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Two Calorimetrically Distinct States of Liquid 
Water Below 150 Kelvin 

G. P. Johari,* Andreas Hallbrucker, Erwin Mayer 

Vapor-deposited amorphous solid and hyperquenched glassy water were found to 
irreversibly transform, on compression at 77 kelvin, to a high-density amorphous solid. 
On heating at atmospheric pressure, this solid became viscous water (water B), with a 
reversible glass-liquid transition onset at 129 t 2 kelvin. Adifferent form of viscous water 
(water A) was formed by heating the uncompressed vapor-deposited amorphous solid 
and hyperquenched liquid water. On thermal cycling up to 148 kelvin, water B remained 
kinetically and thermodynamically distinct from water A. The occurrence of these two 
states, which do not interconvert, helps explain both the configurational relaxation of 
water and stress-induced amorphization. 

Amorphous solid water can be prepared by 
vapor deposition on a metal substrate kept 
at 100 K or below (1). In 1980, it was first 
shown that liquid water, when cooled at 
rates of -lo6 to -lo7 K s-', also produced 
an arnor~hous solid known as hv~er -  , L 

quenched glassy water (2). Four years later, 
it was observed that uniaxial compression of 
hexagonal ice to 10 kbar at 77 K produced 
a new amorphous solid (3) called high- 
density amorph (HDA). Its density of 
1.31 g cmP3 at 77 K and 10 kbar decreases 
to 1.17 g cmp3 on decompression to 1 bar, 
and its x-ray and neutron diffraction pat- 
terns are quite distinct from those of the 
amorphous forms obtained from vapor dep- 
osition or by hyperquenching water, all at 1 
bar (3-6). Cubic ice is also found to col- 
lapse in a similar manner to HDA (7, 8)  but 
not ice clathrate (9). On  heating to 125 K 
at 1 bar, HDA (1.17 g cmp3) transforms 
irreversibly and exothermally to a low-den- 
sity amorph (LDA). This in turn undergoes 
a glass-to-liquid transition with an onset 
temperature of 129 2 2 K (referred to as its 

G P Johar~, Department of Materals Scence and Engl- 
neerlng, McMaster Un~vers~ty, Ham~lton, Ontarlo L8S 
4L7, Canada 
A Hallbrucker and E Mayer, lnst~tut fur Alqemene, Anor- 
gan~sche und ~heoret~sche Chemie, ~n~versitat Inns- 
bruck, A-6020 Innsbruck, Austr~a. 

*To whom correspondence should be addressed. 

T,) on heating at 30 K min-' (8,  10) or of 
124 K on heating at 0.17 K min-' (11). 

L. , , 

Upon further heating to far above its T,, 
the now metastable state of viscous liauid 
water crystallizes to cubic ice extremely rap- 
idlv at -150 K. 

In our continuing experimental studies 
of the thermodvnamics of the solid forms of 
amorphous waier, we have discovered that 
va~or-de~osited amor~hous solid water and 
hyperquenched glassy water, whose T, val- 
ues are both 136 2 1 K for heating at 30 K 
minp' (12, 13), collapse also under a un- 
iaxial pressure to produce a high-density 
amorphous solid at 77 K. On  heating at 1 
bar, this solid transforms exothermally and 
irreversibly to a low-density amorphous sol- 
id that, on further heating, undergoes a 
glass-to-liquid transition at 129 2 2 K for 
heating at 30 K minp'. This Tg is the same 
as that of LDA obtained bv uniaxial com- 
pression of hexagonal and chbic ices at 77 K 
18. 10). , ,  , 

Thus, we report here two effects: first, 
under a uniaxial Dressure at 77 K, the amor- 
phous solids-namely, the vapor-deposited 
amorphous solid water (ASW), the hyper- 
quenched glassy water (HGW), and the 
crystalline sol~ds (hexagonal and cubic ices) 
-all collapse to produce HDA. On  heating 
to 125 K at 1 bar, this amorph transforms 
irreversibly to LDA with T, = 129 K. Sec- 
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ond, this LDA is calorimetrically distinct 
from ASW and HGW (12, 13), although 
the densit~es of the three are similar. 

Further experiments show that there are 
two distlnct forms of viscous water: water 
A, which is obtained by heating uncom- 
pressed ASW and HGW to above T, = 136 
K and up to 148 K, and water B, which is 
obtained by heating, at 1 bar, the product of 
uniaxially compressed ASW, HGW, and 
hexagonal and cubic ices to 148 K, a tem- 
perature above the T, (1 29 K)  of the arnor- 
phous solids. This has implications for our 
understanding of the water's state in the 
extraterrestrial bodies where high pressures 
exist (14); here, we consider its implica- 
tions only for our understanding of irrevers- 
ible ~ h a s e  transformations under Dressure 
and of configurational relaxations in liquid 
water. 

Vapor-deposited amorphous water (ASW) 
was prepared by admitting water vapors 
from a water reservoir held at 298 K 
through a fine metering valve and a tube of 
13 mm inner diameter into a high vacuum 
system, where the vapors condensed on a 
demountable Cu substrate (50 rnrn diame- 
ter) precooled to 77 K (12, 15). In control 
experiments of our ASW deposits by x-ray 
diffraction, no sharp peaks (indicating crys- 
talline ice) were observed (12). Because our 
x-ray technique is sensitive to a crystallinity 
of >2%, we infer that our ASW was at least 
98% amorphous. It was then heated in a 
vacuum to -115 K for reduction of its 
surface area and closure of micropores, be- 
fore its exposure to N2. ASW treated this 
way is called "sintered." A similar treat- 
ment has been used in the glass-to-liquid 
transition of ASW (1 2). 

Glassy water (HGW) was ~ r e ~ a r e d  by 
hyperquenching-that is; by acceleration of 
droplets of water (=3 km diameter) from 
an aerosol by supersonic flow and then by 
their deposition on a Cu plate held inside a 
high-vacuum cryostat at 77 K (13, 16). One 
hour of deposition produced a 2- to 3-mm- 
thick opaque layer of glassy solid water with 
a porcelainlike appearance and texture. Ac- 
cording to x-ray diffractograms, it contained 
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at most 5% crystalline, mainly cubic, ice 
(13, 16). All transfers of the sample from 
one container to the other were made when 
it was immersed in liquid N2. 

A piston-cylinder apparatus with an 
8-mm-diameter piston was used for the 
compression of sintered ASW and of HGW 
by means of a hydraulic press. The displace- 
ment of the piston was measured by a dial 
gauge as a function of pressure during both 
the compression and decompression of the 
solids at 77 K. The displacement-pressure 
curves for the sintered ASW and for the 
HGW samples were similar to those ob- 
served previpusly (3,  7, 10, 12, 17). At 77 
K, sintered ASW and HGW began to trans- 
form into HDA at 2 kbar but required up to 
6 kbar for complete transformation (18). 
For comparison, at the same temperature 
LDA and hexagonal ice transform into 
HDA under pressures of 6 i- 0.5 kbar ( 1  7) 
and 10 i- 1 kbar (3), respectively. This 
pressure drops to 2 kbar fbr the transforma- 
tion of LDA into HDA at 135 K ( 1  9). 
Samples were recovered from the piston- 
cylinder apparatus at 77 K. The rate of 
pressure release at 77 K had no influence on 
the T, value upbn subsequent thermal 
treatment. 

We first studied samples that had not 
been compressed. Between 15 and 26 mg of 
the samples was placed in a stainless steel 
capsule to obtain differential scanning cal- 
orimetry (DSC) scans at l bar, with the use 
of a Perkin-Elmer DSC model IV with a 
computer-based data acquisition system (8, 
10, 12, 13). The samples were first an- 
nealed for 90 min at 130 K. DSC scans were 
then obtained for heating at 30 K min-' 
from 115 to 165 K (Fig. 1, curves a and b for 
ASW and HGW, respectively). These an- 
nealing conditions have previously given 
maximal endothermic step height ( 1  2, 13). 
Other annealing temperatures or times af- 
fected only the height of the endothermic 
step but not its T, value. Both scans show, 
as in earlier studies (12, 13), a glass-to- 
liquid transition with a T, of 136 i- 1 K and 
an onset of crystallization at -149 K. The 
DSC scans of samples heated close to 150 K 
and then cooled to 103 K showed, during 
reheating, the same T, of 136 i- 1 K. This 
means that the state of the metastable liq- 
uid above 136 K is continuous with that of 
the amorphous solid and that the glass-to- 
liquid transition is reversible. The increase 
in heat capacity in the glass-to-liquid tran- 
sition region (AC,,) of 1.9 J Kp '  molp' for 
ASW and of 1.6 J Kp'  m o l l  for HGW, the 
width of the endotherm of 14 K and 12 K, 
respectively, and their crystallization exo- 
therms are identical with those observed 
before (12, 13). 

The DSC scan of HDA obtained by com- 
pression of ASW (Fig. 1, curve c) showed an 

exothermic feature centered at -132 K 
when HDA was transformed into LDA; the 
same feature was observed for HDA obtained 
by compression of HGW. This is identical 
with the behavior of HDA formed on com- 
pression of hexagonal and cubic ices (3, 7, 8 ,  
10). When the HDA or LDA samples were 
annealed for 90 min at 127 K, cooled at 30 K 
min-' to 103 K, and thereafter reheated to 
148 K, their DSC scans (curve d) showed a 
glass transition endotherm with a T, of 
129 i- 2 K and AC, of 1.8 i- 0.2 J K-' 
molp', irrespective of whether the sample 
was originally prepared from ASW or HGW. 
Reheating for a second time (curve e, record- 
ed after curve d) demonstrates the reversibil- 
ity of the glass-to-liquid transition. The same 
glass transition features had been observed in 
our earlier studies of pressure-amorphized 
hexagonal ice and cubic ice (8, 10) and are 
included for comparison in Fig. 1 (curves g 
and h).  Keeping a compressed ASW sample 
for up to 60 s at 148 K, cooling to 103 K, and 
reheating at 30 K m i n '  still showed the T, 
at 129 K, even if the height of the endother- 
mic step was reduced by up to 60% by crys- 
tallization. Evidently, the glass transition of 
metastable equilibrium liquid water is (at 
148 K)  thermally reversible and its state over 
the range of 103 K to 148 K is thermody- 
namically continuous with that of LDA. 

These experiments demonstrate that 
even at 148 K, the metastable equilibrium 
water with a T, of 129 K, water B, cannot 
be transformed to a (structural) state that is 
continuous with ASW and HGW, a state 

with a Tg of 136 K (water A).  Several 
attempts were made to convert ASW and 
HGW (Tg = 136 K) into LDA (Tg = 129 
K) by heating ASW and HGW samples 
close to 150 K at a rate of 10 or 30 K min-'. 
We observed only a decrease in the height 
of the endothermic step caused by partial 
crystallization of the sample, but no change 
in the T, value. So, even at temperatures 
close to 150 K, the structural state of vis- 
cous water obtained from LDA remains sep- 
arated from the state obtained by heating 
ASW and HGW, or the two states of liquid 
are not interconvertible. The sketch in Fig. 
2 describes these and the ~revious observa- 
tions of pressure-amorphizing cubic (7,  8) 
and hexagonal (3,  7, 10, 11 )  ices. Water B, 
which forms on heating LDA above its T,, 
can be obtained bv com~ression of the crvs- 
talline as well as df the ;oncrystalline solid 
forms. The difference of 7 K between the T, 
values of HGW and ASW at 136 K and 
that of LDA at 129 K is a reflection of a 
basic difference between their H-bonded 
strilctures. 

For the LDA forms of uniaxially com- 
pressed HGW or ASW, the enthalpy of 
~:rvstallization to cubic ice is about 10% 
lower than those of the uncompressed solids 
( 12, 13). Assuming that the cubic ice phas- 
es formed in both cases have the same 
enthalpy, this would imply a smaller en- 
thalpy value for the LDA forms than for 
ASW and HGW. However, a smaller value 
would also be obtained if a small amount of 
the sample had crystallized during the pres- 

P = l o k b a r  
( HDA 1- 
Heat to ~ ~ P ~ ~ s s u ~ ~ z ~  to-6 kbar 

Heat to -- I Cubic ice l a t t 0 - 1 5 0  j 

Fig. 1 (left). The glass-to-liquid transition and crystallization in amor- 
phous water samples as seen in DSC scans recorded on heating at 30 
K min-'. Curves a and b are the scans of slntered ASW and of HGW: 
curve c shows the heat released upon first heating to 148 K during 
conversion of HDA, obtained by uniaxial compression of sintered ASW, 
to LDA; curves d and e show the endothermic step on second heating 
to 148 K (curve d) and on third heating (curve e) for the same ASW 
sample used for curve c; curve f is I D A  from uniaxially compressed 
HGW; curves g and h show I D A  from the pressure-collapsed state of 
hexagonal and cublc ice (8, 12). The curves are drawn on the same 

I2O I3O I4O I5O I6O scale but are shifted vertically for clarity. The temperatures are not 
Temperature (K) corrected for thermal lag of the instrument (which is - 1.5" for heatlng at 

30 K mln-I). The T, values depend to some extent on the way the tangents are drawn for determining 
their intersection. This is taken Into account by our error estimate. Arrows indicate the direction in which 
transitions occur. Fig. 2 (right). A schematic representailon for the formailon of the two distinct 
states of metastable equilibrium liquid water, water A and water B, whlch are not interconvertible upon 
heating up to 148 K. 
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surizing procedure. A t  present, we cannot 
differentiate between these two cases. 

O n  heating to 148 K at 1 bar, the solid 
HGW, ASW, and LDA became highly vis- 
cous liquids with a structural relaxation 
titne of less than 1 s, as calculated previous- 
ly (13). O n  cooling to below 136 K, water 
A that was obtained from heating solid 
HGW and ASW transfortned back to the 
same solids, and on cooling to below 129 K, 
water B that was obtained frotn heating 
solid LDA transformed back to LDA. There 
is no path by which HGW or ASW can be 
connected tp.LDA at a constant pressure or 
by which water A could be connected to 
water B. That is, water A and water A are 
thermodynamically discontinuous states at 
1 bar and are calorimetrically distinct from 
each other. Both irreversibly transform to 
cubic ice upon heating above 150 K but do 
not transform from one to the other. 

We  conclude that the structure of meta- 
stable liquid obtained by heating brittle solid 
HGW and ASW differs from that obtained 
bv heatine brittle solid LDA. This means - 
that in water, where molecules form a variety 
of H-bonded structures of different energies - 
and volutne, configurational or structural re- 
laxation within the same average enernv and - -, 
volume of certain states can be preferable to 
transformation to a state of lower energy and 
different volume (a sitnilar situation is found 
in certain chemical reactions in which low 
viscosity or fast configurational relaxation of 
the reactants does not facilitate a reaction, 
whereas increased thermal enerpv does). In 

- 2  

this sense, the metastable equilibrium struc- 
tures of H bonds in the two states of water, 
water A and water B, below 150 K remain 
separated by potential energy barriers too 
high to be overcome by thermal energy. 

A single amorphous solid, either ASW 
or HGW, produces both water A and water 
B (Fig. 2). Water A is fortned by heating 
the atnorphous solids; water B is formed by 
first converting ASW or HGW (or hexag- 
onal or cubic ices) to HDA by uniaxial 
compression, heating HDA to transform it 
to LDA, and then heating LDA. Water A 
and water B are not interconvertible revers- 
ibly by thertnal cycling alone, although they 
are interconvertible by indirect paths that 
involve irreversible phase transformations 
and iuniaxial cotnpression. These results 
help clarify several aspects of the stress- 
induced phase transitions from one amor- 
whous solid to another and have imolica- 
tions for the results obtained from a wide 
variety of computer simulations on the 
structure of metastable water (20-30). 

It is important to note here that Fisher 
and Devlin (31) suggested from their infra- 
red study of vapor-deposited atnorphous wa- 
ter containing 0.1 mol% 2-naphthol that 
there is no translational diffiusion in the 

amorphous solid up to 125 K. This temper- 
ature is much less than the T, of 136 K for 
pure ASW, and therefore translational diffii- 
sion is expected to take a much longer time 
at 125 K than at 136 K. Also, the 0.1 mol% 
2-naphthol in their samples makes their 
studies less relevant to our studies of pure 
water. For these reasons, an intercomparison 
between the two studies is irrelevant. 

Recent studies have shown that ASW 
and HGW can be thermodynamically con- 
tinuous with normal supercooled water (32, 
33). Water A,  which is formed on heating 
ASW and HGW, should therefore also be 
thermodynamically contin~uous with super- 
cooled water, even though it forms upon the 
structural relaxation and heating of HGW 
(13) or of sintered ASW rather than during 
the course of hyperquenching or vapor dep- 
osition (1 2). This is in contrast to the con- 
jecture that the liquid water formed upon 
heating ASW and HGW is thermodynami- 
cally discontinuous with supercooled water 
and that the fortner should therefore be re- 
garded as a new phase, water I1 (34). 

Because several groups have attempted to 
verify this experitnentally (32, 33, 35, 36) 
and by computer simulation (37) it bears ex- 
amination in relation to our results. First, the 
inference of thermodynamic discontinuity be- 
tween water at 150 K and water at 273 K, 
which led to conjectures of the existence of 
water I1 at 150 K and water I at 273 K (34), 
has been refluted by a direct analysis of new, 
more accurate data that demonstrated instead 
a thermodynamic continuity (32). Second, 
the conjectures of the thermodynatnic and 
viscosity behaviors of water 11, which were 
based on a comparison of the DSC scan of 
ASW with that of 8.33 mol% LiCl aqueous 
solution (36), have found support neither 
from a reinvestigation nor from fundatnental 
reasoning (35). Third, vapor pressure mea- 
surements of ASW (33) have shown that the 
properties of water I1 can be thertnodynami- 
cally continuous with those of water I, thus 
eliminating the need to consider thetn sepa- 
rate phases. We must conclude that the con- 
jectures for water I1 were based on inadequate 
information and that water A,  water I1 (both 
formed by heating ASW and HGW to 148 
K), and water I (normal water at 273 K, or 
supercooled) are the same liquid. Water B is a 
new phase whose incorporation in a phase 
diagram requires further experiments. 
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