AD=A076 152

UNCLASSIFIED

PURDUE UNIV LAFAYETTE IND DEPT OF CHEMISTRY
SUPERCOOLED AND SUPERHEATED WATER.(U)
OCT 79 C A ANGELL

F/6 20/13
NOOO14=78=C=-0035




x

Report No. Fooom 78-C-0035 |

-~

AWA0T6152

e]l é
1vers1

Department of Chem1stry
West Lafayette, Indiana 47907

o~

k'ffTechnical,Réggzx,‘Qctober 1979
e e

{
i

Qctaber 879

Distribution Statement

DDG_FILE_COPY

Prepared for

Office of Naval Research
800 N. Quincy Street
Arlington, VA 22217

Division of Sponsored Programs
Purdue Research Foundation
Purdue University
West Lafayette, Indiana 47907

o v sl nt oo . it




JNC1ASS i1 1cu
SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

READ INSTRUCTIONS

REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM
T, REPORT NUMBER 2 GOVT ACCESSION NOJ 3. RECIPIENT'S CATALOG NUMBER

N00014-78-C-0035

4. TITLE (and Subtitle)

8. TYPE OF REPORT & PERIOD COVERED

Supercooled and Superheated Water Technical Report, Oct. 1979
6. PERFORMING ORG. REPORT NUMBER
LfTu'r'W(c) % CONTRACT OR GRANT NUMBER(®) |
C. A. Angell N78C0035

e ————————
PROGRAM ELEMENT, PROJECT, TASK
AREA N ERS

|

9. PERFORMING ORGANIZATION NAME AND ADDRESS
Purdue University
Department of Chemistry -
West Lafayette, IN 47907
11. CONTROLLING OFFICE NAME AND ADDRESS REPORT DATE
Office of Naval Research October 1979
800 N. Quincy Street 3. NUMBER OF PAGES
Arlington, VA 22217
T MONITORING AGENCY NAME & ADDRESS(I! different from Controlling Office) | 18. SECURITY CLASS. (of this report)
Division of Sponsored Programs
Purdue Research Foundation
Purdue University

West Lafayette, IN 47907
16. DISTRIBUTION STATEMENT (of this Report)

-
..l

Unclassified
15a. DECL ASSIFICATION/ DOWNGRADING
SCHEDULE

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, 11 ditterent trom Report)

18. SUPPLEMENTARY NOTES

This manuscript was prepared as the written version of an invited lecture at
the 50th Anniversary of the 1st International Conference on the Properties
of Steam, held in Munich, Germany, September 10-14, 1979.

19. KEY WORDS (Continue on reverse side if necessary and identify by block mumber)

Water; metastable; supercooled; superheafed; heat capacities; anomalies

\Y
20." »enpncr (Continue on ¢  side If ry and Identity by block number) 3 :
arious thermodynamic, transport and structural features of water in its

etastable states, both supercooled and superheated, have been determined in re-
ent years, and highly anomalous behavior has been found near the Timiting tem-
peratures in each case. For example, the heat capacities increase exponentially
t each extreme. In the high temperature extreme this behavior is predictable
rom van der Waals theory, but the low temperature anomaly is not. The measure-
ents will be reviewed, with emphasis on the more extensively studied super- . =~

(Continued)
7O 1473 eoiTion OF 1 NOV 68 IS OBSOLETE Unclassified
el ol SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)




UNCiaso v it

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

20.

Tcooled states at normal and high pre§sure, and evidehce will be given that the

low temperature anomalies can be described by expressions containing a singular
temperature closely associated with the temperature of homogeneous nucleation
of ice I.

\

—ﬁfd GriakI

poC TAB

Unonuouncd

Avol? 'wbi__‘.jg.‘y__(} cdes

e, pvzilend for
pist | special
4
S/N 0102- LF-014- 6601 -
. Unclassified

SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)

™

i e

e e L R P T I T




TABLE OF CONTENTS

BBSERBEE . i s = v vt o s et e ke e e e e & & e e 1
IREROAUCETION . o o  n o« v e e R e e A e R A E e 1
Measurement of Physical Properties in Metastable Regions . . . . . . .. 4
Physical Properties of Metastable Water . . . . . . . . .. .. ... .. 5

Superheated Region . . . . . . . . .« . . L0t e e e e e e e e e 5

Direct Measurement: Sound Velocity and Adiabatic Compressibility . 5

Extrapolated Properties . . . . . . . . . . . .. 000 e . 7
Supercooled Reglon . . . . ¢ « o « o ¢ ¢ o o o s & o 5« o & s e (5]
Thermodynamic Properties . . . . . . . . . « ¢ . o o ¢ 000 10

Mass Transport Properties . . . . . . . « « « ¢ o ¢« o o o . o e e 19
Structure-Related Spectroscopic Studies . . . . . . . . . . . . .. 25
DISCUSSTION . & = = o' v » v & o @ s &0 ale v @ w @ owa A w s e e 25
7T AU TN SR R e TR S B 31
Acknowledgements . . . . . . ¢ ¢ ¢ ¢t 0 4 e s e e e e s e e e e e e 31
REFEFEIERY .« v « v s ¢ & oo % B & 4§ % % B @ % & & 5 5 ¥ & & 9’3 » &% & 32
DIstribution LISt ¢ « « ¢« & & o v s 5 w8 ¢ % & 5 5 0 % v v & 8K & ow s . 39

— T st




SUPERCOOLED AND SUPERHEATED WATER

C. A, Angell
Department of Chemistry
Purdue University
West Lafayette, Indiana 47907
. ABSTRACT
Various thermodynamic, transport and structural features of water in its
metastable states, both supercooled and superheated, have been determined in

recent years, and highly anomalous behavior has been found near the limiting

temperatures in each case. For example, the heat capacities increase ex-

ponentially at each extreme. In the high temperature extreme this behavior i
is predictable from van der Waals theory, but the low temperature snomaly
3 is not. The measurements will be reviewed, with emphasis on the more
extensively studied supercooled states at normal and high pressure, and
evidence will be given that the low temperature anomalies can be described
by expressions containing a singular temperature closely associated with the
temperature of homogeneous nucleation of ice I.
;NTRODUCTION

In comparison with the long-standing and intensive investigations of
the properties of water in its thermodynamically stable states, the interesting i
extensions above the normal boiling point and below the normal freezing point |

(1)

have been more or less neglected. Although Kaemtz measured the vapor

pressure of water at -19°C in 1820 and Regnault(z) extended the measurements to

~32.8°C in 1847, there has been a surprisingly low level of interest in

H ' extending and improving the extent of knowledge of the physical properties ;
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of water in this region. Even less effort has been devoted to characterizing
water under superheated conditions, although the general pattern of behavior
can be determined from measurements made at pressures above the saturated vapor
pressure using short extrapolations to lower pressures.

Much more effort has been devoted to determining the limits of supercooling
and superheating, particularly the former which is of special interest in
relation to the initiation of raindrops by destabilization of clouds of super-
cooled water droplets. Thus it has been known since the time of Dufour, 1861,
that small drops of clean water isolated from solid surfaces by suspension
between layers of immiscible liquids, can be supercooled consistently to at

(3)

least -34°C. ' More recently meteorologists, producing myriads of small, ("~ 1 pm)

absolutely clean, water droplets in cloud chambers have determined that there
is a rather sharply defined limiting range of -41 to -42°C in which “90% of
droplets in a given sample will freeze within a period of seconde-(a 26D
It 1s assumed that this l1imit is determined by a process of spontaneous order
fluctuations intrinsic to the pure liquid phase, as distinct from the hetero-;
geneous process, initiated on contaminant solid surfaces, by which liquids

normally crystallize. It therefore sets the limit on the temperature range

over which we can hope to determine the physical properties of liquid water,

at least by measurements conducted on normal time scales.

in the superheated region, in which there is considerable technological
interest because of explosion hazards in power plant heat exchangers, determina-
tions of limiting temperatures have been made by a number of wotkers.(7-10) These

have usually been based on observations of spontaneous rupture of small water

droplets rising in liquid columns through a temperature gradient. In the




most successful studies, water droplets of VvlOum diam. have been observed to
reach a temberature of 279.5°C at 1 atm pressure before explosive vaporization
occurs.(g’lo)

In contrast with the case of supercooling the limit on superheating can
be approximately predicted from equations of state, which imply the existence of
regions of mechanical instability in which neither superheated liquid nor
supercooled vapor can exist. For instance, a van der Waals equation with
parameters based on critical point data(ll) predicts the behavior shown by
the set of isobaric T-V plots in Fig. 1. The maxima correspond to minima

in the corresponding P-V isotherms, hence to points at which the liquid

becomes mechanically unstable and must spontaneously rupture. The maximum

1000, -
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! Fig. 1. V, T, isobars for water in the van der Waals approximation showing vari-
ation with pressure of spinodal points at limit of superheating of liquid
and supercooling of vapor.
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predicted for the 1 atm pressure isobar is 277°C very close to the observed
superheating limit. Of course the van der Waals equation is inadequate to
describe water and the observed limit must correspond to the kinetically

controlled reflection of the true stability limit which would be located a

little higher in temperature. In this region the instability must be antici-
pated by large fluctuations in density and entropy and these will be reflected
in the magnitudes of the related thermodynamic properties, compressibility and

heat capacity, which we will discuss below.

There is no corresponding accepted body of theory which predicts a

mechanical stability limit for the supercooling temperature range for liquids,

but the corfespondences we will describe between liquid property anomalies in
the two extreme ranges will suggest that the development of such a theory

may be needed, at least for the case of water.

MEASUREMENT OF PHYSICAL PROPERTIES IN METASTABLE REGIONS

One of the reasons for the relative lack of information on metastable
region properties is clearly the difficulty of maintaining the sample under i
study in the (thermodynamically unstable) liquid state during any measurement. .
Obtaining data under these conditions requires the devzlopment of special
techniques. As implied in the previous section, ‘the transition to the stable
state can be impeded by removing all sources of external surfaces which
catalyze the transition to the stable state. For macroscopic samples this
requires exhaustive cleaning procedures. For purely statistical reasonms, i
however, much less demanding sample preparation procedures may suffice if '
very small samples are used. Use of small samples has been the principle on

which most of the recent measurements of water properties under metastable

conditions have been carried out.




There are three approaches to small sample preparation. One may use
(a) very thin films (between plastic or glass sheets), for e.g., spectroscopic
studies in strongly absorbing regions;(13’14) (b) small diameter columns (in
glass or plastic capillaries) for volumetric, diffusion, or ESR studies;(ls-ls)
(¢) very short small diameter columns or droplets, e.g. for NMR, viscosity,
(19-23)

heat capacity and some spectroscopic studies. For each dimension

made microscopic in the above series, a gain in limiting temperature is made
for a sample of given intrinsic cleanliness. With droplets, short term measure-
ments can be made down to -38°C at the low temperature and up to Vv 270°C in
the high temperature region. Many important results have recently been obtained
using the Rasmussen MacKenzie emulsification technique(zz) in which water is
dispersed in Vv 3 um droplets in heptane or (similar hydrocarbon) supersaturated
with SPAN 65 (sorbitan tristearate).

The actual methods in which the small samples are utilized in each

particular measurement will not be reviewed here for lack of space, and the

reader is referred to the original literature cited in the following sections.

PHYSICAL PROPERTIES OF METASTABLE WATER

Superheated Region

DIRECT MEASUREMENT: SOUND VELOCITY AND ADIABATIC COMPRESSIBILITY
It appears that despite the number of attempts to determine the super-

heating limit, the only physical property directly measured under superheated
conditions is the sound velocity. This has been studied by Trinh and Apfel(za)
to v 180°C, which is, however, far short of the limit at " 280°C. The results

at the highest temperature differ slightly from those of McDade et al obtained

under saturation conditions,(zs) but concur in the continued curvilinear decrease




in velocity from the maximum-reached 75°C. Data are shown in Fig. 2. From
the sound velocity data and extrapolated density data the adiabatic compressibi-

lities Ks can be calculated.
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Fig. 2. Sound velocity in superheated water according to Trinh and
Apfel (1978).




These are compared with the isothermal compressibilities extrapolated
(26)

by Kell and Whalley in Table 1 which is taken from Ref. 24.

TABLE 1 Thermodynamic parameters of superheated water under
atmospheric pressure (after Trinh and Apfel (1978)).

T o c B, x 1011 By X 10!

(°c) '(s/cm3) (m/sec) ' (cmz/dyne) Y
110 0.9509 1,532 4,45 5.08 1.142
120 0.9428 1,518 4.60 5.31 1.154
130 0.9344 1,501 4,75 5.57 1.172
140 0.9256 1,482 4,92 4.87 1.193
150 0.9165 1,460 5.11 6.21 1.215
160 0.9070 1,437 5.34

170 0.8968 1,412 5.59

EXTRAPOLATED PROPERTIES

Since accurate measurements of physical properties can be made at the
saturation vapor pressure and at higher pressures, and since the saturation
vapor pressure does not exceed even 10 atm before 180°C, many properties
of superheated water at 1 atm pressure can be estimated quite accurately by
short extrapolations vs. pressure. Such extrapolations have been made to
150°C by Kell and Whalley for the specific volume, using data of their own and of
other authors as described in their definitive paper, ref. 26. Data at 0

and 10 bar (0.1 MPa) applied pressure are reproduced in Table 2.

TABLE 2 Specific volume of superheated water to 150°C
(Kell and Whalley, 1965)

T : Density

0.01 0.1

MPa MPa
100 1.043451 1.042992
110 1.051594 1.051114
120 1.060364 1.059858
130 1.069791 1.069256
140 1.079900 1.079331
150 1.090735 1.090126

7/
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A method for estimating the specific heat of water for temperatures
27

outside the stable region has been described by Lienhard who der _ves

the expression
0.001644 (1-1.2pr2)

c (T ,p)=C¢C + (2)
R OFR Pref (. -1 )L/3
I r
m
where Tr - T/Tc : Tc the critical temperature (= 647.2 K)
B = p/pc » P, the critical pressure (= 217.7 atm)
c = is the heat capacity at arbitrarily chosen reference pressure,

Pref e.g. 200 atm

the maximum superheating temperature at P, -

-3
[ ]

Using the ASME Steam Table data for Cp at the reference pressure and taking
Trn at 279.5°C, Eq. (2) yields the behavior shown in Fig. 3. The plot is
presumably in error at the high temperature extreme because the spinodal at
1 atm pressure, where Cp + « . will exceed the measured superheating limit

279.5°C by a short but unknown interval. The full curves show the predicted

Cp for the case Tr = 290 and 299 K.
n

" In either case the exponential increase in Cp , as the superheating

limit of 279.5°C is approached, is striking and should be borme in mind

in considering the observations on supercooled water in the following section.
Superheated water has been observed recently at temperatures as low as

-18°C by Henderson and Speedy,(za) using a technique which places small

samples of water confined in capillaries under isotropic tension. Superheated

water at a pressure of -118 bar (-1.18 MPa) has a density maximum at 6.1°C

rising to 6.7°C at -156 bar. At the lower temperatures of their study, the

water sample was simultaneously superheated and supercooled.
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Supercooled Region

THERMODYNAMIC PROPERTIES
The thermodynamic property which has been messured over the widest

temperature range at normal pressure, and which now has been measured with
perhaps the greatest accuracy, is the constant pressure heat capacity.

It is probably true, also that the behavior of this fundamental property of
water is the most immediately surprising of the many unusual aspects of the
low temperature regime for this liquid, so it is appropriate to present these
results first in this article.

Though known since 1890 to -5°C (Martinetti), the heat capacity was only
shown to be highly unusual in the supercooled state by the emulsion measurements
of Rasmussen et 31(29) which extended to -38°C. These authors presented data
from both differential scanning calorimetry and drift calorimetry, but the
messurements were preliminary and not of great accuracy. There has been
some effort recently in the author's laboratory to improve the accuracy and

precision of this measurement. Using the Perkin Elmer DSC-2 differential

scanning calorimeter, sets of data have been obtained by different operators,

using different emulsification, calibration, and water content-determining

procedures, which are self-consistent to tzz.(3°) These data are presented

in Table 3 and Figure 4. Some data at higher pressures have been derived

by Kanno and Angell(al) from combination of the Table 3 data, and high pressure

volumetric results, discussed below, using the thermodynamic relation,
c@)-c(o)-rr[lz-‘}]ap 3
P P o \oT

However, these are not considered of sufficient accuracy to present in tabular

form.

10




TABLE 3 Heat capacity of supercooled
water at one atm pressure

t°c Specific Heat (J mole-l deg‘l) ‘
_ Bulk Sample Emulsion Sample 5
. (Average) :
-3 75.7 76.0
-8 76.6 76.2
-13 77.6 77.4
-18 78.9
{ =23 81.4
-28 85.4
-33 92.7
=35 96.7 |
|
1
T/°C
40 20 Q 20" 40 €0 80 KO
8 1
95t |
o o o BULK SAMPLE {
= oo o MCH CARRIER :

o N-OCTANE CARRIER
* LITERATURE DATA

o
o

©
S
L]
L]

Q
o

240 260

Fig. 4. Heat capacity of normal and supercooled water
(from Angell, Oguni and Sichina (1979)).




capillary column length measurements (by Schufle and coworkers
Zheleznyi
with results in good accord.

down to -34°C at one atmosphere pressure.

Density, Molar Volume and Expansivity of Hz

t°C

-5

-10

-20
-25
-30
-34

(

Density measurements have been performed for H

Table 4

2

(after Zheleznyi, 1969)

0 and D

2

34
)) and emulsion volume measurements (by Rasmussen and MacKenzie

2

0 using both
(32,33) -

(22))

Specific volumes and derived expansivities extend

These are presented in Table 4.

0 and D O at One Atm Pressure

820 DZO

density | molar volume | expansivityj| density | molar volume | expansivity
(p/g cc-l) (V/ce mol-l) loaa/deg-l o/g ec V/ce mc»].-1 1040./ deg-l

0.9999 18.018 1.1030 18.131

0.9995 18.025 - 1.7 1.1013 18.160 -4.12

0.9983 18.046 - 3.1 1.0987 18.204 - 5.9

0.9964 18.080 - 4.7 1.0950 18.265 - 8.5

0.9936 18.130 -7.0 1.0893 18.360 -13.0

0.9895 18.206 f10.8 1.0809 18.503

0.9829 18.329 -16.5

0.9751 18.474 3

Using a high pressure capillary technique, these measurements have been extended

to 190 MPa by Kanno and Angell,
range and only for 020.

from Kanno and Angell (1979) for normal pressure.

(31)

of the density maximum is depressed by increasing pressure.

12

but only over a more limited temperature
Their data are shown in Table 5 which includes data

Note how the temperature
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The high pressure data permit the assessment of isothermal compressibili-

ties for DZO.

to -26°C(35)

were unsuitable for expansivity determinations.

Table 6 and Fig

e ————————

Data for supercooled water first obtained by Speedy and Angell

o 2

Table 6

\

Isothermal Compressibilities of HZO and D20

Below 0°C and Various Applied Pressures

(after Kanno and Angell (1980))

are also available from a set of earlier measurements

(15)

These are presented in

which

t/°C Isothermal Compressibility 104KT wpa~!
H, O DO
£
0 50 1000 1500 0 60 1000 1500
MPa MPa MPa MPa MPa MPa
0 5.09 4.62 3.85 3.44 5.40 4.56 4.02 3.49
-5 5.2¢ 4.60 3.95 ‘3.5o 5.68 6.76 4.16 3.50
-10 5.6o 4.81 4.08 3.58 6.08 4.97 6.33 3.71
L] . a.
-20 6.40 5.37 4.41 3.79 7.58 5 66 4 82 03
-25 5.75 4.62 3.91 8.9o 6.24 5.17 4.25
-30 6.87
14
I = -.II vi I t"“ Au L 2 o




~
5
4
:
4
- -

K, /MPg’ X 10°
o o
8 8

3

ISOTHERMAL COMPRESSIBILITY

o

:

o 3 1 i 1 -l 1 1
-30 -20 -10 o 10’ 20 30

TEMPERATURE /°C - ‘."

Fig. 5. Isothermal compressibilities of water at normal
and high pressures, from Kanno and Angell (1979).
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Adiabatic compressibilities may be calculated from the above data using

the relation

2
- _aVvr
Ky = Ky <:vl<.‘.p Kp ——Cp 4)

or obtained directly from sound velocity measurements. The latter have been

obtained by several groups working with different techniques in both ultra.onic(z"ss)
snd hypersonic frequency tnnges§36137zaéh frequency range there is essential
agreement a;ong-t different groups down to -15°C, but there is a persistent
snd strange difference between the ultrasonic data on the one hand, and the
zero frequency (Eq. 4) and the hypersonic data on the other. Leyendekkers(ss)
has reviewed the area and concludes that the isocentropic assumption central to
the data analysis is inadequate in the case of ultrasonic pressure waves.

Data are presented graphically in Fig. 6. Below -15°C there are real data

discrepancies smongst different workers which remain to be resolved.

3

Kg from
Sound velocities

Fig. 6. Adiabatic compressibilities calculated from ultrasonic
gsound velocity measurements and from Eq. (4). At 0°C
the latter value is accurately known, and the large
uncertainties indicated by the error bars do not apply.

16
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Vapor pressures in the supercooled states of water were first measured
by Regnault in 1847 whose data extended to -32.8°C. Due to instrumental
limitations these extraordinary measurements were not of great accuracy and

39)

are not quoted here. Scheel and Heuse in 1909 obtained data tc -15°C

(40) A Van't Hoff plot of

which have been confirmed recently by Bottomley.
the data between 0 and -15°C is linear, and a vapor pressure of 1 mm Hg (13.3 Pa)

is indicated at -20°C. Some data are given in Table 7.

Table 7
Vapor Pressure of Supercooled Water

(Data selection from Scheel and Heuse (1909))

t/°C p/um
- 2.814 3.724
- 2.816 - 3.726 !
- 2.830 3.726
- 2.838 3.724
- 3,918 3.432
- 4,842 3.209
- 4,884 3.202
- 4,900 3.193
- 7.250 2.675
- 7.279 2.669
- 7.301 2.665
- 7.313 2.661
- 8.804 2.373
-9.115 2.315
- 9.812 2.191
-15.176 1.421
-15.308 1.412

17
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The static dielectric constant (relative permittivity) of water below

0°C has been measured by Hasted and Shahidi(AI) using an absolute method based

on dilute emulsion samples analyzed using the Maxwell-Lewin formula for the

mean permittivity €n of a dispersion of spheres of a substance of dielectric

constant €. in a matrix of dielectric constant 62 . When the volume fraction

1
of spheres is ¢, the relation is

€, - €
L=29e 2ez+el’°z ()

Their results, shown in Fig. 7, have been supported by independent measurements

(42)

of Hodge and Angell based on the Maxwell-Wagner effect for concentrated ]

emulsions, using an analysis which requires calibration with known values at

some reference temperature.

. R Ve S

11q—&° e

| ‘.”a

“x*— %.’.80. T ]
) 9&_ 008308 -_1

aO.Oooo

80— LA

7 - "
%

Temperature (“C)

Fig. 7. Dielectric constant (relatiye permittivity) for
supercooled water (after Hasted and Shahidi, ref. 41).

18




T —— —_— : B ——————

MASS TRANSPORT PROPERTIES
The intensive thermodynamic properties discussed above are determined by

the magnitude of fluctuations in extensive properties which are characteristic of
the liquid at equilibrium. The transport properties likewise are dctemincd by the
growth and decay rates of these same fluctuations, hence are in a sense also
equilibrium properties of the liquid. However, they are almost invariably
determined by deliberately perturbing the equilibrium state of the system
and observing the rate of return to equilibrium, hence they are usually
considered separately as "non-equilibrium" properties.

Fundamentally related to the process of recovery of equilibrium after
most types of perturbation is the ordinary (mass) diffusion process. This
has been studied in the supercooled range by Ruppnchcr(w) using the classical
radiotracer diffusion-out-of-capillary technique and reaching a surprising

an

-25°C and by Gillen et al using the shorter time NMR spin-echo technique.

The latter authors reached -31°C with groups of selected capillary sample

containers. Attempts to extend these measurements to lower temperatures using

pulsed gradient method on emulsion samples have only been partially .ucculful.(“)
Data from the preferred study of Gillen et al are presented in Table 8

after a uniform 6.7% upward correction to normalize to the accepted diaphragm

(44)
method value for bulk water.

The viscosity of water was first measured below 0°C in 1913 by White and

(46)

Mning(‘s) whose data penetrated to -14°C. Fifty years later Hallett used

a clever cold capillary method to extend the range to -24°C, Very recently
21
Osipov et l{ hzve reached -35°C with a moving microecopic slug technique

wvhich gives results in agreement to 1% with those of Hallett in their
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Table 8

Self-Diffusion Coefficients of Water

Into the Supercooled Range

(After Gillen, Douglass and Hoch (1972)

normalized to Mills

t°C

25.1

12.2

2.4
- 9.4
-11.6
-14.4
-17.3
-19.1
-21.3
-23.1
-24.9
-26.8
-28.7
-30.6

common tempeérature range.

(44) datum at 25°C)

losblcm? sec-l

2.38

1.69

1.12

0.75

0.675
0.590
0.509
0.467
0.421
0.364
0.343
0.281
0.234
0.200

With the latter data,viscosity becomes the most

extensively studied transport property for water, though in the case of Dzo,

the deuteron spin relaxation time data cover a wider equivalent range. The

viscosity data collected in Table 9 are combined with the stable range data in an

Arrhenius plot, Fig. 8, to demonstrate the extraordinary departures from Arrhenius

behavior exhibited by water in this low temperature range.

The apparent activation

energy in the lowest temperature interval has risem to 14 kcal/mole (59 kJ/mole). .

20
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Table 9

Viscosity of Water Below 0°C

t/°C n/cp
White & Twining Hallett Osipov and coworkers
(1913 (1963) (1979)

0 1.798 1.79 1.80
- 4.70 2.121
-5 2.16 2.14
- 7.23 2.341
- 9.30 2.549
=10 2.66 2.60
-15 3.34 3.23
=20 4.33 4.36
=25 6.45
-30 10.2
-32 Elh 12.7
=34 16.4
=35 18.7

The electrical conductivity of water, which proceeds by a proton-hopping
(Grotthus) mechanism, has not been properly measured into the supercooled
region. The dielectric relaxation time, which reflects the reorientation
kinetics of the molecules and is described extraordinarily well by the simple
Debye relaxation theory in the stable range, has only been measured to -8°C,

- 47
where TD = 2.5x 10 11!.( %@cording to the Debye model, in which TD

scales with n/T , L should grow to 1.4 x 10-10 by -35°C.
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T/°C

o [ Hordy and Cottington
Korsan, Drost-Hansen, 8 Miller

n/p

X34

%3 30 35 Iy
10°K/T

Fig. 8. Arrhenius plot of viscosity data for normal
and supercooled water.

Nuclear spin relaxation times can be measured on very small and quiescent
pure water samples and, with almost equal accuracy, on capillary or emulsion

droplet samples, hence the data for these relaxation processes are very

extensive. Hindman and coworkers(lg’bg-so) have reported measurements down

to -31°C for 170 and lﬂ relaxation (where instrumental electronic problems
were limiting) and down to -36°C for 2D in D20. An example of their results
in which both bulk water and emulsion sample data are included is shown in
Fig. 9. For the lﬂ and most recently 2D cases, our knowledge of nuclear spin
relaxation processes has been extended most usefully to pressures of 250 MPa

(2.5 kbar) and temperatures as low as -86°C by Lang and Lﬁdelnnn(zo) using a f
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Fig. 9. Arrhenius plot of spin lattice relaxation time for 170 in normal and
supercooled water (after Hindman, ref. 50).

high pressure strengthened glass sample cell. Using a frequency of

Wy = 6.28 x 108 Hz, these workers were able to observe a Tl minimum (at -70°C,

200 MPa) hence were able to derive, from W T, = 1, a reorientation correlation

0
time T, of 1.6 x 10-9 sec, v 3 orders of mgnitude longer than at 25°C. Water

e
under these conditions is evidently a rather viscous liquid, with a viscosity
of V10 poise (c.f. glycerol under ambient conditions, n =15 poise), if the Debye
reorientation time theory continued to apply even approximately. Reorientation
times derived for a range of conditions by Lang and Ludemann are shown in

Fig. 10. The temperature dependence of the reorientation time at high

pressure proves to be distinct from that at 1 atm pressure and instead is

23
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characteristic of that of any moderately viscous liquid, obeying the VIF

equation

TeT, exp - B/(T-T ) (6)

with parameters T - 3.13 x 10-16 sec, B =749 K and To = 127 K,

To being appropriately (Angell and Tucker(SI)), about 20° below the

glass transition temperature estimated by short extrapolation of

measured values in aqueous solutions at the same presoute.(sz)

-0 60 -40 -20 O 20 4 60 80TQ

Fig. 10. Arrhenius plot of reorientation
correlation times for water at 1 atm
and 200 MPa (2 kbar) obtained from
high pressure NMR data (after Lang
and Ludemann, ref. 20).
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Reorientation times have been measured at one atmosphere pressure for
dilute radical solute species in water at temperatures down to -33°C, by
ESR measurements. Ahn(ls) showed that the reorientation time for ditertiary
butyl nitroxide at concentrations of lo-km followed the viscosity temperature

dependence down to -24°C, and successfully predicted the then unknown viscosity

of water at -33°C.

STRUCTURE-RELATED SPECTROSCOPIC STUDIES

Several spectroscopic studies have been performed on water in the supercooled
state, and others are in progress. NMR chemical shift measurements which average
overall configurations, and infra-red measurements, which are "seeing” a much
shorter time scale structure, have been studied to —35°C$23’53) but these results
are not discussed here (see original literature and review by the author in

"Water: A Comprehensive Treatise) Vol. 7 (Ed. F. Franks, 1980)).

DISCUSSION

The results reviewed above offer a very demanding challenge to the
theoretician. '

The rapid variation in thermodynamic properties at low temperatures,
which are so similar to that of the heat capacity at high temperature (compare
Figs. 3 and 4), suggests the possibility at low temperature of a thermodynamic
singularity analogous to the instability (spinodal) point at high temperatures
described in the introduction. This possibility is strengthened when the data

are plotted against the familiar critical point temperature function

(35)

€= (T - Ts)/'rs where Ts is the singular or spinodal point. This is

shown for two properties, the expansivity a (a thermodynamic property) and

the viscosity n, (a transport property) in Fig. 11. For a, a small, linearly
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temperature-dependent, component has first been subtracted in order that the
component being plotted does not become zero at any temperature. This linear
component represents the "normal" (non-critical or non-anomalous) part of the
thermodynamic property, which is always superimposed on the anomalous part in
any static property of the system. Such a subtraction need not be made in the
case of the viscosity because the shear relaxation time is dominated by the
decay time of the anomalous fluctuations. Both properties give linear plots
when T’ is fixed at 228 K. Currently, attempts are being made to derive, from
binary solution studies in which the anomalous behavior at low temperatures is
eliminated, appropriate background ("normal") components for the heat capacity
and isothermal compressibility (Angell and Tucker,®*) Ogunt and Ange11(53))

that the exponents describing the singular part can be determined.

T/°C
-0 -35 -30 -20 O 20 50 100

£

Cp(anom)(superheated)

10t
- 7
ol
5_ supercooled
L A
N/cp
or 2F
anom
IE
-
[
0-5t
b
0-2f

o,' A .-':5‘4‘ A ‘q.‘ol i1 :6|§J_A_|__|$o

log €

Fig. 11. Plot of anomalous components of selected supercooled and
superheated water thermodynamic properties, and of viscosity
for supercooled water vs log (T/Ts - 1) with T 228 K.
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It 1s to be noted that 228 K is only some 5 K below the lowest Zemperature
Tn, to which small samples can be supercooled before crystallization occurs.
This suggests strongly that the singular point is indeed a low temperature
mechanical stability limit for the liquid phase analogous to that for the
superheated liquid discussed earlier, although "internal" liquid phase
interpretations of '1‘s are also possible.

It is unfortunate that no directly measured high temperature data
near the high temperature Ts are available to include for comparison with
the supercooled water data. In their absence, we use the Eq. (2) - based
data displayed in Fig. 3, after subtracting a constant "background" (normal
component) of 75 J mol-l deg-l, to obtain the plot labelled Cp (superheated)

in Fig. 11. The data at large € (wvhere the anomalous component should become

dominant, and the error in choice of background be least influential) are

linear in € with a slope of 1.5. This, however, is larger than the expected 2
classical value 1.0, and larger than even the lattice gas value, 1.25, which
might be expected to apply very near the spinodal if measurements were possible.
It is probable that, close to T,s the form of Bq. (2) becomes 1nldaquatg.

If ve take T. at the high temperature limit to be 300°C, then at 279.5°C

wvhere spontaneous rupture is observed, the value of € is aimost the same

as that of supercooled water at -40°C where homogeneous nucleation of similar

size droplets is observed.
1113

Considering the low temperature behavior further, Kanno and Ange
have shown that the close relation between TH and '1‘s is maintained as pressure
is increased to 200 MPa even though 'I‘H decreases by more than 50 K
(to =92 K at 200 MPa). On the other hand, both thermodynamic and relaxa-

(15)

tion time data at pressure above 200 MPa indicate the disappearance of

27
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singular behavior (T. becomes too low) and the return to "normal" low tempera-
ture liquid behavior in which the temperature To nppelrs'aa some kind of
internal equilibrium low temperature limit on the liquid; in effect, a

temperature at (or before) which it would undergo a second (or higher) order

transition to an “"ideal glass" phase.(56°59) In practice liquids always pass,

for kinetic reasons, through a non-equilibrium transition (the 'glass transition")

at some temperature '1‘8 a little higher than T . (So far, not even the glass

transition has been observed for water beciuse of fast crystallization even

in the region above 200 MPa, though several attempts have been made in the

author's laboratory to suppress the latter by fast quenching procedures) .
The above observations on the thef-odynauic characterigzation of water

are summarized in Fig. 12 in the form of a qualitative, but realistically
I

lw,vo

Fig. 12. Free energy surfaces for solid, liquid and gaseous phases
of water showing metastable surfaces and their stability
edges, as described in text.
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scaled, free energy surface diagram for water. This shows the intersections

with stable crystal polymorph and gas free energy surfaces which give us the

normal crystallization and boiling phenomena, but also
(a) the metastable extensions of the liquid and gas surfaces at

T < rc s B < Pc » showing the surface f"" corresponding
to mechanical stability limits on vapor supercooling T'.v
superheating To,l;

(b) the metastable extensions of crystal and liquid surfaces
showing a (necessary but unobservable) superheating limit Ts,c
for the crystal due to shear mode instabilities at an unknown
high temperature, and the putative mechanical stability
limit on liquid supercooling Ts,l;

(¢) the vanishing, at higher pressures, of the low T instability edge
as Ts,l falls below To. In the higher pressures the amorphous
phase surface is seen, ideally, as continuing to 0 Kwith a
slope discontinuity at T° such that below To the surface has

essentially the same temperature derivative (i.e. entropy) as

the stable crystalline phase at that temperature.

Providing a theoretical basis for the impending low temperature catastrophe

is a somewhat difficult problem, particularly as there are no other examples

of liquids exhibiting this type of behavior known at this time. The facts

that

(1) the anomalies are suppressed by constraining the system to constant

volume (Cv actually decreases slightly with decreasing temperature in the

temperature range 0 to -40‘0(53)), and

29
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(11) the anomalies are banished even from constant pressure properties
st high pressures where the water molecules are forced into closer packing
srrangements,

imply that geometrical aspects of the packing of water molecules in the
preferred open tetrahedral network configuration are of central importance.

Two theoretical approaches comsistemnt with this obserwetion are curreatly
(60,61)

under development. One, due to Stanley and Teixeira is basically a

theory of gelation of fully bonded (hence open-packed) water molecules, in
which a percolation threshhold near -45°C appears to arise as a natural
consequence of the random formation of hydrogen bonds of fixed energy. The

other, by Stillinger(62) is a more general development of the statistical

mechanics of finite systems in which the differential geometry of a con- ‘
figuration space surface seems to lead naturally to a catastrophe at sufficient
supercooling.
These ideas are yet at an early stage of their development and the
appropriate role played in the phenomenology by coopgrative hydrogen bonding

(L.e. energetic factors as opposed to purely geometrical factors) imposing

a superstructure of consequences on a framework of random hydrogen bonding
remains to clearly delineated. It is certain, however, that from a
successful treatment of the supercooled water phenomenology there will
emarge a much more complete .and sophisticated picture of the nature of

liquid wvater than i{s currently available.
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SUMMARY

A review of recent measurements and calculations on properties of water
in metastable superheated and supercooled states shows the existence of
interesting parallels in behavior which are probably unique to pure water
at relatively low pressure (v 200 MPa). For this case the singular behavior
expected for all liquids at large superheating, as they approach their
mechanical stability limits, is repeated in the low temperature supercooled
regime. Available data are consistent with a singular temperature of 228 K, at 1 atm.
More accurate and more extensive data are needed to elucidate this behavior.
The singular behavior is eliminated by sufficient increases in applied
pressure, as the hydrogen bond angle relationships essential to the manifesta-

tion of the singularity, are suppressed.
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