- 
tion that liquid water can be considered a mix- 
ture of the low- and high-density forms (5). 
Conversely, relaxation, as indicated by the shift 
in the first diffraction peak in the HDA form of 
D20 upon annealing, has also resulted in the 
suggestion that some variation in the HDA 
structure may exist (7). Recently, neutron dif- 
fraction with isotope substitution experiments 
on HDA and LDA was also conducted, and the 
substantial differences in the structures were 
reported (19). 

We studied the structural changes during the 
transition in detail using both neutron and x-ray 
scattering. We followed the transition continu- 
ously by recording the position of the first sharp 
diffraction peak (FSDP) in the neutron and x-ray 
static structure factor as a function of time at 
several anneal temperatures. We found that the 
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transition from the high- to the low-density form 
can occur continuously through a series of 
amorphous forms that appear to be intermediate 
and metastable at each anneal temperature over 
the course of several hours (with every indica- 
tion that these forms are metastable for much 
longer times). At each anneal temperature below 
110 K, the transition proceeds rapidly at first 
(possibly through transient structures), but then 
it becomes kinetically inhibited with no further 
structural evolution. In all, using neutron dif- 
fraction, we studied five metastable amorphous 
ice forms. We subsequently compared data from 
each structure at 40 K and, using the derived 
neutron and x-ray radial distribution functions, 
identified the major structural changes that oc- 
cur between each successive metastable form 
during the HDA to LDA transformation. 

HDA ice (99.999% D20 for neutron stud- 
ies and 99.99% H20 for x-ray studies) was 
formed by pressurizing ice Ih to 18 kbar at 77 
K in a piston cylinder apparatus at the Na- 
tional Research Council of Canada. These 
samples were stored in liquid nitrogen during 
shipment to Argonne National Laboratory. 
The neutron diffraction data were collected 
by using the glass liquids and amorphous 
materials diffractometer at the Intense Pulsed 
Neutron Source. Subsections of the samples 
were placed in a vanadium container and 
loaded into a precooled cryostat. The loading 
procedure was carried out at 77 K. The data 
were analyzed with the ATLAS software 
package that corrected for background scat- 
tering from the empty vanadium can, absorp- 
tion, and multiple scattering, and the data 
were normalized to an absolute scale with the 
isotropic incoherent scattering from vanadi- 
um. The resulting differential cross section 
was then normalized to the high momentum 
transfer limit (i.e., up to a Qmax value of 25 
A-1, where Q is the momentum transferred 
to the sample). This corrected for the un- 
known effective density of the powdered 
sample. Finally, the inelastically scattered 
(Placzek) component was calculated and re- 
moved, giving the total neutron static struc- 
ture factor SN(Q). Samples used for the x-ray 
experiments were transferred from liquid ni- 
trogen storage into a cryostat mounted on the 
high-energy x-ray diffractometer at the 11- 
ID-C beamline at the Advanced Photon 
Source (20). The sample was loaded into an 
aluminum holder with thin Kapton film win- 
dows. The x-ray measurements were made in 
transmission geometry with the incident 
beam energy of 98 keV and scattering from 
4-mm-thick samples. The procedure for cor- 
recting the data has been outlined in detail 
(21). The x-ray data presented were corrected 
for detector dead time, container scattering, 
varying detector distance, and polarization, 
and they were normalized to the sum of the 
elastic plus Compton scattering with a Klein- 
Nishina correction. Multiple scattering and 

attenuation corrections for this sample were 
found to be negligible (- 1%) at this energy. 
For both the x-ray and neutron data, the 
sample temperature was accurate to within 
-0.1 K through equilibration with a low- 
density helium exchange gas in direct contact 
with the sample. Because the sample was a 
loosely packed powder and its volume was 
small (-3 mm by 3 mm by 4 mm for the 
x-ray experiments and -5 mm by 5 mm by 6 
mm for the neutron measurements) relative to 
the cold helium exchange gas volume, the 
thermal gradients within the sample were 
negligible. The total radial distribution func- 
tion G(r) is related to the Fiber-Ziman struc- 
ture factor by the Fourier transform, S(Q) = 
1 + (4,rp/Q)fr[G(r) - l]sin(Qr)dr, where p is 
the density of the sample in atoms per cubic 
angstrom. The densities for the HDA and 
LDA forms were taken from the literature (1), 
and the densities of the quenched intermedi- 
ate phases were determined by the scaled 
ratio of the position of the first diffuse peak 
position to the total peak shift between the 
HDA and LDA data. 

After the samples were loaded at low tem- 
perature into the neutron and x-ray diffractom- 
eters, they were initially cooled to 40 K, and a 
data set was collected from the unannealed 
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samples. The fully corrected total x-ray and 
neutron structure factor functions from the 
unannealed samples are given in the lower trac- 
es of Fig. 1, A and C. The high quality of the 
samples is demonstrated by the absence of in- 
tense crystalline ice Bragg peaks. For the unan- 
nealed phases, the first peak position in the 
neutron structure factor was measured at a mo- 
mentum transfer of 2.11 A-1; the first peak 
position in the x-ray structure factor was mea- 
sured at a momentum transfer of 2.25 A-1. 
Previously, these peaks had been measured at 
2.15 A-1 in both the neutron and x-ray struc- 
ture factors (15-17). 

The samples were then annealed at 95, 
100, 105, and 110 K for the times specified in 
Figs. 2 and 3. Structural changes during each 
isothermal annealing period were partially 
characterized by recording the position of the 
FSDP in the structure factor. After some 
time, no further structural evolution was ap- 
parent (i.e., when the slope of the curves 
through the FSDP position as a function of 
time is zero), therefore suggesting that a 
metastable structure had formed at each an- 
neal temperature. The temperature was then 
reduced to 40 K for comparison of the S(Q) 
functions among amorphous forms. The tem- 
perature was then increased for the next iso- 
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Fig. 1. (A) Total neutron S(Q) from D20 and (C) x-ray 5(Q) from H2O of several amorphous ice 
forms. Data were recorded at T = 40 K after each anneal. Neutron data sets were collected for 12 
hours, and x-ray data sets were collected for 3 hours. Solid lines in (A) are the smoothed functions. 
These data were used to obtain the radial distribution functions plotted in Fig. 4 (where Qmax = 
25 A-1). Linear combinations [xSHDA(Q) + (1 - x)SLDA(Q)] of the (B) neutron and (D) x-ray 
structure factors are also presented. The arrows indicate the trend from HDA to LDA, and the values 
of x were taken to be 0.75, 0.50, and 0.25. Superimposed on these curves is the measured S(Q) after 
annealing at 105 K (dashed curve). The annealed structure is unique and cannot be represented by 
any combination of LDA and HDA. The error in S(Q) at Q = 1.7 A-1 for the x-ray data is ? 1% and 
for the neutron data is ?2.4% (see representative error bars on plots). 
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thermal annealing cycle. Several of the neu- 
tron and x-ray S(Q) functions collected at 40 
K are shown in Fig. 1. 

The FSDP positions in the neutron S(Q) are 
given as a function of total anneal time for each 
isothermal anneal temperature in Fig. 2, and 
those from the x-ray S(Q) are given in Fig. 3. 
The temperature dependence of the neutron 
FSDP was measured and shown to change from 
1.95 ? 0.02 to 1.93 + 0.02 A-1 upon cooling 
from 105 to 40 K. Therefore, temperature and 
thermal expansion can be excluded as a possi- 
ble cause of the peak shift in these plots. These 
data indicate that there are no sharp disconti- 
nuities in the peak position during the transfor- 
mation, and thus we conclude that, at the local 
structure level, amorphous ice can evolve con- 
tinuously from the high- to the low-density 
form. During the 110 K anneal, the sample 
overcomes the remaining potential barriers, and 
the structure evolves toward the lowest density, 

Fig. 2. The position of 
the FSDP in the neu- 
tron structure factor as 
a function of total an- 
neal time. After each 
isothermal anneal, the 
samples were cooled to 
40 K for structural 
comparison (see Fig. 1). 
The unannealed state 
corresponds with the 
HDA phase. The solid 
curves were drawn to 
aid the eye. Pressuriza- 
tion of ice I at lower 
temperatures will prob- 
ably result in a slightly 
different structure. 
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or LDA, structure. We note that the structure 
after an isothermal anneal, at any given anneal 
temperature, may not be identical from sample 
to sample. This is because the transition is 
highly exothermic, and therefore the degree of 
structural evolution may depend on the packing 
morphology and the efficiency of the heat 
transport mechanism (i.e., low-pressure heli- 
um exchange gas in this case); these condi- 
tions are very difficult to reproduce from 
experiment to experiment. Furthermore, if the 
heat removal mechanism is not sufficiently 
efficient, the transition may continue to the 
LDA form and thus appear to occur through a 
series of transient rather than metastable 
amorphous forms. 

In addition to the unannealed HDA and 
final LDA form, three other distinct interme- 
diate forms were studied at 40 K with neutron 
diffraction. In the neutron S(Q) in Fig. 1A, 
the FSDP progresses toward lower momen- 

unannealed state 

1.7 

tum transfer with increasing anneal tempera- 
ture, from 2.11 to 2.06 to 1.92 and finally to 
1.67 A-~ in the LDA phase. This is accom- 
panied by an increasing peak intensity (atom- 
atom correlations) at -2.85 A-1 and a shift 
to lower momentum transfer of the broad 
peak seen from 4.0 to 3.63 A-1. The x-ray 
structure factor, in Fig. 1C, shows a similar 
trend; the FSDP position also shifts toward 
lower momentum transfer, from 2.25 to 2.16 
to 2.09 and finally to 1.71 A- , for the phases 
shown. Also shown is an initial decrease in 
the x-ray FSDP intensity, followed by an 
increase in intensity and substantial sharpen- 
ing in the final LDA phase. This is accom- 
panied by a sizable increase in the intensity of 
the peaks at 3.05 and 4.75 A-'. The general 
features of both the unannealed HDA and the 
final LDA structure factors from x-ray and 
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tion of the HDA and LDA S(Q) functions. 
Several combinations of the S(Q) of the HDA 
and LDA structures are plotted in Fig. 1, B 
(neutron data) and D (x-ray data); also plotted 
are the data from the sample annealed at 105 
K. The annealed structures factors cannot be 
produced by any combination of LDA and 
HDA. We note the region in Fig. 1D where 
the x-ray curves intersect at 2.05 A-', the 
peak is at 2.09 A- for the annealed sample, 
and there is only a small error in the data in 
this region. 

The measured total structure factors of the 
quenched states were transformed into real- 
space radial distribution functions, and the 
several representative data sets are plotted in 
Fig. 4A for the neutron experiments and in 
Fig. 4B for the x-ray experiments. Although 
the neutron data are predominantly weighted 
toward the hydrogen-hydrogen and oxygen- 
hydrogen correlations and the x-ray data are 
predominantly weighted toward the oxygen- 
oxygen correlations, the major real-space 
structural trends upon annealing can be seen 
in both sets of data, and they are generally 
described by short- to intermediate-range 
structural changes between 4 and 8 A. The 
broad peak centered on -6.4 A shifts sys- 
tematically to greater distance with increas- 
ing anneal temperature. In addition, a sub- 
stantial increase in the intensity of the broad 
peak centered at -4.5 A with increasing an- 
neal temperature is noted. The hydrogen- 
bonded oxygen-oxygen distance, given by 
the position of the first peak in the x-ray G(r), 
shortens systematically through the transfor- 
mation between each amorphous form and 
ranges from 2.80 A in the unannealed HDA 
phase to 2.76 A in the final lowest density 
phase; this is consistent with measured Ra- 
man data (23). 

We annealed HDA ice at several temper- 
atures below 113.4 K (i.e., the recorded tran- 
sition temperature to the LDA form). It is 
seen from the position of the FSDP in the 
static structure factor that the transition from 
the HDA form to the LDA form can proceed 
in a structurally continuous manner through a 
series of intermediate, apparently metastable 
amorphous forms. Several of these metasta- 
ble forms were observed, and detailed radial 
distribution functions were compared at tem- 
perature T = 40 K. It is reasonable to expect 
that, in principle, a continuous distribution of 
recoverable forms between HDA and LDA 
ice is possible. At any T < 113.4 K, the 
thermal energy is insufficient to overcome 
the potential barriers that define a particular 
metastable structure. This is what is in gen- 
eral expected for the existence of any meta- 
stable phase and indicates that the transfor- 
mation between the poly-amorphs of ice may 
be somewhat complex. From the radial dis- 
tributions functions presented here, it appears 

tion of the HDA and LDA S(Q) functions. 
Several combinations of the S(Q) of the HDA 
and LDA structures are plotted in Fig. 1, B 
(neutron data) and D (x-ray data); also plotted 
are the data from the sample annealed at 105 
K. The annealed structures factors cannot be 
produced by any combination of LDA and 
HDA. We note the region in Fig. 1D where 
the x-ray curves intersect at 2.05 A-', the 
peak is at 2.09 A- for the annealed sample, 
and there is only a small error in the data in 
this region. 

The measured total structure factors of the 
quenched states were transformed into real- 
space radial distribution functions, and the 
several representative data sets are plotted in 
Fig. 4A for the neutron experiments and in 
Fig. 4B for the x-ray experiments. Although 
the neutron data are predominantly weighted 
toward the hydrogen-hydrogen and oxygen- 
hydrogen correlations and the x-ray data are 
predominantly weighted toward the oxygen- 
oxygen correlations, the major real-space 
structural trends upon annealing can be seen 
in both sets of data, and they are generally 
described by short- to intermediate-range 
structural changes between 4 and 8 A. The 
broad peak centered on -6.4 A shifts sys- 
tematically to greater distance with increas- 
ing anneal temperature. In addition, a sub- 
stantial increase in the intensity of the broad 
peak centered at -4.5 A with increasing an- 
neal temperature is noted. The hydrogen- 
bonded oxygen-oxygen distance, given by 
the position of the first peak in the x-ray G(r), 
shortens systematically through the transfor- 
mation between each amorphous form and 
ranges from 2.80 A in the unannealed HDA 
phase to 2.76 A in the final lowest density 
phase; this is consistent with measured Ra- 
man data (23). 

We annealed HDA ice at several temper- 
atures below 113.4 K (i.e., the recorded tran- 
sition temperature to the LDA form). It is 
seen from the position of the FSDP in the 
static structure factor that the transition from 
the HDA form to the LDA form can proceed 
in a structurally continuous manner through a 
series of intermediate, apparently metastable 
amorphous forms. Several of these metasta- 
ble forms were observed, and detailed radial 
distribution functions were compared at tem- 
perature T = 40 K. It is reasonable to expect 
that, in principle, a continuous distribution of 
recoverable forms between HDA and LDA 
ice is possible. At any T < 113.4 K, the 
thermal energy is insufficient to overcome 
the potential barriers that define a particular 
metastable structure. This is what is in gen- 
eral expected for the existence of any meta- 
stable phase and indicates that the transfor- 
mation between the poly-amorphs of ice may 
be somewhat complex. From the radial dis- 
tributions functions presented here, it appears 
that the transition predominantly evolves on that the transition predominantly evolves on 

the short to intermediate length scale; that is, 
major structural changes occur between 4 and 
8 A, and more subtle changes also occur on 
the hydrogen bond length scale. These data 
may have important implications regarding 
the current understanding of the structural 
relation between a low-density liquid water 
and LDA ice, and a high-density liquid water 
and HDA ice (2, 23-25). These results may 
also impact on the character of the transfor- 
mation from ice Ih to HDA (5, 26), the 
HDA-LDA mixture model (5), and the rela- 
tions between normal water and HDA, In 
addition, understanding structural variations 
in amorphous water, particularly the predom- 
inant length scales over which such variations 
occur, may provide a basis for understanding 
biomolecular hydration and cryopreservation. 
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The Vibration-Rotation 

Emission Spectrum of Free BeH2 
Peter F. Bernath,1* Alireza Shayesteh,1 Keith Tereszchuk.1 

Reginald Colin2 

The gaseous BeH2 molecule has been synthesized by means of an electrical 
discharge inside a high-temperature furnace and identified with infrared emis- 
sion spectroscopy. The antisymmetric stretching mode v3 has been detected 
near 2179 reciprocal centimeters. The BeH2 molecule has a linear, symmetric 
structure with an ro BeH bond length of 1.333761(2) angstroms. 
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With only six electrons, BeH2 is a favorite 
target molecule for testing new ab initio quan- 
tum chemical methods [for example, (1-4)]. 
Despite this strong interest in BeH2, the free 
molecule remains unknown. It has been detect- 
ed previously through its infrared spectrum 
when stabilized in an argon matrix at 10 K (5), 
or in a silicon crystal as an impurity (6). Al- 
though solid BeH2 is well known (7), this 
material is in fact based on a three-dimensional 
arrangement of connected BeH4 tetrahedra (8). 
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Heating BeH2 solid results in decomposition to 
the elements, not the production of BeH2 vapor. 
The insertion of ground-state Be atoms into the 
H2 bond is predicted (9) to have an activation 
barrier of 203.5 kJ/mol (48.6 kcal/mol), where- 
as the overall reaction 

Be(g) + H2(g) ->BeH2(g) 

is predicted (10) to be favorable and to be 
exoergic by 157.3 kJ/mol (37.6 kcal/mol). 
BeH2 is calculated (11) to be linear and to 
have a bond length of 1.3324 A, close to the 
observed value of 1.3417 A for the BeH free 
radical (12). 

We now report the formation of BeH2 with 
an emission source that allows an electrical 
discharge inside a high-temperature furnace and 
the characterization of BeH2 by infrared (IR) 
emission spectroscopy (13). The central part of 
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