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Physical limit of stability in supercooled D  ,0 and D,0+H,0 mixtures
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The fluctuation theory of homogeneous nucleation was applied for calculating the physical
boundary of metastable states, the kinetic spinodal, in supercogl@cabd B,O+H,O mixtures.

The kinetic spinodal in our approach is completely determined by the surface tension and equation
of state of the supercooled liquid. We developed a crossover equation of state for superc@led D
which predicts a second critical point of low density water—high density water equilibriug, CP
and represents all available experimental data in supercooj@dvithin experimental accuracy.
Using Turnbull's expression for the surface tension we calculated with the crossover equation of
state for supercooledJO the kinetic spinodalT ks, which lies below the homogeneous nucleation
temperatureT . We show that CpRalways lies inside in the so-called “nonthermodynamic habitat”
and physically does not exist. However, the concept of a second “virtual” critical point is physical
and very useful. Using this concept we have extended this approach to supercoGledH D
mixtures. As an example, we consider here an equimolg®#H,O mixture in normal and
supercooled states at atmospheric presdire).1 MPa. © 2003 American Institute of Physics.
[DOI: 10.1063/1.1526634

I. INTRODUCTION dynamic properties of supercooled water outside the
“nonthermodynamic habitat” region.
In the fluctuation theory of homogeneous nucleatidn, In this work, we continue the study initiated in our pre-

the physical boundary of metastable states is determinedious papers for supercooled waterand extend this ap-
from the condition that the lifetime of the metastable phaseroach to supercooled ;0 and DO+H,0O mixtures. We
ty is of the same order as a relaxation time of a homogeproceed as follows: In Sec. Il we review the major concepts
neous statég. Therefore, in the vicinity of the thermody- of the fluctuation theory of homogeneous nucleation. In Sec.
namic spinodalty,<tg, the very concept of a “*homoge- Il we describe a phenomenological crossover model for one-
neous” state loses its meaning and the thermodynamicomponent fluids and obtain a crossover EOS for pw®.D
spinodal is experimentally unattainable. The line whigfe  An application of this crossover EOS to the prediction of the
=ty is treated in the fluctuation theory of homogeneouskinetic spinodal in pure BED is presented in Sec. IV. In Sec.
nucleation as the kinetic spinodal. Both timég, and tg, V we describe the isomorphic crossover free-energy model
depend on the kinetic properties of liquid, but the rafjdty ~ for binary mixtures and consider its application to the pre-
depends on the thermodynamic properties only. diction of the kinetic spinodal in supercooled,@+H,O

In our previous work~’ we developed a general, based mixtures. Our results are discussed and summarized in
on the fluctuation theory of homogeneous nucledtfoap-  Sec. VI.
proach for the calculation of the physical boundary of meta-
stable states in superheated, stretched, and supercooled lig-
uids. The kinetic spinodal in our approach is completely“' THEORETICAL BACKGROUND
determined by the surface tension and equation of state According to classical theory of homogeneous nuclea-
(EOS of the metastable fluid. In our most recent wérk, tjon'®-2the nucleation raté, which determines the average
further referred as Paper I, we applied this approach for thgumber of nuclei formed in a unit volume of the metastable

calculation of the kinetic spinodal in supercooled water. Usphase per unit time, is proportional to the probability of hav-
ing the two-critical poin{ TCP) scenarid, *®we developed a ing a critical nucleus

parametric crossover model for supercooled water and have

shown that the second critical point of the low density water J=Jo exp(—Wpin/KgT), 21
(LDW)-high density wateHDW) equilibrium, CB, al-  wherekg is Boltzmann constant, and

ways lies inside the so-called “nonthermodynamic habitat” 4 .2

created by this “virtual” critical point itself, and, therefore, Winin= 37T cor (2.2
does not exist. Nevertheless, the concept of the second “virdetermines the nucleation barrier, which is equal to the mini-
tual” critical point is useful and yields a physically self- mum reversible work required to form a critical size nucleus.
consistent representation of the kinetic spinodal and thermas is the surface tension, adg is a prefactor which depends
on a kinetic coefficient, usually the self-diffusion or the shear

dAuthor to whom correspondence should be addressed. Electronic maiViSCOSit_y' but does n_Ot depend_(_)n the Critical_ radigs The
skiselev@mines.edu mean time of formation of a critical nucleus in a voluvg

0021-9606/2003/118(2)/680/10/$20.00 680 © 2003 American Institute of Physics

Downloaded 19 Jan 2003 to 138.67.128.3. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 118, No. 2, 8 January 2003 Supercooled D,0 and D,0+H,0 mixtures 681

ty=IV) " 1=(JoV) ! exp(Wpin/ksT), (2.3)  For 0<u,<(up)ks (or T<Tyg) the lifetimety <tg and the
. i very concept of an equilibrium homogeneous state is no
determines thg I|feF|nje of the metastable state._The hom.og?'nger applicable, and this spinodal region separates meta-
neous nucleation limit of the metastable state is determined, /1o and unstable states in the phase diagram of one-

as a locus of the constanfusually small ty;=0.1+1 component fluidd?
second®) lifetime ty,. Thus, in the classical theory of ho- As was showﬁ by KiseleY? the parameters, andus in
mogeneous nucleation, the nucleation temperalyés de- the effective Hamiltoniari2.5) for one-component fluids can
termined by both, the thermodynamithrough theWin) e expressed through the dimensionless firgt,
and kinetic(through thel,), properties of supercooled fluid. = p(aul dp) ks T, and secondg =p2(c92,u/¢9p2)T/kBTp

1 pp 1

h Idn the fluctL:catlon theory of homoge;leous nucheFa]ﬁ'Gln., . (ilerivatives of the chemical potentialy=(dpAldp)r=A
the dynamics of a system in a metastable state of the initial P/p, with respect to the density,

phase are connected with the relaxation and fluctuation of the
hydrodynamic fields of the order parametgfx,t), energy o Tom — _P
density e(X,t), etc. The slowness of their relaxation allows Y27~ <B'PHy=P| 5 L

us to exclude other degrees of freedom and to only consider 2.9
the dynamics of a single hydrodynamic mode-scalar field of 1 _ 1 aP 9°P
the order parameter. In this case the equation of motion of “3:§kBTF’Mpp:§P[ _(5) P(F) *
the system is the same as that of a system near a second- T Pl
order phase transitiéh and for the parameteg in supercooled liquids a good esti-
P mate iS~’
¢
E——FCA —£+fst), (2.4 g=kgTp?, (2.9

wherel, is a transport coefficient{ is an effective Hamil- where p,, is the density of liquid at the triple point. Using

tonian, andfg, is an external random force modeling the Egs.(2.8) and (2.9), Eq. (2.7) for the kinetic spinodall g

thermal fluctuations. The effective Hamiltoniaf{ ¢} can be  can be written in the forA®

expanded in a functional series as in a second-order phase — 2/3 3

transition. In the vicinity of instability region, the effective KeTipp(Tks) (i) . (2.10
AWin(Tks) Ptr

Hamiltonian can be represented in the férm
We need to note that E@2.10 for the kinetic spinodal
dv, (25  Tgs, unlike Eq.(2.3) for the homogeneous nucleation limit
T4, does not contain any kinetic coefficient. Along the ki-
whereg, U,, uz>0, andu, are small. The curve,=0 rep-  netic spinodal the lifetime of the metastable phg@nd the
resents a bare or “unrenormalized” spinodal, i.e., a spinodatelaxation timetg are changed, but the ratig, /tg, which
of the system in the absence of fluctuations. depends on the thermodynamic properties of liquid only, re-
The solution of Eqs(2.4) and(2.5) obtained by Patash- mains constant. Therefore, if the surface tension is known,
inskii and Shumild? show that the lifetime of the metastable the physical boundary of metastable states, the kinetic spin-

Ep(TKS) =

g uz Uz
M =f Z(Ap)2+ —p2— =23
{e} (2( ®) S 3¢

phase taking into account of fluctuations is given by odal, in the fluctuation theory of homogeneous nucleation is
completely determined by the equation of state,
_ |47y —P(p,T).
tm=1tr N exXp( YWin/KgT), (2.6
0

wheretg=169/T U5 is a characteristic time governing the Ill. EOS FOR SUPERCOOLED D,0
relaxation toward local equilibriumy= (u,g)¥%kgTu3 is a
dimensionless parameter ang=8.25 is a dimensionless
constant. It follows from Eq(2.6) that whenyW,,,;;>kgT

In Paper | we have shown that the second HDW-LDW
critical point, CB, is actually a “virtual” critical point which
o i ) hysically does not exist. However, the concept of a second
the lifetime of th.e mgtastable phase is exponentlgllyllongeEritiCm point appears to be very useful and the parametric
than the relaxation timég. For y<KgT/Wp,, the initial o 5qsover model in combination with the two-critical point
homogeneous state that is stable with respect to lonGs.qnario yields a highly accurate and physically self-

as a result of fluctuations during a time comparable with the,,j the kinetic spinodal in supercooled water. Therefore, for
time governing the relaxation toward Ioc_:al equilibriury, supercooled BO we also adopt the TCP scenario and para-
=tg). The curveyWni,=kgT, or, alternatively, metric crossover model employed earlier for supercooled

1[kgTyeu2| H,0.!
(Up)ks=Us(Tkg) = = M) , (2.7 The Helmholtz free energy in the parametric crossover
9\ Wi model is represented in the form
can be regarded as the physical limit of stability in a super- A(T.p)=AA(T,A 9) + (pl p) ito(T) + Ag(T) 3.1)
) ; c , .

cooled liquid—the kinetic spinodal,x s, limits the region in _
the phase diagrarfu,> (u,)xs or T>Tgg] of statistically ~ whereAA is the critical part of the dimensionless Helmholtz
well defined and experimentally attainable metastable statefree energy densitp=pA/p.RT, (WhereR is the universal
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gas constantas a function ofr=T/T.— 1, the dimensionless
deviation of the temperatur€ from the critical temperature
T., and the order parametarp=Ap=p/p.— 1, the dimen-

sionless deviation of the densigyfrom the critical density

pc, While the background contributiongy(T) and Aq(T)

S. B. Kiselev and J. F. Ely

TABLE I. Universal scaled functions.

Wo(6) = 30126(b2~ 1)/(2- a) +28(2y~ 1) (1~ b26)/(y(1~ )
~(1-2)(1- %6} a]

W4(6)=[L(26%(1 - a+ AL+ An)/(2 = atBy) ~ (1-2)b267]

Wo(0)=[U(26%(1 a+ A L7+ A5)/(2 - at8) — (1-2)b267)]

are analytic functions of temperature. The critical part of the¥s(6) = 36[3—2(e,— B)b?6°+e,(1—28)b*¢*]

Helmholtz free energy is given By2°

AK(r,H)zer*“R“(q)
5

% aw0(02)+21 GrdR N QW(0)|, (32

=r(1-b%6%), Ap=krPR FTY2q)0+d;r, (3.3

where 3, a, andA; are the universal critical exponerfts?®

W,(0)= 3b26°(1—e,(1—2B)b?6?]
W4(0) = 326%(1—e,(1—2B)b26?]

constants and the universal scaled functidngs) are pre-
sented in Tables | and Il, respectively. In addition, the para-
metric CR EOS also contains the following system-
dependent constants: critical paramefgys p., andP., the

b? is a universal linear-model parameter, the scaled functiongescaled asymptotic critical amplitudeof the coexistence

W,(0) are universal analytiéeven fori=0-2, or odd fori
=3-5) functions of the parametric varialde andk, d,, a,

curve, the amplitude of the asymptotic term, the amplitudes
¢; of the nonasymptoticiE& 1,2) and asymmetrici € 3-5)

and c; are system-dependent coefficients. The crossoveerms, the inverse rescaled Ginzburg numipeand the co-

function R(q) in Egs. (3.2 and (3.3) is defined by the ex-

pression
2
q? )
1+q '

where the crossover variabtgis related to the parametric
variabler by

a=(rg)*?

whereg=Gi ! is the inverse Ginzburg number.

The first three terms on the right-hand side of E2}2)
correspond to the asymptotic=0), first (i=1), and sec-
ond (=2) Wegner correction ternfS.The next two asym-
metric terms (=3 andi=4) are equivalent to a “mixing”

R(g)=| 1+ (3.9

(3.9

of the thermodynamic variables related to the asymmetry ogt al38
the VLE surface in real fluids with respect to the critical

isochore®®3! and the last term in Eq(3.2) (i=5) corre-
sponds to the additional asymmetric tewm 7° in the effec-
tive Hamiltonian of the systerit:>3 For large values of the
variableq, at|7|>Gi, the crossover functioR(q) modifies
each term in Eq(3.2) so they all become analytic, and Eq.
(3.2) is transformed into the classical Landau expar$ion
with additional asymmetric terfisoc A z° and A 7°.

In order to apply the parametric crossover model to real
systems, one needs to specify the background contributions

in Eq. (3.1. Here, following our previous work for super-
cooled watef,we represent the analytic functiopg(T) and
Ay(T) by truncated Taylor expansions

3
ﬁom:; m;rl,

, (3.6

A(T)=—Z+ >, AT,
=1

where Z.=P./p.RT. is the critical compressibility. The
parametric crossoveiCR) EOS in this case is completely
specified by Eqs(3.2—(3.6) and contains the following uni-
versal constants: the critical exponems3, A;, and4j;, and

the linear-model parametdr®. The values of all universal

efficientsm; and A; in the background contributions. The
coefficient cs corresponds to the asymmetric temm 7°,
which appears to be statistically irrelevaft*?® therefore
we further setts=0.

As was pointed out in our previous study for super-
cooled watef, an accurate determination of the position of
the CP2, especially the critical pressupg, for which an
uncertainty is of about 10%—-15%, is not possible in prin-
ciple. Therefore, in order to avoid an over fitting, for super-
cooled DO we adopt the same value &f;, as obtained
earlier for supercooled #©.” All other system-dependent
constants for supercooled,O, including the critical param-
etersT., andp.,, have been found from a fit of the CR EOS
to experimental data. For this purpose the experimesntal
data by Kanno and Angetf, experimentalC, data by Angell
and by Rasmunssen and MacKenZignd experi-
mental (p,T) data by Zheleznyi® by Kanno and Angeff?
and by Hare and Soreng@mave been used. In addition, we
also used the specific volume data in the stable region at
temperaturesT,,<T<300 and pressures<IP<150 MPa
generated with the new International Formulation for the
thermodynamic properties of heavy water of Kestin and

TABLE II. Universal constants.

«=0.110
$=0.325

y=2—a—-2B=124
b®=(y—2B)/7(1-2B)=1.359
A;=A,;=051

A,=A,=2A,=1.02
Az=A,=y+B—1=0.565

Ag=1.19

As=A,=Ay—1/2=0.065
As=Ag—1/2=0.69
eo=2y+3B—1=2.455
e1=(eo—B)(2e0—3)/(eo—58)=4.90
e,=(ey—38)/(ep—58)=1.773
e;=2—a+A;=3.08
e,=(e3—3B)/(e3—5B8)=1.446
Ag=y+B-1-A,=0.055
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Sengeré! We found that the best estimates for the critical D,0
parameters of the second critical point AR supercooled ]
D,O are AY "
2 Tep=195+5 K 200 3
c2=195* , P= 100 MPa
. _ 800 S nse |
pe2=122050 kg, g — SNl
P.,=230+20 MPa. =
[{=]
It appears, that with respect to the L&l available ex- ‘O_
perimental data for supercooled,® lie in the high X
temperature—low density regionTE& T, and p<pg,). *
Therefore, an extrapolation of the CR EOS with the asym-
metric terms obtained from the “high temperature—low den-
sity” fit into the low temperature—high density regiof (
<T., andp=p.,) can give some unphysical behavior and,

in general, is not recommended. In order to reduce the num- 240 250 260 270 280 290

ber of the adjustable parameters and make model more pre- 4 ' , . ,
dictable at high densities, in the second step we, following 10 T 8
Kiselev and Kostyukovarepresented the asymmetric ampli- 6 l‘ O P=50MPa 6
tudec, in Eq. (3.2 as a linear combination of the amplitudes 5 1‘ ," o biomm S
¢, andcs, 41 LI UL
© 3 W "\ = CReoso1 (T=195K) | | 3

C D o
C4201—0_ 03—0, (3.9 = 2 2
EO EO CD\ 4
- " o 3

where the coefficient€,, Dy, andE, depend on the critical < 10 8
exponent only M'_ g ] g
oo (rtdy) [ 28 )AS 39 4 2 4
* JbA1-2p)\1-28] ’ ' 3 3
(€~ 5A) 1 270 290

Dy—ey— pre, 0P (3.10 190 210 230 250 27

(1-2p)? T. K
E.=1— (1—eot+2e;+p) n (&o—B-2) (3.11) FIG. 1. The isothermal compressibility of,0 at different pressures in
0 (1_2[3) 2 (1_2,3)2 ’ normal and supercooled states as a function of temperature. The symbols

represent experimental values obtained by Anggllal. (Ref. 35, the
Comparison of the constrained, by E.9), crossover dashed curves represent values calculated with the CREOS-01, and the solid
model CREOS-02 and unconstrained crossover modeirves correspond to the values calculated with the CREOS-02.
CREOS-01 with experimental data for supercoolegDDs
shown in Figs. 1-3. As one can see, in the entire experimen-

tally attainable region both CREOS-01 and CREOS-024,5 a5 was described in our previous work for CREOS-01.
models are practically equivalent. Both models represent thgjnce in supercooled J® both models, CREOS-01 and

experimental values of the isothermal compressibikifyin CREOS-02, practically coincide, we will not discuss the

liquid and supercooled J® in the pressure rangd CREOS-02 for HO here.

=10-190 MPa with an average absolute deviat®AD ) of

about 1.5% G=72), the specific heat and liquid densities

data atP=1 MPa and temperatures 245K <300 K with

an AAD of about 1.0% 1§=238) and 0.03%1(=36), respec- V. KINETIC SPINODAL IN SUPERCOOLED D ;0

tively. However, since the constrained crossover model con- Equation(2.10 for the kinetic spinodal requires the sur-

tains one adjustable parameter less than CREOS-01 a gce tensions Which appears in Eq2.2) through the nucle-

gives a physically more reliable extrapolation into the high-ation barrier\;v . In general, the s;urface tension in one-
min * ’

density region, we choose here the CREOS-02 as a bas&:%m onent fluids can be considered as a function of the
EOS for supercooled . The values of all system- P

. mperature and radi f curvatureHere, followin r
dependent parameter i the CREOS-02for suprcooled D TP 01 radlus of cunstrever, folowng o
are listed in Table Ill. In the second column in Table IIl we P ' P

. 0
also give the values of the system-dependent parameters in

the CREOS-02 for supercooled,®. The values of these

parameters have been obtained from a fit of the CREOS-02 a(T,r)zao(T)( 1_2ﬁ) , (4.1
to the experimentak;, p(T), andCp data for supercooled r
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220

1 T T T 300 T - r
)
19 DO [ o Angelletal (1982) NLE tweo-piiss ekan D,0
——. CREOS-01 (unconstrained) E 2801 TPE. |
17 jm] Rasmussen&McKeqzie (1973) S GREOS.01 (unconstrained)
—— CREQS-02 (constrained) CREOS-02 (constrained)
~ LDW-HDW critical point
15 260 ] i triple point e T
1 v Zheleznyi (1969)
o Kanno&Angell (1979)
¥ 131 P=0.1 MPa X 2 HareSSoromsen (1986) |
o = 240(] + Kestin&Sengers (1986)
)
]

200
Japrm—— -
800 900 1000 1100 1200 1300
p, kg-m*
or D.O FIG. 3. T—p diagram of supercooled . The symbols represent experi-
2 mental values obtained by ZhelezrifRef. 38 (triangles dowh, by Kanno
“Ar and Angell(Ref. 39 (circles, and by Hare and SorenséRef. 40 (triangles
up), and the diamonds correspond to the data generated with the new Inter-
w 2 national formulation for the thermodynamic properties of heavy water of
- P=0.1 MP Kestin and Senger®Ref. 41). The dashed curves represent values calculated
© 3 . a with the CREOS-01, and the solid curves correspond to the values calcu-
X lated with the CREOS-02.
o i
g 4
—=— CREQS-01 (unconstrained)
5 V  Zheleznyi (1969) ]
- A Hare&Sorensen (1986)
w—— CREOS-02 (constrained) | 4 5T
6 =7 Wminzgmgao 1—4r— : (4.2
1 ) L ' Cc
220 240 260 280 300
1, St
T,K Fe=5rc 1+\/1-4—], 4.3
rC
FIG. 2. The isobaric specific he@bp) and thermal expansivitgbottom) of N o
DO at atmospheric pressu=0.1 MPa, in normal and supercooled states and the critical radius is given by
as a function of temperature. The symbols represent experimental values
obtained by Angelkt al. (Ref. 39 (circles, by Rasmussen and MacKenzie o TmU'o(T)Us(T)
(Ref. 37 (squareg by Zheleznyi(Ref. 38 (triangles dowip and by Hare o= (4.9

and SorensefiRef. 40 (triangles up. The dashed curves represent values (T—T)Ah

calculated with the CREOS-01, the solid curves correspond to the values

calculated with the CREOS-02, and the dot-dashed curve represents valuggherev g is the molar volume of solid at the melting tem-

of the isochoric heat capacity calculated with the CREOS-02. peratureT and Ah is the molar enthalpy of fusion. For
m: .

surface tension at the planar solid—liquid interfaag(T),

where 87 is the Tolman lengtf? and o is a surface tension we have used Turnbull's expressfdn

of the planar interface. The nucleation barrié/,,,, and

critical radius of the nucleus,., in this case can be written Ah
in the forn? 00=0.32—. (4.5
Us

TABLE lll. System-dependent parameters for the crossover EOS for super-

cooled DO and DO+ H,0 mixtures. As follows from Egs.(2.10, and (4.2—(4.5), if the

Tolman length,ét, is known, the kinetic spinodal in super-

Parameter B0 H,O k) cooled liquid is completely determined by the equation of
" 0.319 254 0360725  —3.482 6E+00 state pnly. The results of our calculatlops for the kinetic spin-
d 0.200 011 0216981  —6.756 7E— 01 odal in supercooled f® performed with CREOS-02 and
a 211.969 236.150 —23130%+01 6r=—0.2 nm(which appears to be a reasonably good esti-
o —379.046 —207.762 —3.3449E+01 mate for the supercooled watgare shown in Figs. 3 and 4.

C, 265477 267.900 —11514E+00 The dotted curve in Figs. 3 and 4 corresponds to the melting
23 :jg;:ig :‘2‘(1)2;85;2 2111 éEJrOl temperatures],, the dot—dashed curve represent the tem-
g“ 13.9632 15.7862 9.890 &1 00 peratures of the maximum densiti€gy, calculated with

A ~0.712249  —0.204 735 9.096 &+ 00 the CREOS-02, and the dark-shaded area marks the “non-
A, 215.237 231.325 —3.3379&+01 thermodynamic habitat,” i.e., the region where no thermody-
As 50.5706 53.9308 0 namic state for supercooled,D is possible. As one can see,
M 1.919 44 0.536 002 ~26927E+02 the second critical point, GPlies inside the “nonthermody-

m, —155.576 -152.770 1.732 85+ 01 ' _ .

my _14.7238 _15.5989 5996 0& 4+ 00 namic habitat” for supercooled J® and, therefore, physi-

cally does not exist. However, outside the “nonthermody-
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250 — T T eE/RT
D,O O Typ (Kanno&Angell, 1980) ~
? A Typ (Emmett&Milero, 1975) X=———. (52)
vV Typ (Fine&Milero, 1973) 1+e,u/ RT
200 i S T CiEosot s ||
\ X Lo W s pot. The thermodynamic equation
—
o 150 N o T \Tm ] S JA 1 59
4 A X==X(1-X)| —=| == .
DE__ \ e &/, RT
100 i o\i ] _ _ ’ _ _
\ "5\0 provides a relation between the concentraticend the iso-
50 m\ R % Stable | morphic variablex. At fixed X the isomorphic free-energy
o o % 20 pA will be the same function of and p as the Helmholtz
s e \ 25 "I{g_ free-energy density of a one-component fluid. With Egs.
980 190 200 210 220 230 240 250 260 270 280 290 (3.2 and(3.3) the isomorphic free-energy density of binary
T.K mixtures read®
FIG. 4. P—T diagram of supercooled . The symbols represent the ho- pA(T,p,A)‘() o aba
mogeneous nucleation temperatures obtained by Kanno and ARgélI35 ——=kr R (Q)
(filled circles with the eye-guide lingthe temperatures of the maximum RpciTea
densities,Typ , obtained by Kanno and AngelRef. 39 (circles, by Em- 4
mett and Millero(Ref. 59 (triangles up, and by Fine and MillergRef. 60 ~ ~ Aio— A
(triangles down The dashed and solid curves correspond toTthg and X[ awo( ‘9)+i21 CiriiR A(Q)\Pi(‘g)}
the kinetic spinodalsTyg, calculated with the CREOS-01 and with the
CREOS-02, respectively. 4 ~
x P~ i~ PC(X)
+ | A+ =W | AR - ———
=1 Pc RpciTer
namic habitat” atT>Tgg, in the so-called “no-man’s land”
(Tes<T<T,), i.e., the region with short lived but still ther- + [In(1=X)+mg], (5.9
modynamic staté$ (the light-shaded area in Fig),4and in Perler
the experimentally attainable metastable regidn>{Ty) ~
CREOS-02 can be used for the accurate calculation of the __ T-Te(X) —r(1-b26?) (5.5
thermodynamic properties of supercoolegCD T(X)
_p_pc(’)?) T Bp—B+1/2 ~
V. SUPERCOOLED D,0+H,0 MIXTURES Ap= T_kr R (q)6+d;T, (5.9
Pc

A crossover expression for the Helmholtz free energy of . .
. i . L where all nonuniversal parameters as well as the critical pa-
binary mixtures can be obtained from the principle of

critical-point universality*~4’which means that with the ap- rametersTc(X), pc(X), andPo(X) are analytic functions of

ropriately chosen thermodynamic variables, also called isot—he isomorphic variabla.
prop y y ' In addition to Eqs.(5.4—(5.6), we also adopted a so-

morphic variables, the thermodynamic potential of binary lled critical line condition(CLC), which implies that a

mixtures has the same form as the thermodynamic potentigla 7 .

. . . .~ zero level of the entropy of a binary mixture can be chosen

of a one-component fluid. An isomorphic crossover equation . : . o
: . " . ~'so that the isomorphic variable=x along the whole critical

of state for binary mixtures based on the critical-point uni-

versality and phenomenological crossover mog®) has line, including the one-component limit$-8 For the ther-
been developed by Kisel&?.This crossover model has been modynamic potential as given by E¢S.4—(5.6), the CLC

widely used for the prediction of the thermodynamic proper-Can be written in the forff

ties and the phase behavior of more than 25 binangp -
mixtures?®48=5tincluding pure HO and DO and their bi- yj—nb= L dP ba A+ Fnl)T—czl ﬂ (5.7
nary mixtures>°3in a wide range of the parameters of state dx  RpcTe dx  pe Te dx
around the critical point of the vapor-liquid equilibria, CP A ~\_ A
Here, we apply this approach to the supercoole®BH,O TeO=TelX). e =pelx). - PelX) ~P°(X)' ©8
mixtures. The critical values of the entrop8= —(dA/JT), ;; and the
The isomorphic free-energy density of a binary mixtureenthalpyH in this case are determined By
is given by®
~ ~ _ ~ S Peiler ~ o ~
pA(T,p,X)=pA(T,p,x)— pux(T,p,X), (5.1) R - (Ar+my) —mg
where = u,— u, is the difference of the chemical poten- °°
tials u, and u, of the mixture componentsx=N,/(N, and
+N,) is the mole fraction of the second component in the
mixture, pA(T,p,X) is the Helmholtz free-energy density of £ =_ @(”Aﬁ m,). (5.9
the mixture, and the isomorphic variablas given by RTe Pc
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Thus, the CLC in the fornt5.7) does not put any restriction 2000
on the zero level of the enthalpy, and just determines the zero —— 50%D,0+50%H,0
. . : . =———-=pure D,0
level of the entropy, which in binary mixtures can be chosen wmemem pute Ho0
arbitrarily. B 1600 ©  Spedy8Angell (1976)
To specify the crossover equation #&(T,p,X) of a bi- N
nary mixture, one also~needs the~ syste~m-depend~ent param-wg 1200 P=0.1 MPa
eterSdl(;()l k()?)! a'(;()l Ci(;()v andg(;(), mi(;()! andAi(;() S
as functions of the isomorphic variabte Following Kiselev ) RN
et al?**®*"we represent all system-dependent parameters in & 800 AN
Egs.(5.2—(5.4), designated ak;(x), as functions ok and “'w;},%
the excess critical compressibility factaZ (X), where 400 e
is the difference between the actual compressibility factor of i ﬁ:/ZDSSSO%H’O
a mixture Z.(X) = P¢(X)/Rp(X) T(X) and its “ideal” part 20 TS hogelctal (1982)
Zeig(X) =Zc1(1-X) + Zo%. The dimensionless coefficients T Aehertcanac ooy
k andd; in this case can be written in the foffn =2
~ ¢ 15
ki(%) =ki1+ (kiz— ki) X+ KVAZo(%) + KPAZ (%)%, (5.1 >
o
and all other coefficients are given by o 10
k(% Pe(X) %+ k(1) o~ 5
ki(X)= ——— Ry T [Kiz+ (Kiz— ki) X+ K~ AZ(X) . . ‘
p
e 190 210 230 250 270 290
+KPAZ(%)?], (5.12 -

where subscripts 1 and 2 correspond to the pus® Bnd g, 5. The isothermal compressibility; , (top) and isobaric specific heat
H,O, respectively. Within the law of corresponding statesc,, (bottom of 50%D,0+50%H,0 mixture at atmospheric pressure,
(LCY9), the mixing coefﬁuentsk(” in Egs.(5.11) and(5.12 =0.1 MPa, in normal and supercooled states as a function of temperature.

are universal constants for all binary mixtures of simple fIu—g/‘:]ggg’fgpi‘ég:ﬁfg;getﬁr:;:’aﬁ'SZISUZ:'Z‘:J'gﬁ]‘l(‘j"”fg‘rt;zéEm?)g'(;iﬁ”d the
ids with AZ.<0.20%8

) o bols) and pure HO (filled symbols by Angell et al. (Refs. 36 and 611
Since the coefficient&;; andk;, for pure D,O (x=0) (circles, by Archer and CartefRef. 62 (triangles, and by Rasmussen and

and pure HO (x=1) are known, in order to specify a cross- MacKenzie(Ref. 37 (squares
over equation of state for J®+H,O mixtures one needs to
know the critical locusT;(X), pc(X), andP.(X) only. In this
work, following the previous study of the ,D+H,O mix-
tures near the plait critical points, for supercooled
D,0+H,0 mixtures forT.(X) and p.(X) we also use the
linear expressions

one-component fluid. Therefore, for the calculation of the
kinetic spinodal in binary mixtures one can use E210
but with redefined parametepsp and Mopp s

~ ~ ~ — 1 (0P
To(®)=Tea(1-%)+ Tos%, MP:_(_)
- g - (5.13 keT\ 9P/ 15
Pc(X)=pc1(1=X)+ peoX, ) (5.19
— 1 aP P
where subscripts €1’ and ** c2’* correspond to the criti- Mpp:ﬁ - % _+p F
cal parameters of the GRn pure D,O and HO, respec- B P

tively. Since in this case in the entire composition range 0y, addition, for the heat of fUS,omh and specific volume,

(2
<x<1 the differenceAZ <1, we set the coefficients?) vs, in Eq. (4.5) for D,O+H,O mixtures we use the simple
=0, and for the mixing coefﬂmenﬂg(l) we adopt the values linear approximations

originally obtained by Kisele? for methane-ethane and

ethanern-butane mixtures. The values of these coefficients ~Ah=Ah;(1—x)+Ahyx,

are listed in Table 1ll. The results of our calculations of the s=vsr(1—X) X (5.19

isothermal compressibility ,, isobaric specific hedp soost s27

densityp, and thermal expansivity in J®+H,O mixture at The results of our calculations of the kinetic spinodal in

equimolar compositionx=0.5, and atmospheric pressure, pure D,O and HO, and BO+H,O mixture at atmospheric

P=0.1 MPa, in normal and supercooled states as a functiopressure with5;=0 are shown in Figs. 5 and 6. The shaded

of temperature are shown in Figs. 5 and 6. area in Figs. 5 and 6 marks the nonthermodynamic habitat
According to the principle of critical-point calculated for the 50%fD+50%H0 mixture with the

universality**=#" at fixedX a binary mixture is isomorphic to CREOS-02.
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1200 near the vapor—liquid CPthe intensity of these fluctuations

0.1 MEe increases as the distance to the,@Bcreases. Physically the
1100 R4 CP; can be never approached, but outside the “nonthermo-
& - dynamic habitat”(at T>Tkg) the thermodynamic properties
'g 1000 ) i of the ;upercooled JD can be reproduced with high accu-
g L racy with the CREOS-02 based on the concept of this “vir-
a - . tual” critical point of HDW—-LDW equilibrium.
900 . e t0 (e As we discussed in Paper I, there are also other EOS and
Eetenast (1560) different scenarios for supercooled water. EOS such as those
800 oy e 8 developed by Truskett and co-workéfspy Jeffery and
Austin®* and by Ponyatovskgt al®*%®also support the two-
700 critical point scenario and predict the existence of a second
critical point in supercooled water. However, these EOS only
0 : qualitatively agree with experimental data, quantitatively the
%% predictions of thermodynamic properties such as the isother-
-2 /& ] mal compressibility, isobaric specific heat, and thermal ex-
pansivity are relatively poor, especially at high presstres.
4 -4 P=0.1 MPa | The CREOS-02 yields a drastically better description of
F"O_ 6 these thermodynamic properties and brings a dramatic im-
X Py provement to the quantitative prediction of the two-critical
csi -8 i gz;:g;ggj; 1 point ;cenario. Qn the other hand,_ the singL_JIarity—free
Lok A900), 675 scenarif’~"2also gives a thermodynamically consistent pic-
-10 ] ture of supercooled water anomalies, but without a second
critical point. A simple two-state model proposed by

'1%90 210 250 250 2:,0 290 Tanaka’>"?for example, also yields a reasonably good rep-

T K resentation of the experimental data for supercooled water.
’ Therefore, it is interesting to compare this model with
) 172 H
FIG. 6. The densityp (top) and thermal expansivity(botton) of QREOS'O_Z- In Tanaka's mocT_éI. all thermodynamic quan-
50%D,0+50%H,0 mixture at atmospheric pressufe=0.1 MPa, in nor-  tities, designated a¥(T,P), similar to the Eq(3.1) for the
mal and supercooled states as a function of temperature. The curves corfgte|mholtz free energy in CREOS-02 are also represented as

spond to the values calculated with the CREOS-02, and the symbols repre; PR _
sent experimental values obtained for purgdQiempty symbolsand pure Pa sum of the baCkground COI’ItI’IbutI(X‘g(T,P) and anoma

H,0 (filed symbols by Zheleznyi(Ref. 38 (triangles downand by Hare ~ 1OUS part
and SorensefiRef. 40 (triangles up, and by Rasmussen and MacKenzie

(Ref. 37 (squarek X(T,P)=Xg(T,P)+AXS, (6.2
whereS=S, exd (AE—AvP)/kgT] is so called the Boltz-
mann factof? with S,, AE, andAv as model parameters.
However, the physical meaning of the background contribu-
In the present work, we applied the fluctuation theory oftions in Eqgs.(3.1) and (6.1) is different. In Eq.(3.2), the
homogeneous nucleation for the prediction of the kineticfunctions uq(T) andAy(T), which correspond to the back-
spinodal in supercooled » and BO+H,O mixtures. In  ground contributions to the isochoric heat capaciy
order to do this, we first developed a crossover equation of — T(9?A/9T?),, and pressureP = p?(dA/dp); along the
state for supercooledJ®, CREOS-02, which predicts a sec- critical isochore, respectively, are by definition smooth ana-
ond critical point, CP2, and reproduces all available experidytic functions of the temperature with monotonic first and
mental data in supercooled,D to within experimental ac- second derivativeésee Fig. J. Because of such structure of
curacy. The kinetic spinodalTys, calculated with the Eq. (3.1), the functionsuo(T) andAy(T) do not make any
CREOS-02 lies below the homogeneous nucleation temperaontributions into the singular behavior of the isothermal
ture, Ty, thus satisfying a physically obvious condition compressibility and thermal expansivity shown in Figs. 1 and
Tks<=Ty, and separates the statistically well-defined ther2. They do contribute the isobaric heat capacity through the
modynamic metastable stateB=<T=T,,) from the “non-  background contribution i€, which in the metastable re-
thermodynamic habitat” T<Tgs), where no thermody- gion is much smaller tha@p (see the dotted—dashed curve
namic state for supercooled,D is possible. We show, that in Fig. 2). In the Tanaka’s two-state mod&lthe background
similar to the CR in supercooled kD, the CB in super- parts Xg(T,P) are, in principle, unknown functions of the
cooled DO always lies in the “nonthermodynamic habitat” temperature and pressure, different for different properties.
and physically does not exist. However, the concept of thé herefore, in order to describe only the density, isothermal
second “virtual” critical point is physical and extremely use- compressibility, and isobaric heat capacity in supercooled
ful. In spite of the fact that existence of a £B prohibited  water as functions of temperature and pressure at least 18
by the kinetic theory, the thermodynamic surface in superadjustable parameters are neeffethat is approximately the
cooled DO exhibits a nonanalytic, singular behavior causedsame number as in the CREOS-(I7 in the constrained
by long-scale fluctuations in density. Similar to the systemmode). However, even in this case the two-state model de-

VI. DISCUSSION AND SUMMARY
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: T " " " order parameter into the CREOS-02 can be done in principle
0 = —— —_— by the same way, that a dissociation—association chemical
~~o reaction in the dilute aqueous sodium chloride solutions has
“ du Old\r\\ been incorporated into the crossover Leung—Griffiths
A0 S, S model’® This study is in progress and its results will be
~, presented in a future publication.
N, | In the present paper, in order to test the predictability of
’ CREOS-02, we extended the two-critical point scenario to
S supercooled BO+H,O mixtures. Here we employed the
! ~ FPpgfde ] two-critical point io and a principle of critical-point
30 <9 point scenario and a principle of critical-poin
~, universality(which is successfully used for the prediction of
N the thermodynamic properties of binary mixtures around the
40T S, 1 locus of the plait critical poinjsto supercooled BD+H,0
., mixtures, and obtained an isomorphic CREOS-02. The iso-
, , , , ‘“~ morphic CREOS-02 for supercooled®+H,O mixtures re-
210 230 250 270 290 quires o_n_Iy the cr_itical locus as an input a_nd does _not contain
, any additional adjustable parameters. Using the simple linear
450 | approximations for the “virtual” critical locus of HDW—
.., LDW equilibria in supercooled ED+H,O mixtures, we
. were able to reproduce the thermodynamic surface and the
1 kinetic spinodal in the entire range of compositions from
e, pure DO (x=0) to pure HO (x=1). As an example, we
RN considered here the kinetic spinodBl,s, and the isothermal
250 1 T compressibilityxt ., isobaric specific heatp ,, densityp,
’ and thermal expansivity in the equimolarx=0.5)
dAo/dT,/” | D,0O+H,0 mixture at atmospheric pressufes=0.1 MPa, in
,/” normal and supercooled states. Since there are no experimen-
- tal data for supercooled JO+H,O mixtures which could
50 _.~ / confirm or refute our calculations, we consider them as a
L~ pure theoretical prediction and a challenge to experimental-
ists, rather than a final physical result. In order to prove the
-50 ' ' ' ‘ ' validity of our theory for binary mixtures, more experimental
210 230 250 270 290 measurements in supercooled,(-H,O mixtures are
T, K needed.

P-o(")

350 |

Ao(1)

150 1

FIG. 7. The background contributiong,(+) (top) andAq(7) (bottom), and
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