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In the first part of this paper | review the understanding of anomalous properties of water in terms of particles
interacting by core-softened potentials. | discuss the origin of the bulk anomalies in terms of the two different
configurations of neighbor particles: low energy—high volume and high energy—low volume. In the second part

| study some anomalies of water under strong spatial confinement, namely when it lubricates a contact between
two solid surfaces. Solvation and friction forces are studied as a function of lubricant thickness. Whereas for
hard core particles maxima in the solvation force are correlated with maxima in the friction force, for soft core
particles and appropriately chosen parameters the opposite is true. This leads to a reduction of the friction
coefficient of about one order of magnitude in the second case. | argue that materials that expand when freeze
may be modeled in terms of soft core particles, and that these materials are naturally good boundary lubricants.

1 Introduction 2 The explanation of bulk water
anomalies in terms of core-softened
There is no doubt that water is (from many points of view) potentia|s

the most important liquid on earth. It cannot be denied also

thatitis a liquid with many anomalous properties. In search- 21 Motivation of core-softened models
ing for the origin of these anomalies, a natural question is '

whether they are independent of each other, or they can be Anomalous melting and density anomaly

ascribed to some common and fundamental origin, and iftheAIthough it is the nature of the hydrogen bond that gives
second is the correct view (as | will argue to be the case),
what this fundameptal origin is. Trying to s.ys'temat.izel the from our point of view the statement that water isetra-

anomalous properties of water under a unifying principle, hedral liquid In fact, the oxygen in the water molecule

itis fluminating the_ obser_vatlon that most of _the andma- tangds to form a tetrahedron with its two own hydrogens and
!les can be rg-obtame_d with a model of cla_ssmal particles i two other hydrogens of neighbor molecules via hy-
interacting with a particularly chosen spherically symmet- drogen bonds. The tetrahedral structure is then supported
ric potential of the core-softened type. This model is simple by hydrogen bonds, but from our perspective we take the
enough as to permit a qualitative discussion of the origin of tetrahedral structure as more fundamental. In fact, most of
the anomalies, and the identification of its ultimate physical description of anomalous properties that will be made

orgin. here apply also to the whole family ¢étrahedrally coor-
Core-softened potentials were first considered by Stell dinated materiali2, 3]. In addition to water they include a

and Hemmer[1] some thirty years ago. However, it has beenlot of substances based on the prototypical tetrahesip (
recognized only recently that these models reproduce mosgoordinated) elements: carbon, silicon and germanium.

of the anomalous properties found in water. My presenta-  In order to motivate the introduction of core-softened
tion has the following scheme. In the first part | will briefly models, let us take a simple minded view to the anomalous
review results obtained in the last few years on the anoma-melting of water. Normal ice (ice-lh) is an open tetrahe-
lous properties of core-softened models, in particular refer- dral structure of the wurtzite type[4]. It is stable because it
ring to the description of water anomalies. Hoping than optimizes the potential energy of the system. Water has a
this will persuade the reader that these models capture thénigher density because water molecules can tangle in a way
main physics behind water anomalies, in the second part Ithat is not permitted in the solid. Of course some energy
will present results on the fluidity and lubrication properties has to be paid in this more compact structure, but tempera-
of these models under confinement. They permit to under-ture is able to provide it. We can then qualitatively say that
stand why the lubricating properties of water are anomalousthere are two typical arrangements of water molecules[3]:
and also provide some ideas for the search of materials withlow energy-high volume configurations (as realized in ice-
good lubricating properties. Ih) and high energy-low volume configurations. They are

water most of its especial character, it is more important
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pictorially displayed in Fig. 1(a). We may wonder whether
the existence of these two kinds of configurations is enough
to produce the melting anomaly and also what is the sim-
plest model we can imagine with these two configurations.
The answer to the first question is positive. To address the
second we introduce the core-softened Stell-Hemmer poten-
tials.

To r r

Figure 1. (a) Two types of local arrangement between water
molecules: low energy—high volume (left) and high energy—low _ _
volume (right) (continuous line indicate intramolecular bonds, T/e,=060 Tleg=021

dashed lines are hydrogen bonds). (b) A spherically symmetric Figure 2. (a) Evolution of specific volume as a function of temper-

core-softened potential, with the two distances mimicking the con- gtre for a two dimensional system with/r, = 1.65, at pressure

figurations in (a). P = 1.0e9/r2. Results were obtained decreasing and increasing
temperature, as indicated by the arrows. The anomalous melting
and the temperature of maximum density (minimuyrare clearly

In thi ; ; observable. (b) Snapshots of the system at different temperatures
this model, the energy between two spherical particles dots indicate the hard core radits of the particles). Note that

in the system is composed of a hard core at some distanc ere are essentially no particles (except a few defects) at distance

7o plus a shoulder than extends up to some other distance r, in the lowest temperature picture, whereas in the fluid phase,
(see Fig. 1(b)). By now we take the potential to be purely re- at larger temperature, there are many. This effect produces the

pulsive. Some details of the potential are not relevant for the anomalous melting and the density anomaly (adapted from Ref.
discussion. For instance, some people have studied it usind5])'

a square shoulder instead of a linear one, and we will also

present results for a smoothed version of the linear shoulder

case. However, the crucial point is that there should be an2 2 Compressibility anomaly and the second
abrupt transition between low energy-high volume configu- critical point

rations (represented by particles at relative distangand

high energy—low volume configurations (represented by par-In an attempt to systematize the anomalous properties of wa-
ticles at relative distance,). Simulating a classical model ter, H. E. Stanley and co-workers introduced[6] the hypoth-
of particles interacting with this potential we do observe esis of a second critical point (SCP) in its phase diagram.
anomalous melting[5]. In Fig. 2(a) we see the evolution of The SCP would be the end point of a line of first order tran-
specific volume as a function of temperature for a system atsition between two different liquid (or glassy, as tempera-
pressureP = 1.0eq/r2 (for clarity | show here results fora  ture is very low) phases, very much like the normal criti-
two-dimensional system). The melting transition with den- cal point is the end point of the liquid-gas coexistence line.
sity increase is clearly visible. Snapshots of the system [Fig. Estimations[6, 3] indicated that the SCP would be located in
2(b)] show in fact that the crystalline phase is a triangular a region of the phase diagram not directly accessible, as lig-
structure with lattice parameter~ r;. In the liquid phase,  uid water cannot be avoided to crystallize there. However, it
however, there is energy available for neighbor particles to was Stanley’s suggestion that the existence of the SCP car
surmount the energy shoulder of its neighbors, and this pro-generate anomalies in the properties of water, even relatively
duces a density increase upon melting. Density continues tdfar away from the critical point itself. Then the effects of the
increase after melting for a while, and then decreases start-SCP are observable even if the SCP itself remains hidden.
ing T ~ 0.15¢9. Then this temperature marks a point of Our studies of core-softened models[5, 7, 8, 9] (in addi-
maximum densitiyn the fluid, very much as real water at 4C. tion to others [10, 11, 12]) allowed us to suggest a slightly
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different interpretation of the relation between the SCP and i
thermodynamic anomalies. In my view it is not the existence 3
of the SCP that generates the thermodynamic anomalies, but V i
it is in some sense the opposite. To understand this let us

first discuss the compressibility anomaly in core-softened
models[7]. We will need to consider the supercooled lig-

uid regime[13]. In order to study supercooled fluid phases 2
theoretically, some mechanism has to be postulated to avoid
crystallization of the system. A simple possibility is to con-

sider a polydisperse system, formed by patrticles of differ- i . ) . ) . \&:\
ent sizes. This may avoid crystallization, and then the fluid 1 2 3 4
phase can be claimed to exist down to zero temperature (note P

that experimentally the system can be supercooled only in_ ) ) ) o

particular conditions, since the most stable configuration atF19ure 4. Results of simulations in a bidisperse system (see Ref.
- . . [9] for details) for the specific volume as a function of pressure at

low enough temperatures is ultimately a crystalline one).  7°_ " small dots: results from a single run increasing and de-

creasing pressure. Large full dots: individual simulations quench-

ing a high temperature fluid phase down to zero temperature. Large

open dots: calculated by evaluating the enthdlpy the individ-

ual quenching runs, and then using the thermodynamic relation

v = Oh/OP, valid atT = 0. The almost coincidence between

open and full dots indicates thermodynamic consistencnd P

are in units of-3 ande /73 respectively (from Ref. [9]).

The compressibility anomaly is the germ of the SCP, that
appears in the model only when an attractive term of suf-
ficient strength is included in the potential energy between
particles. We can see this in the simplest case, namely, when
the attractive energy is supposed to be of long range, and
then treatable in the van der Waals approximation[7]. In

P this limit, the inclusion of an attraction between particles is
equivalent to the application of a fictitious negative pressure

Figure 3. Qualitative evolution of specific volume vs. pressure of P given by P'¥W = —~/v2, wherev is the specific
a core-softened model without attractive term in the supercooledyolume of the system. The results for a system with a fi-

rggime (continuoqs curye). The effect of the.inglu.sion of an attrac- nite v can then be obtained from those with= 0 by the
tion between particles in the van der Walls limit (i.e., replacihg bstitution? — P + PvdW  Ag prdW ds itself

by P + ~/v?) can be seen as dashed lines for progressively IargerSu S_' u |on - L +_ L S . €penas [selr on
values ofy, from right to left. In the last case a first order transition  density, this substitution is self-consistent, and can produce

has appeared. non-trivial results. We can see in Fig. 3 the qualitative ef-
fect of this substitution on the original (continuous) curve. If
~ is larger than some critical valug,., the density-pressure
Let us imagine our core-softened model in the limit curve becomes reentrant, and this implies a first order transi-

T — 0 and without the possibility to crystallize. | will con-  tion between two fluid phases (Fig. 5). Then, it is the com-
centrate on its density vs. pressure characteristic. At verypressibility anomaly together with an attractive part in the
low pressures the particles behave as hard spheres of radiugteraction that generate the SCP in core-softened models.
o, since then cannot surmount the energy shoulder of its The ability of these models to reproduce the anomalies in
neighbors. On the other hand, at very high pressure the syswater suggests that this qualitative explanation applies also
tem behaves as a hard sphere system but now with radius to real water, and then that the SCP is a consequence of the
since the energy shoulder is negligible in this limit. Then we compressibility anomaly, and not the opposite. As an ad-
expect an evolution of specific volume (inverse of density) ditional evidence supporting this view, | note that the SCP
vs. pressure as depicted in Fig. 3 (continuous line). Theseems to exist in water [14], but it does not seem to occur
transition between the low and high£ configurations is  in some other tetrahedral materials that share many of the
not expected to be sharp, since as the system is amorphou@noma“es of water. This may be the situation in silica, for
not all the particles collapse onto their neighbors at the sameinstance[9, 15, 16].

value of pressure. This kind of curve is in fact reproduced in

simulgti_o_ns of th_e _mod_el[?, Q], as sz gee in_Fig. 4. The com- 2.3  Other bulk anomalies

pressibility coefficient is defined as; 75 . Itis clear that a

density-pressure curve as that of Fig. 4 implies a maximum Other anomalies found in water are also observed in core-
in the compressibility at some pressure, which is named thesoftened models. Water is characterized by many different

compressibility anomaly. crystalline phases[4]. It is remarkable that the very simple,
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accessible as intermediate steps in the process of diffusior

P P P of single particles, and an increase of diffusivity is observed.
[
/ / [ y>ycr .. -
3 Lubricity and fluidity under con-
ScP finement
V:O ycr>y>0 N/ [

Among the many anomalous properties of water there
T T T is its tendency to remain fluid even when strongly con-
fined spatially[20, 21]. This property is puzzling since
Figure 5. The supercooled pressure-temperature phase diagram ofvater molecule is rather spherical, and it is known that
core-softened potentials as a function of the intengif the van  for most liquids with more or less spherical molecules,
der Waals_ attraction. The dashed region indicates the zone of theconfinement produces a tendency to solidify[22, 23, 24]
compressibility anomaly. If the attraction is larger than some value . . . - ) ! !
~er the compressibility anomaly generates a first order transition and 'n_ t.he ?nd’ a.Strong r-eductlon 'n_ d.'ffus_'v'ty' Ac-
line and the SCP appears (the normal liquid-gas critical point is tually it is this confinement-induced solidification one of
not indicated). the most serious problems when using fluid lubricants in
the so-called boundary regime[24], in which only few
spherically symmetric core-softened model we are studyingmolecular layers of lubricant remain between the lubri-
has also different crystalline structures. In two dimensions, cate solids. In these nanocontacts, the hydrodynamic lu-
in addition to the triangular one, the structures shown in prication regime[24] breaks down, and most of the fric-
Fig. 6 are stable in different regions of t#e 7" plane[5].  tion and wear between the two surfaces originates there.
Even a quasi-crystalline phase becomes stable in a region ofrhis problem would be severe in the operations of micro-
parameters[5]. In three dimensions the possible crystallineelectromechanical machines (MEMS), which up to now are
structures have not been surveyed in detail, but it seems inysually used unlubricated.
fact that there are many[17].

Careful measurements using water films down to one or
two molecular layers indicate that water performs extremely

000000000 well as lubricant in this regime[20], which is again an indi-
m )OSSS OO cation of its high lubricity under strong confinement. Un-
000000000 derstanding these anomalous properties of water in the sim-
000000000 plest way may contribute with some new ideas in the design
000000000

000000000 )OO S000 O of new Iubricant_s fqr miniatL_Jrized_ equipment. | will pr_e_sent
here some qualitative considerations of how the lubricity of
water is preserved under strong confinement. The analysis
will be based —again— in the use of core-softened models to
gualitatively mimic the behavior of water[25].

If we squeeze a liquid film between two solid contacts,
the liquid opposes a force, which is known as the solva-
tion force[23, 24]. When studying the solvation force at
nanocontacts, oscillations as a function of the distance be-
tween solids are usually observed. Maxima of the solvation
force correspond to well structured, quasi-solid lubrication
Figure 6. Other crystalline configurations for the two dimen- films, and then to maxima in the friction force when the sur-
sjonal system, stable undgr particular pressure-temperature condifyces are sheared. Minima of the solvation force correspond
tions (see Ref. [5] for details). in turn to a lubricant film that is more fluid-like, and then to

The last anomaly | will mention is of dynamic nature. It minima in the friction force. This is qualitatively depicted in
concerns the diffusivity of single particles in thermal equi- Fig. 7. The transition between a maximum and a minimum
librium. In most liquids, this quantity is a monotonically of the solvation force upon reduction of the distance corre-
decreasing function of pressure, as pressure constraints theponds to the squeezing of a full layer of lubricant out of
movement of particles by caging them more tightly by its the contact. In experiments, a condition of constant load on
neighbors. In water, diffusivity firahcreasesas a function  the contact is usually realized (this load being typically the
of pressure, reaches a maximum and then decreases[18}ield stress of the softer material), instead of a constant dis-
The increasing diffusivity with pressure is observed in core tance situation. Then the ranges of distances corresponding
softened models[19, 12]: at low pressures particles do notto low friction forces (which correspond tonegativesolva-
have the possibility of going onto the energy shoulders of tion force with respect to the bulk pressure in the lubricant)
their neighbors. As pressure increases these states beconmae not accessible in standard experiments.
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the transition between the two right-most configurations in
Fig. 8, the solvation force increases (since we are compress-
ing a system with a fixed number of particles) but friction
force decreases (since the system becomes more fluid). This
leads to an overall negative correlation between solvation
force and friction force. Since (as already said) typically
only the upper parts of the oscillation of the solvation force

2 are accessible experimentally, this implies that the minimum
2 friction force is accessible, and this is experimentally desir-
Q able.
S Results of molecular dynamics simulations with core-
- softened models support this qualitative description. | refer
= to Ref. [25] for details of the simulations. In Figs. 9 and 10
s we see the results of simulations in two different cases. In
> Fig. 9 the externally applied pressure is such that the lubri-
cating fluid behaves essentially as a hard core system (point
8 A'in [25]). We see the positive correlation between solva-
S tion (F;) and friction () forces, as in the qualitative de-
o scription of Fig. 7. In 10, instead, the pressure is such that
> the fluid behaves anomalously (poiBtin [25]). Now the

correlation betweetk; and Fy is negative. Due to this, the
) o ) ) o friction coefficient attained (calculated in a standard way as
Figure 7. Qualitative evolution of the solvation and friction forces, Ff/(Fs — Fy), Fy being the reference force due to the bulk

and the number of particles in the gap as a function of the distance in the Iubri is ab d f itud
separating the confining walls, in a system with hard core interac- pressure in the |ubricant) is about one order of magnitude
tion. The solvation force oscillates around the value corresponding!OWer.

to the bulk pressure in the lubricant. The correlation between sol-

vation and friction forces is positive. 1e —
£ friction coefficient
0.1¢ ¢ -~
5 - solvation force
5 001k ]
g F -
®Q F friction force
=} [
1E-3 . 1 . 1 . 1 . 1 .
3:. 3.0 35 4.0 45 5.0 55 6.0
o d/r
5 0
Figure 9. Results of numerical simulations in a ‘normal’ point of
g the phase diagram, in which particles behave essentially as hard
= core particles (point ‘A’ in Ref. [25]. See it for details). Friction
2 F and solvatior¥; forces (per unit area) are in unitsaf/r3. Fy
g is calculated by keeping the distanéeas fixed, at a shear veloc-
ity given byv = 10~ 2, with vy = \/€o/m, m being the mass

of the particles. Note thaF. oscillates around?, = 0.1eo /73,

. ) ) which is the value corresponding to the bulk pressure of the lu-
Figure 8. Same as previous figure for a system of core softenedyricant. There is a positive correlation betwenand F, as in
particles (the two radii of the particles are indicated in the draw- the qualitative description of Fig. 7 measures the distance be-
ings below). Now decreasing the distance between confining wallsyyeen the planes containing the center of the particles in the wallls.
may cause the lubricant to become more fluid without squeezingjthin those plains particles are accommodated in a rigid triangu-
out particles. This leads to a negative correlation between solva-|gr |attice, as explained in Ref. [25].
tion and friction forces.

We may also approach with this model the issue of high

The situation can be thought to be different for core lubricity of water in nanocontacts[21] (something of course
softened-particles, as depicted in Fig. 8. Now a reduction closely related to its lubricating properties). | will present re-
of the distance between the solids can be thought to producesults from molecular dynamics for the diffusivity of particles

a disordering of the lubricant particlesthoutimplying the forming a mono-layer between two solid surfaces, again in
squeezing out of them. This means for instance that undermoints A (normal) andB (anomalous) of the phase diagram.
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12). If the external pressure is such that particles of the film

C ' sc;lvati on folrce ] locates close to thi§ distance from the wall, the cor}fine.m.ent
1k B VURT ST VS VOUPRVT YT VEVIVRURIR VRN effect of the walls is reduced, favoring a greater diffusivity
£ 3 of the particles. This idea may serve as a starting point for
01L friction coefficient ] the design of lubricants based on tetrahedrally coordinated
TE \j materials.
0.01 3 ° 3 0.06
- frictionforce 1
3L i D ®—@Bulk
1E 3 ; ; O—O commensurate
F | ) | ) — rotated
<O—= disordered
2 4 6 0.04
dir,

Figure 10. Same as previous figure, now in an ‘anomalous’ point
of the phase diagram (point ‘B’ in Ref. [25]F is calculated at

a shear velocity of = 5 x 10~%v). The correlation betweeh) 0.02 +
and F is now negative, as in the qualitative description of Fig. 8.
Note that the range of friction coefficients that are be obtained in
this case is about one order of magnitude lower than in the previous
figure.

0 0 0.05 0.2
Diffusivity D is numerically calculated from the time evolu- Tl
tion of the position of a single particle during the molecular 0
dynamics simulation as Figure 11. Diffusivity of particles forming a single layer between
two confining hard walls, in the normal (poidt, P = 0.150/7~S’,
r(t) — r(O)\Q = 2Dét, 1) left curves) and anomalous (poiBt, P = 0.9¢¢ /7§, right curves)

case (see Ref. [25]), as a function of temperature. The bulk melting

heres is the di . i £ h R | temperature in both cases is indicated. Calculations were done with
whereod is the dimensionality of the system. Results are 5 gqvation force per unit area of ten percent of the bulk pressure.

shown in Fig. 11 for three different configurations of the p is in units ofro\/m/zo. Three different cases are considered
confining walls: (i) crystalline commensurate (in which for the arrangement of particles in the confining walls (see text):

walls consist of fixed particles on a triangular lattice, with (i) crystalline commensurate, (i) crystalline rotated, and (iii) dis-
lattice parameter equal to the equilibrium bulk lattice param- ordered.

eter at the corresponding pressure, and the top and bottom
walls are in register); (ii) crystalline rotated (same as be-
fore, but top and bottom walls rotated relatively 26 degrees r
around the normal); (i) disordered (walls formed by parti-
cles located at random, with the maximum density possible S —
under the restriction that no particles in the walls are closer |
than 0.8, from each other). We also see in Fig. 11 the bulk

diffusivity of particles in three dimensions at the same con- W
ditions. The general trend is that diffusivity decreases when W

temperature is reduced. In the normal case however, this de-

crease is much more rapid than in the anomalous case, and 1 2
at the melting point, the diffusivity of confined particles in V(r)/80

the normal regime is about a factor of 20 lower than in the

anomalous case, comparing equivalent configurations of theFigure 12. One dimensional example of the corrugation potential.
confining walls. Then it can be concluded that confinement Lines of equal vertical force for a probe particle interacting with

has an effect more drastic on the diffusivity of particles inter- particles aligned on a straight line with the potential indicated at

acting throuah hard core interactions. For particles interact-the right. The maximum slope of these lines is the static friction
9 9 : P coefficient for the probe particle. Note that there is an intermediate

ing through interactions of the core-softened type, the effect gistance (roughly indicated by the arrow) in which the corrugation
of confinement is much lower. A qualitative explanation can potential is particularly low.

be given. In the strongly confined regime, the corrugation

of the potential generated by the walls is an important factor

affecting the mobility of particles. Strong corrugation is typ-

ically related with low mobility. Hard core interactions pro- 4  Conclusions

duce a strongly corrugated potential. For the core-softened

interaction instead, there is a range of distances on which thd have tried to present in this work my understanding of the
corrugation potential becomes anomalously small (see Fig.anomalous properties of water and tetrahedrally coordinated
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materials obtained from studies of core-softened model po-[10] G. Franzese, G. Malescio, A. Skibinsky, S. V. Buldyrev, and

tentials. It seems to me that these models capture the main

H. E. Stanley, Nature (Londod09, 692 (2001).

physics behind the anomalies, and this is the existence 0f11] M. R. Sadr-Lahijany, A. Scala, S. V. Buldyrev, and H. E.

two different kinds of local arrangement of particles, with
an abrupt transition between the two. Although quantitative [12]
predictions for water or other specific materials are not ex-

pected to be obtainable from the core-softened calculation
(at least in the present form), they provide a simple, yet
qualitatively comprehensive framework that is useful both
to understand well known properties, and also to suggest[1

unexpected behaviors.

t On leave from CONICET and Centro @ico Bar-
iloche, Argentina.
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