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Abstract

Water is an unusual liquid. It expands upon freezing, has minima in its volume, heat capacity, and isothermal
compressibility with temperature, and shows signs of a first-order phase transition when supercooled. These anomalies
disappear at high pressures. We review a recent analytical theory that predicts water’'s thermal properties and the
main features of its phase diagram, including multiple crystalline phases and a fluid—fluid transition in the supercooled
liquid. It also predicts a fragile-to-strong crossover in supercooled water’'s temperature-dependent relaxation processes.
The theory is based on a simplified model for how triplets of waters interact via hydrogen bonds, steric repulsions,
and dispersion attractions. It is designed to give simple insights into the microscopic origins of water’s properties.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction have the potential to treat a broad range of condi-
tions, reveal trends and universal behavior, suggest
Many properties of liquids and solids have been functional relations for engineering applications,
explored through computer simulations of atomi- and motivate experiments. Here, we examine the
cally-detailed models. However, some properties predictions of an analytical model that we recently
of detailed models are difficult to study because introduced[1,2] to study water in its liquid and
of the computational expense. In particular, entro- solid phases.
pies, heat capacities, and phase diagrams require There are some significant challenges in mod-
extensive sampling of phase space. Moreover, eling water. For example, temperature and pressure
some physical properties of materials are nearly affect ‘hot’ liquid water (near its boiling poink
universal(e.g. critical phenomenaand thus they  gifferently than ‘cold’ water (near its freezing
are in_sensitive to the c_;letails of i_ntermolecular point) [3—6]. Heating hot water increases its com-
potential. Hence, we believe there is also a need yegsibility and heat capacity and reduces its den-
for simple analytical theories. Analytical models sity and refractive index. Heating cold water has
" “Corresponding author. Tel+ 1-512-471-6308; fax-+1.  Ne OPPosite effect. Applied pressure reduces the
512-471-7060. mobility of the molecules in hot water, but it
E-mail address: truskett@che.utexas.edl.M. Trusket). increases the mobility of cold water. Compression

0301-4622/03/$ - see front matt@€r 2003 Elsevier Science B.V. All rights reserved.
doi:10.1016/S0301-46223)00107-8



450 TM. Truskett, K.A. Dill / Biophysical Chemistry 105 (2003) 449-459

melts ice at low pressures, but it freezes the liquid phases, and they are not designed to predict the
at high pressures. hydrogen-bonding structures present in the liquid
In addition, supercooled water has interesting phase.
properties. Cooling liquid water below its freezing Here, we review a simple analytical thedty,2]
point without crystallization(supercooling leads that is based on a microscopic model for how
to pronounced increases in its isothermal com- triplets of water molecules interact via hydrogen
pressibility, isobaric heat capacity, and in the mag- bonds, steric repulsions, and van der Waals attrac-
nitude of its negative thermal expansion coefficient tions. The aim is to provide simple insights into
[5]. These behaviors suggest the presence of athe microscopic origins of water's physical prop-
thermodynamic singularity in the deeply super- erties. We have used it to study the thermal and
cooled fluid. One intriguing possibility is a first-  structural properties of water in its liquid and solid
order phase transition between two metastable phases. The theory describes water's thermody-
liquid phases of watef7,9]. namic anomalies, the main features of its equilib-
Liquid water also has interesting properties as a rium phase diagram, and the populations of its
solvent. Water participates in hydrophobic inter- local hydrogen-bonding structures.
actions with non-polar solutes. These interactions, We are happy to dedicate this paper to Walter
although still poorly understood, are known to be Kauzmann, whose deep insights into the behaviors
important for self-assembly and aggregation events of proteins, glasses, and water have motivated
in aqueous solution including protein folding, the much of our work, including the model that is
formation of cell membranes, and the binding of described in the present review.
drugs to proteins[9-17. Statistical mechanical
theories [13-19 have demonstrated that key 2. The model
aspects of hydrophobic interactions are related to In our model, each water molecule is a two-
the thermodynamics of water itself. This suggests dimensional disk with three identical bonding
that a good starting point for studying water's role arms, separated by 12@s in the Mercedes Benz
in solvation—desolvation processes is an accurate(MB) logo. Good hydrogen bonds form when two
molecular theory for pure water. bonding arms of neighboring molecules are collin-
There is a key limitation in many existing ear and their molecular centers are separated by a
statistical mechanical theories of water. They are distanced. This structure promotes the formation
not based on a microscopic model of the underly- of open hydrogen-bond networks of orientational-
ing interactions, such as van der Waals forces andly-constrained molecules, a key component of
hydrogen bonding; i.e. they do not derive the water's anomalous behavidB,17. The present
structural properties of water from energetics. model bears structural resemblance to the MB
Rather, they begin from experimental observables model [20], although the energetics of the two
of equilibrium properties, such as its equation of models are somewhat different. The MB model
state or the temperature-dependent water—waterhas been studied extensively by Monte Carlo
pair correlation function. While such models have simulations[21-23 and is known to reproduce
been quite valuable, they do not address the key qualitatively the properties of liquid water and
guestion about how the structure of water arises hydrophobic effects. Because the MB model can
from its energetic interactions. predict the distinctive properties of water, and
Perturbation theories have recently been devel- because it gives insights into the microscopic
oped to account for the effect of hydrogen-bonding origins of those properties, we felt it would be
interactions on water’'s propertigdé6—19. These  valuable to develop an analytical version of this
approaches are able to successfully predict a broadtype of model.
range of the experimentally observed properties of
stable and supercooled liquid water. However, an
important limitation of these models is that they = The liquid and vapor phases in our model
are not able to account for water’'s solid ‘ice’ consist of N molecules of diameted contained

2.1. Liquid and vapor phases
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Fig. 1. Cell types for the triplets of waters in the fluid states,
shown from bottom to top in order of increasing energy. Cell
volumesy; (j=1,2,3) are denoted by the gray shaded house-
shaped regions. The triangle that forms the top of the house is
defined by the lines that connect the three molecular centers
of A, B and C. The base of the house is the rectangle that lies
between the line connecting molecular centers of A and C and
the parallel line tangent to those molecules. The molecular sec-
tors in one cell sum exactly to the volume of one molecule
wd?/4. 6 is the local orientation of the ‘central’ molecule B.

within N neighborhoods that we call ‘cells’. The
cells are indistinguishable and fluctuate between
states with different structures, volumes, and ener-
gies. These states af®) cage-like, (2) dense, and

(3) expanded. They describe the mutual interaction
of a central moleculglabeled B in Fig. 1 and
two of its neighbor<A and O. The cage-like and

dense cell types correspond roughly to the transient yith pending the A—B bond, and- &y,

structured and unstructured regions observed in
computer simulationf24,29 and experimentf26]

of liquid water, while the expanded cell type
accounts for the local density fluctuations that give
rise to the vapor phase.

One aim of the theory is to predict how temper-
ature T and pressureP affect the populations
(T, P) (j=1,2,3 of cell types 1(cage-like, 2
(densg, and 3 (expandedl The sum of these
populations obeys the normalization condition

/=1 D

Fig. 1 shows thehouse-shaped structure that
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characterizes the local ‘volume’ that is associated
with each cell(we use the term volume instead of
area here, to maintain the analogy with three-
dimensional water. The quantity we calculate is
the area of the hougeThe sectors of A, B and C
that are contained within one househaded
region, Fig. 2 sum exactly to the volume of one
molecule d?/4. The volumes of th&/ cells sum

to the total system volumy,.

2.1.1. Cage-like cells, type 1

Cell type 1(Fig. 1) is a low-energy, cage-like
triplet structure in which molecule B can rotate
subject to two constraints. First, B is constrained
to maintain a perfect hydrogen bond with (Ce.
B and C are in contact and their bonding arms are
collinean. Second, molecule A contacts B with its
bonding arm pointed towards B’s center. The
potential energy of this celk; has a square-law
dependence on the anghethat describes the local
orientation of molecule B:

—8H3+ks(0—2ﬂ/3)2 w/3<0<m

U= 2

—eupt+k,(0—4m/3)° m<0<5m/3

otherwise

wherek, represents the ‘spring constant’ associated
is the
energy of the cell's ground-state configuration in
which two perfect hydrogen bonds are formed. B
cannot access orientations <@<w/3 or
57/3<0<2m because of the steric repulsions
between C and A. The cell volumg of the cage-
like structure is

v1(0)=a4(6)d? 3

where a1(0)=sin(0/2)><[1 + |cos( 0/2)” . Eq.(3)

is the sum of two contributions to the house:
d?sin(6/2) is the volume of the rectangular base
and dzsin(0/2)>< |cos(0/2)| is the volume of the
triangular roof. Although this volume depends on
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6, we assume that the hydrogen bond is sufficiently —Na/v, wherea is the van der Waals dispersion

stiff (i.e. k, is sufficiently large that the cell parameter and is the average molar volume.
volume can be approximatel®] as the ground-
state value, 2.1.5. Statistical mechanics
_ We develop the equilibrium statistical mechanics
3342 of this model within the isothermal-isobaric
Uiz (4) ensemblegconstantV, P andT). We treat the cells

in the fluid states av indistinguishable, weakly
interacting (i.e. independent subsystems, so we
express the partition function of the fluid
A(N,P.T) as

2.1.2. Dense cells, type 2

Cell type 2(Fig. 1) is compact: molecules A,
B and C are compressed into mutual contact. This
structure has van der Waals contacts, but molecule
B does not participate in hydrogen bonds with A A=H[Ace"]’V (9)
or C. The cell interaction energy, and volume ’
v, are assumed to be constant, independent of B's

orientation- e 1S the partition function for molecule B in its

cell, given by

U= —¢&q (5) 3
Ace” = C(T)N Z ff dxdy
and k=1 {k}

2m
Vo=ad? (6) J’ dﬁexq—[uk—i-PUk]/kBT) (10)

0
where a,=(2+3)/4 . Hered?/2 is the volume _ _
of the rectangular base an®4?/4 s the volume Wherec(T) is the normal 2-D momentum contri-

of the triangular roof. bution [2]. The sum is taken over the three cell
types (cage-like, dense and expandednd (x,y)
2.1.3. Expanded cells, type 3 are the Cartesian coordinates of moleculdi®.
In this cell type (low local density (Fig. 1), the central molecule The double integral

molecule B does not interact with neighbors A
and C (aside from the hard-core overlap

constraints, is accessible to molecule B in cell tyge

An approximate analytical expression has been
uz=0 ) derived [2] for the cell partition functiomA, in
Eqg. (10), which leads to the following form for

J' dxdy represents the translational volume that
(&}

we approximate the distribution of volumes of the
expanded cell by the average volume of a 1-D =

excluded volume gas; 3 N 3 \N
A= LZ gjexr{ —{ ) "‘PU.f}/kBTU = [Z A,]
va="2-+b ®)
P (1D

wherek; is Boltzmann's constant and we choose here(u;) are average energies for the three energy
b[su8292 + |3)d?/4 to be the minimal cell size in  |evelsj=1,2,3,

the fluid.
OT exp( — kym?/9%k,T
2.1.4. Cell—cell attractions ()= —epp+—— VkykT R , _)
To account for interactions beyond the triplet 2 3erf(v"k‘m2/9kBT)

level, we include a global attractive energy
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()= —¢4
(uz)=0

andg; are the corresponding densities of states,

(12

erf( |k, w2/9%k,T)

g1(T)=2nd?c(T)e——=
\,f’kx’lT/kBT

e I

e 3erf( | k,m?/9%T )

go(T)=2md’c(T)e

kgT

ga(T,P)=2mc(T)e(vs—b)= ch(T)e% (13)

the fractional populations of the cell typgs7,P)
are obtained from Eq€11)—(13),

geXH] — ((w)+Pu;)/ksT | A,
! (14

) igkexp[—(<uj>+Puj)/kBT] ) Y A

fi
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Crystal Structures

Low-pressure (LP) ice

(a)

High-pressure (HP) ice

Fig. 2. (@) The structure of low-pressuréLP) ice. (b) The
structure of high-pressureHP) ice. HP ice is identical to LP
ice, except that each cage in HP ice has an additional molecule
(shaded grayin its center that does not participate in hydrogen
bonds.

As a first step, we consider two types of solids: a
low-pressure (LP) ice and a high-pressure (HP)
ice. Our choice for the LP phase is simplified by
the fact that there is only one possible crystalline
arrangement that permits the maximum number of
perfect hydrogen bonds per molecule. This low-
density crystal structure, shown in Fig. 2a, is
analogous to hexagonal idg, and it is also the
crystalline phase that has been observed in low-
temperature Monte Carlo simulations of the MB

these populations are the fundamental microscopic model[21].

quantities in the model.

Water also has denser forms of ice at high

Properties of the liquid and vapor phases can be pressures. To explore the possible structures of a

computed fromA using standard thermodynamic
relations. For example, the chemical potential is
given by w(7,P)=—(ksT/N)InA, and the molar
volume (i.e. the equation of staleis given by
U(T,P)=(8|.L/8P)T. Truskett and Dill[2] discusses
how to account for the global dispersion energy
—Na/v when computing the model's thermody-
namic properties. In contrast to molecular simula-
tions using atomically-detailed models,
thermodynamic properties of the present theory

dense crystalline phase, we recall that there is a
unique minimum-volume (v=34%/2) arrange-
ment for 2-D disks in the plane. Fig. 2b illustrates
one candidate structure, which we call the HP
(high-pressurk crystal, which conforms to this
triangular packing arrangement.

The two ices described above are not the only
possible crystalline structures for this model. How-
ever, a preliminary search using our theory has not
revealed other stable crystals. Hence, we take the

can be computed in a few seconds on a personalmodel’s LP (low-pressure) and the HP phases as

computer.
2.2. Crystalline phases

In order to compute the model’s phase diagram,

being representative of water’s crystalline forms.
We treat the model ices via a cell theory
approach in which each solid is composedNof
independent cells. We assume that the solids are
incompressible and obtain analytical expressions

we must determine the possible crystalline phases.[2] for the chemical potentials of the two ice forms
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Table 1

Reduced thermodynamic variables; the subscript C indicates that the quantity is evaluated at the liquid—vapor critical point
Reduced temperature T.=T/T:

Reduced pressure P.=P/P.

Reduced volume v,=V/V¢

Dimensionless isothermal compressibility K= —(6|nv,/aP,)Tr=KTPC
Dimensionless thermal expansion coefficient u;z(alnur/aTr)PfaPTc
Table 2 3. Predictions

Parameters for the model

3.1. Thermodynamic anomalies

a/(d?eup) 0.295
&4/ €nn 0.15 H i the th d [
k) e 100 000 ere, we summarize the thermodynamic prop-

erties of the model. In order to compare with
experiments, we use the reduced variables shown
in Table 1. In reduced units, the predictions of the
w.p(T.P) and p,»(T.P), respectively. Their molar theory depend on three parametersi{d®e;) ,
volumes arev,,=3/3d%/4 and,,=3d%/2 . A &,/eus andk,/eys . These dimensionless combi-
more detailed discussion of the intermolecular nations quantify the ratios of the characteristic
interactions and the thermodynamics of the crys- dispersion energy-a/d? , the dense state energy

talline phases is given in Truskett and Oifl]. —¢&, and the bonding spring constakht  to the
Model Experiment
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Fig. 3. Water's properties vs temperatfe  at atmospheric preéseesfootnote It model predictiongleft) and experimenf27-

30] (right). Solid lines are the properties of the stable liquid and crystalline phases, and dashed lines are the properties of the
supercooled liquid. Discontinuities occur at the first-order freezing transigee Fig. 8. (a) volumev, , (b) thermal expansion
coefficienta, , (c) isothermal compressibility; , an@) isobaric heat capacity,/k5.



T.M. Truskett, K.A. Dill / Biophysical

characteristic hydrogen-bonding energy ez
The parameters used to calculate the properties of
water are shown in Table 2. Although this param-
eter set has not been optimized to match any
particular property of water, it was found to yield

a good overall description of the experimental
data.

Fig. 3 compares the predictions for the volume
v,, thermal expansion coefficient, , isothermal
compressibilityk; , and isobaric heat capacity
with experimental daté§27—-3(Q for water at atmos-
pheric pressuré. The model captures liquid water’s
negativea, and steep increasesuvin k7, and
upon supercooling. It also describes qualitatively
the discontinuous changes in these quantities
across water's first-order freezing transition to
hexagonal ice.

3.2. Hydrogen bonding structures

In this section, we explore how these properties
arise from the microscopic structures of water
triplets in this model. Fig. 4 shows the behavior
of the local cell populationg; (j=1) cage-like,
(j=2) dense, andj=3) expanded vs. temperature
for the liquid range at atmospheric pressure, from
the coldest supercooled std#®.=0) to the hottest
superheated statghe liquid—vapor spinodal tem-
perature, T,=0.80295. Unbroken vertical lines
mark the locations of the first-order freezing and
boiling transitions. ‘Stable’ indicates the tempera-
ture range where the liquid has a lower chemical
potential than either the vapor or the crystalline
phases. ‘Supercooled’ and ‘superheated’ denote
the temperature ranges where the liquid is metasta-
ble with respect to LP ice and the vapor,
respectively.

The model explains how heating leads first to

increased density, then to decreased density. The

coldest supercooled liquid consists of almost

1We choose the model's ‘atmospheric’ pressure to be
P'™=0.1627 where it exhibits a reduced freezing temperature
of T,=0.4255 and a reduced boiling temperature of=
0.5804 Inputting water’s critical parameters yields a freezing
temperature of 2.2C and a boiling temperature of 102°€.
Thus, at ‘atmospheric’ pressuré™ |, the model liquid displays
approximately the same range of thermodynamic stability as
does liquid water at 1 atm.
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Fig. 4. The temperature dependence of liquid water’s structure.
(a) Model predictions of structural populatiofis  vs tempera-
ture T, at atmospheric pressufsee footnote I The vertical
lines show the locations of the freezing and boiling poiistse

Fig. 6). ‘Supercooled’ indicates liquid that is metastable with
respect to freezing. ‘Superheated’ indicates a liquid that is met-
astable with respect to boilingb) Populations of OH states

in liquid water vs. temperaturE, along its saturation curve as
determined from IR spectroscopic datadapted from Fig. 5

of Luck [31]). Curves are guides to the eye.

entirely hydrogen-bonded cage-like structures. As
the supercooled liquid is heated towards the freez-
ing transition, hydrogen bonds are broken, and the
liquid cages ‘melt’ to become dense liquid struc-
tures. The stable liquid consists of a combination
of cage-like, dense, and expanded triplet configu-
rations. With further increases in temperature, the
liquid’s volume increases as the cages and dense
structures break apart to form expanded structures.
The predicted populations shown in Fig. 4 are
compared to water's hydrogen-bond populations
as deduced from IR spectroscopic digd]. Based
on an analysis of OH stretching bands, Lu&i]
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3.3. The phase diagram

v

. ‘ . ‘ : @ Fig. 6 compares the phase behavior of the model
‘:-“ | A expanded | to the experimental phase diagram for water. The
5 0.8l y; . i curves locate the phase boundarie_s in the pressure-
B 03_,‘ temperature plane. These boundaries are calculated
;.;’ 0.6 9P toraa 1 [1,2] by determining, for each temperatufe the
Bl ) L | pressureP at which the chemical potentials of two
= 24 LPice Liquid Vapor competing phases are equal.
£ 02F il The model reproduces many of the features of
g 0 e LT T S water's phase diagram. For instance, the melting
o k 5% ?] 5 transition for LP ice is negatively-sloped, indicat-
| T ' ing that the liquid is denser than LP ice along the
’ wg% coexistence curve. At high pressure, LP ice under-

goes a first-order transition to HP ice, which
Fig. 5. Structure of the model's crystalline, liquid, and vapor €Xhibits a positively-sloped melting transition.
phases at atmospheric press(see footnote L LP ice has a  These transitions are qualitatively similar to those
uniform structure. The liquid and vapor phases are composed involving the experimental low-pressure and high-
populationsf; of(j=1) cage-like,(j=2) dense, and;=3) pressure forms of ice (e.g. Icg | and Ice VII,
expanded triplet structures. The vertical lines indicate the loca- . . 1
tions of the freezing and boiling pointsee Fig. 8. respectively [32]_' T_he me_ltmg and b(_)"mg Cl_,lrveS

converge to a liquid—solid—vapor triple point. In

agreement with the phase diagram of water, the

has identified three distinct types of OH states in
the liquid (listed in order of increasing energy
strongly-cooperative hydrogen-bonded, weakly-
cooperative hydrogen-bonded, and non-bonded.
These states are analogous to our model’'s cage- 2
like, dense, and expanded energy levels, respec-
tively. Strongly-cooperative hydrogen bonds are
prevalent in cold water. Heating melts the strongly-
cooperative structures into weakly-cooperative and .
non-bonded states at intermediate temperatures. 2
The weakly-cooperative hydrogen bonds break to 0
form non-bonded states as the liquid approaches -2| Crystalline phases
the critical point. The comparison in Fig. 4 shows -4
that the present model captures these experimental 6
. 0 0.25 0.5 0.75 1

observations. T

Fig. 5 shows the structural populations of the r

model’'s equilibrium phases at atmospheric pres- Fig. 6. Phase diagram of water: modebp) and experiments
. . ig. 6. i water: Xperi
sure. At low temperature, LP ice is the stable (bottom) in pressureP, vs temperaturel,. The unbroken

equilibrium phase, and each molecule participates ¢ynes are the phase boundaries of the phase transitions dis-
in exactly three hydrogen bonds. At higher tem- cussed in the text. For clarity, the many solid—solid transitions

peratures, LP ice melts into the liquid, which has in the experimental phase diagram of water have been omitted.
cage-like, dense, and expanded triplet structures. The dashed curves are the metastable liquid—liquid transitions

. A . discussed in the text. See Mishima and StarjBjyfor a dis-
At even higher temperatures, the liquid boils to cussion of the proposed liquid—liquid phase transition in super-

b_ecome a vapor phase, WhiCh is dominated by cooled water. The values of the parameters used for the theory
triplets of water molecules in the expanded state. are given in Table 2.

LL |
- transition
- .

Model

Proposed
L-L transition
-

Log P

Vapor experiment
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triple point temperature is roughly 42% of the
vapor—liquid critical temperature.

The model also explains the apparent liquid—
liquid transition in supercooled water. It predicts a
low-temperature first-order phase transition
between two structurally-distinct deeply super-
cooled liquid phase¢shown in Fig. 6—a high-
density liquid(with mostly dense triplet structures
and a low-density liquidwith mostly open, cage-
like structured. This is consistent with the view
that the first-order’ transformation[33,34,§
between water’s low-density and high-density solid
amorphous forms (LDA and HDA, respectively)
is an arrested signature of an underlying liquid—
liquid transition[7,8]. Experimental verification of

this hypothesis has been prevented, so far, by

vitrification (glass formatioh and crystallization
(ice formation of deeply supercooled wat§s,8].

3.4. ‘Fragile-to-strong’ behavior in water

If crystallization can be avoided when liquid
water is cooled, it will form a glas$s]. As the
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To predict water’s kinetics from our model, we
use the Adam-Gibbs theor{88], which relates
the diffusivity D to the liquid’'s configurational
entropys. :

C
Ts,

Here, D, andC are constants ang. is usually
taken to be the difference between the entropy of
the supercooled liquid and the stable crystal at the
same temperature and pressure. Our model gives
the entropy of all phases and hence, the configu-
rational entropys. . Using Eq.15), we can com-
pute the diffusivity D of the supercooled liquid.
Fig. 7 compares the predictions of our theory at
atmospheric pressufsee footnote J1to the exper-
imental data[39]. It shows the predicted fragile-
to-strong transition in supercooled water and the
corresponding structural transformations in the
liquid.

To the extent that water's dynamics are deter-
mined by its configurational entropy, as is sup-
posed in the Adam—Gibbs treatment, the present

(15

temperature is lowered towards the glass transition, Model gives the following explanation for the

liquid water’s structural relaxation time increases
rapidly, approaching hundreds of seconds. Accord
ingly, its viscosityna 7 increases and its diffusiv-
ity Dot~ ! decreases.

Angell [35,36 has provided a useful classifica-

tion for the temperature-dependent relaxation

behavior of glass-forming materials. Liquids that

show Arrhenius temperature dependencies are

called ‘strong’; those that exhibit marked devia-
tions from Arrhenius behavior are called ‘fragile’.

Strong substances, such as the network formers
SiO, and GeQ® , are able to resist thermal degra-
dation; i.e. their short- and intermediate-range
structural order persists to high temperature. On
the other hand, key structural features of fragile

glass-formers, such asterphenyl, disappear rap-
idly upon heating above their glass transition

temperature. Water may be a notable exception to

this classification[37]. Specifically, supercooled
water behaves like a fragile liquid near its freezing

fragile-to-strong transition. In the coldest super-
cooled liquid, the dynamics are due to small
torsional fluctuations of hydrogen-bonded cage-
like structures. The onset of the non-Arrhenius, or
fragile, behavior occurs over the reduced temper-
ature range between liquid water’s glass transition
and homogeneous nucleation temperatufes:
T.<T, where pronounced structural transforma-
tions take place in the liquid. The fragility of the
model liquid over this range is due to the large
increase in configurational entropy that occurs
when the orientationally-constrained cage-like
structures are melted out, giving way to the orien-
tationally-free dense and expanded states. The
mobility of water increases sharply with tempera-
ture in this range. Once the cages have melted out,
further increases in temperature lead only to small
increments in mobility, again following near-Arrhe-
nius behavior.

4, Conclusions

temperature, whereas recent evidence indicates that

it behaves like a strong liquid near its glass
transition temperaturg37].

We have reviewed the predictions of a simple
model of water in its liquid and solid phases. The
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Fig. 7. LogD/D, vs. reciprocal temperatutg, * , whefeis

the self-diffusion coefficient of the liquid anB, is its value

at the freezing transition. The unbroken curve shows model
predictions using the Adam-Gibbs theofy/D; in Adams—
Gibbs theory depends on one free paramétewhich we set

to C=12 to fit the experimental datf89] (circles at atmos-
pheric pressurésee footnote I The broken slanted line is
provided to highlight the crossover from Arrhenius to non-
Arrhenius kinetics in the supercooled liquid, i.e. a fragile-to-
strong transition. The vertical dashed lines labefed and
T, * show the location of the experimentd] glass transition
and homogeneous nucleation reciprocal temperatures for liquid
water.

model treats van der Waals attractions, steric repul-
sions, and orientation-dependent hydrogen bonding
between triplets of neighboring water molecules.
It divides water's local structural environments

into three classes: cage-like, dense, and expanded

structures. This local division captures the connec-
tions between energy, volume, and entropy that we
believe to be important for water. The model is
analytical and offers simple insights into water’s
behavior, including the density maximum, anom-
alously large heat capacity, minima in both iso-
thermal compressibility and heat capacity upon
isobaric cooling, expansion upon freezing at low

TM. Truskett, K.A. Dill / Biophysical Chemistry 105 (2003) 449-459

pressure, and the conjectured first-order transition
between low-temperature amorphous forms. It also
predicts qualitatively the proposed fragile-to-strong

transition in the temperature dependence of super-
cooled water’s relaxation processes (e.g. its diffu-

sivity). The success of the model suggests that the
unusual properties of water arise from the balance
between simple centro-symmetric intermolecular

attractions and repulsions, on the one hand, and
the orientation-dependent hydrogen bonds that
impose geometric constraints on the molecular
arrangements, on the other.

Acknowledgments

We thank the National Institutes of Health for
support.

References

[1] T.M. Truskett, K.A. Dill, Predicting water’s phase dia-
gram and liquid-state anomalies, J. Chem. Phys. 117
(2002 5101-5104.

[2] T.M. Truskett, K.A. Dill, A simple statistical mechanical
model of water, J. Phys. Chem. B 1062002
11829-11842.

[3] D. Eisenberg, W. Kauzmann, The structure and proper-
ties of water, Oxford University Press, London, 1969.

[4] FH. Stillinger, Water revisited, Science 209980
451-457.

[5] P.G. Debenedetti, Metastable Liquids, Princeton Univer-

sity Press, Princeton, 1996.

P. Ball, Life’s Matrix: A Biography of Water, Farrar,

Straus, and Giroux, New York, 1999.

P.H. Poole, F. Sciortino, U. Essman, H.E. Stanley, Phase

behavior of metastable water, Nature 30992

324-328.

0. Mishima, H.E. Stanley, The relationship between

liquid, supercooled and glassy water, Nature 89898

329-335.

W. Kauzmann, Some factors in the interpretation of

protein denaturation, Adv. Protein Chem. 14959

1-63.

C. Tanford, The Hydrophobic Effect—Formation of

Micelles and Biological Membranes, Wiley, New York,

1973.

K.A. Dill, Dominant forces in protein folding, Biochem-

istry 29 (1990 7133-7155.

L.R. Pratt, A. Pohorille, Hydrophobic effects and mod-

eling of biophysical aqueous solution interfaces, Chem.

Rev. 102(2002 2671-2692.

L.R. Pratt, D. Chandler, Theory of the hydrophobic

effect, J. Chem. Phys. 6(1977) 3683-3704.

(6]
(7]

(8]

(9]

(101

(11]

(12

(13



(14]

[15]

[16]

[17]

(18

[19]

[20]

[21]

[22]

[23]

[24]

[25]

T.M. Truskett, K.A. Dill / Biophysical Chemistry 105 (2003) 449459

S. Garde, G. Hummer, A.E. Garcia, M.E. Paulaitis, L.R.
Pratt, Origin of entropy convergence in hydrophobic
hydration and protein folding, Phys. Rev. Lett. 77
(1996) 4966—4968.

K. Lum, D. Chandler, J.D. Weeks, Hydrophobicity at
small and large length scales, J. Phys. Chem. B 103
(1999 4570-4577.

P.H. Poole, F. Sciortino, T. Grande, H.E. Stanley, C.A.
Angell, Effect of hydrogen bonds on the thermodynamic
behavior of liquid water, Phys. Rev. Lett. 13994
1632-1635.

T.M. Truskett, P.G. Debenedetti, S. Sastry, S. Torquato,
A single-bond approach to orientation-dependent inter-
actions and its implications for liquid water, J. Chem.
Phys. 111(1999 2647-2656.

T.M. Truskett, P.G. Debenedetti, S. Torquato, Thermo-
dynamic implications of confinement for a waterlike
fluid, J. Chem. Phys. 1142001 2401-2418.

H.S. Ashbaugh, T.M. Truskett, P.G. Debenedetti, A
simple molecular thermodynamic theory for hydropho-
bic hydration, J. Chem. Phys. 118002 2907-2921.

A. Ben-Naim, Statistical mechanics of ‘waterlike’ par-
ticles in two dimensions. |. Physical model and appli-
cation of the Percus—Yevick equation, J. Chem. Phys.
54 (1971 3682-3695.

K.A.T. Silverstein, A.D.J. Haymet, K.A. Dill, A simple
model of water and the hydrophobic effect, J. Am.
Chem. Soc. 12@1998 3166-3175.

K.A.T. Silverstein, A.D.J. Haymet, K.A. Dill, Molecular
model of hydrophobic solvation, J. Chem. Phys. 111
(1999 8000-8009.

N.T. Southall, K.A. Dill, A.D.J. Haymet, A view of the
hydrophobic effect, J. Phys. Chem. B 13&002
521-533.

D. Paschek, A. Geiger, Simulation study on the diffusive
motion in deeply supercooled water, J. Phys. Chem. B
103 (1999 4139-4146.

J.R. Errington, P.G. Debenedetti, Relationship between
structural order and the anomalies of liquid water,
Nature 409(2001) 318-321.

(28]

[27)

(28]

[29]

[30]

(31
[32]

(33

(34]

(35]

(36]

[37]

(38

[39]

459

M.-C. Bellissent-Funel, Is there a liquid—liquid phase
transition in supercooled water?, Europhys. Lett. 42
(1998 161-166.

G.S. Kell, Precise representation of volume properties
of water at one atmosphere, J. Chem. Eng. Data 12
(1967) 66-69.

R.J. Speedy, C.A. Angell, Isothermal compressibility of
supercooled water and evidence for a thermodynamic
singularity at ~45°C, J. Chem. Phys. 651976
851-858.

C.A. Angell, M. Oguni, W.J. Sichina, Heat capacities
of water at extremes of supercooling and superheating,
J. Phys. Chem. 861982 998-1002.

D.E. Hare, C.M. Sorensen, Densities of supercooled
H,0 and D, O in 25u glass capillaries, J. Chem. Phys.
84 (1986) 5085-5089.

W.A.P. Luck, The importance of cooperativity for the
properties of water, J. Mol. Struct. 448998 131-142.
V.F. Petrenko, R.W. Whitworth, Physics of Ice, Oxford
University Press, New York, 1999.

O. Mishima, L.D. Calvert, E. Whalley, An apparently
first-order transition between two amorphous phases of
ice induced by pressure, Nature 3185 76-78.

O. Mishima, Reversible first-order transition between
two H20 amorphs at~0.2 GPa and~ 135 K, J. Chem.
Phys. 100(1994) 5910-5912.

C.A. Angell, Relaxation in liquids, polymers, and plastic
crystals—strongfragile patterns and problems, J. Non-
Cryst. Solids 131-381991) 13-31.

C.A. Angell, Formation of glasses from liquids and
biopolymers, Science 26(/1995 1924-1935.

K. Ito, C.T. Moynihan, C.A. Angell, Thermodynamic
determination of fragility in liquids and fragile-to-strong
liquid transition in water, Nature 3981999 492-495.

G. Adam, J.H. Gibbs, On the temperature-dependence
of cooperative relaxation properties in glass-forming
liquids, J. Chem. Phys. 4G1965 139-146.

W.S. Price, H. Ide, Y. Arata, Self-diffusion of super-
cooled water to 238 K using PGSE NMR diffusion
measurements, J. Phys. Chem. A 10899 448-450.



	A simple analytical model of water
	Introduction
	The model
	Liquid and vapor phases
	Cage-like cells, type 1
	Dense cells, type 2
	Expanded cells, type 3
	Cell-cell attractions
	Statistical mechanics

	Crystalline phases

	Predictions
	Thermodynamic anomalies
	Hydrogen bonding structures
	The phase diagram
	`Fragile-to-strong;s' behavior in water

	Conclusions
	Acknowledgements
	References


