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Abstract

Phase separation in solid state chemistry may occur following two main mechanisms. For high interfacial energy (γ � 0), only local
concentration fluctuations are allowed. Consequently, the new phase must first nucleate before growing up to a macroscopic scal
Nucleation Theory or CNT). On the other hand, for vanishing interfacial energies (γ ∼ 0) macroscopic concentration fluctuations have a
energetic cost, and phase separation then leads to a deeply interconnected morphology (Spinodal Decomposition or SD). Cons
is very challenging to predict the order of magnitude of interfacial energies from the sole knowledge of the crystalline structure.
present a simple algorithm allowing to evaluate the vacuum surface energies of any crystalline material using a spherical charge app
of density functional theory (DFT) equations and ab initio ground-state atomic properties. Using this formalism, it is easily explai
materials based on strong covalent bonds (oxides) or strong hydrogen bonds (ices) are expected to follow the CNT picture and why
materials or metallic alloys prefer to undergo spontaneous SD. For materials displaying complex polymorphic behavior (such as
for ice polymorphs), it becomes possible to find which polymorph should display the lowest surface energy and also to discriminate
correct and wrong crystallographic data. Thus we show for the first time that the reported crystal structure of ice-IV is character
largenegative surface energy and that it should be urgently revisited using accurate neutron diffraction data. Finally, we also demons
the surface energy concept remains valid even at a molecular scale, bringing strong support to one of the most crucial hypothesis
 2003 Éditions scientifiques et médicales Elsevier SAS. All rights reserved.
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The surface energy concept is found at the heart of m
scientific fields such as surface chemistry (catalysis), m
eralogy (ore flotation and crystallization), biology (cap
lary phenomena), polymer chemistry (paints and adhesiv
Moreover, all colloidal phenomena concerning solids, s
as wetting [1–3], nucleation [4] and crystal growth [5] or a
hesion [6], also depend strongly on the relative values of
face tensions of solid–vapor or solid–liquid interfaces. D
spite this widespread importance, numerical accesses to
crucial parameter remains quite elusive both from an ex
imental and theoretical point of view. In the following, w
propose a new nonempirical computational way allowing
derive surface energy values directly from crystalline str
tures. The method being straightforward, cheap and relia
it is hoped that it will be of some help to all scientists
volved in colloidal and surface chemistry.

Our algorithm (nicknamed PACHA) is based on an el
tronegativity equalization principle based on a spher
charge approximation of density functional equations
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ing universal spectroscopic electronegativities and ab in
atomic radii as atomic parameters [7]. Using this rigor
partition scheme of the electronic density between ato
we have been able to derive a fully quantitative way
probing molecular interactions in the gaseous or crysta
state [8]. Other applications of the PACHA approach inclu
accurate computation of H-atoms coordinates in hydrog
bonded systems [8,9], prediction ofpKa values [9], mole-
cular tectonics of polyoxometallate and silicate compou
[9,10] and fast computation of NMR tensors (chemical sh
and/or electrical field gradients) [11,12]. Briefly stated,
proceeded in the spirit of the Hellman–Feynman theor
which shows that a consideration of classical electrostati
teractions suffices to determine the energyE of any physical
system without the need for explicit inclusion of quantu
mechanical contributions [13]. Consequently, the total
ergy may always be partitioned asE = EB + F , with EB
the classical electrostatic contribution (electrostatic bala
andF , the quantum-mechanical one. Let now C be a cry
characterized for one crystalline motif byEC = EBC + FC
and S a sphere of radiusr extracted from this crystalline net-
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Fig. 1. Graphical overview of the materials concerned by this study. (a) A 1-nm rutile sphere containing 130 TiO2 motifs and characterized byγ ∼ 5.9 J m−2.
(b) A 1-nm hexagonal ice sphere containing 132 water molecules and characterized byγ ∼ 340 mJ m−2. (c) A 1.5-nm polyethylene sphere containing 6
CH2 motifs and characterized byγ ∼ +0.3 mJ m−2. (d) A 1.1-nm Al6Mn sphere containing 52 Al6Mn motifs and characterized byγ ∼ 14 mJ m−2.
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work. If one thinks of S as a new system isolated in the v
uum, we should write as beforeES = EBS + FS. However,
as S is a subsystem of C with exactly the same dispos
of atoms and bonds, it is clear thatFS ∼ n × FC, if n stands
for the number of motifs found within the isolated sphe
From this sole assumption, it follows that the excess en
	E = ES − n × EC should scale like (EBS − n × EBC) and
that the corresponding surface energyγ , may be approxi-
mated in a quite straightforward way as

(1)γ = EBS − n × EBC

4πr2 .

Now, within a spherical charge approximation classicalEB-
terms are easily computed from the geometry (interato
distancesRij ) and partial charges distribution (eqi andeqj )
by a direct sum for the isolated sphere (Mij = 1/Rij ) or by

an Ewald summation process for the crystal case (Madelung
matrix elementsMij ) [7]

(2)EB = e2

8πε0

∑

i

∑

j

Mij × qiqj .

Finally, choosing eV-units forEB-values (1 eV= 1.602×
10−16 mJ) and considering a sphere of radiusr nm (1 nm−2

= 1018 m−2), Eq. (1) becomes

(3)γ (mJm−2) = 12.75× EBS − n × EBC

r2 .

As stated above the simplicity of Eq. (3) allows us
investigate in a routine way the surface energy of
compound (organic, inorganic, polymeric or metallic) in t
vacuum as soon as its crystalline structure is known.

Let us consider, for example, the case of the rutile st
ture displaying the TiO2 stoichiometry. This compound cry
tallizes in the tetragonalP42/mnm space group [14], char

acterized byEBC = −23.421 eV/TiO2 (see supplementary
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Fig. 2. Fluctuation aroundγ ∼ 6 J m−2 for nanosized rutile spheres
Numbers above bars refer to then-value used in Eq. (3). Notice that even
a molecular scale (r = 0.2 nm, just one linear O–Ti–O motif) one predic
that γ ∼ 6 J m−2. The validity of the surface energy is accordingly
perfectly justified critical assumption of classical nucleation theory (CN

materials for computational details). From this crystal str
ture, it was also possible to generate a 1 nm-radius T2
sphere displaying the Ti131O266 stoichiometry (n = 131)
and characterized byEBS = −2603.234 eV (Fig. 1a). Insert
ing these values in Eq. (3) immediately leads toγ (rutile) =
5.9 J m−2. However, as evidenced in Eq. (3) this value h
been computed for a very particular sizer of the particle
extracted from the network. One may then wonder what
sult would be obtained for larger or smaller nanocrystals
shown in Fig. 2, the surface energy does not change
much whenr changes from 0.2 nm (just one TiO2 motif
or n = 1) to 2 nm (n = 1145). This is an important resu
as one of the basic assumption of classical nucleation
ory (CNT) is the persistence of the surface energy con
down to molecular sizes. Here we have a direct proof of
validity of this assumption. The small fluctuations (∼ 20%)
observed in Fig. 2 around the valueγ ∼ 6.0 J m−2 are ob-
viously related to the well-known dependence of the surf
energy as a function of the Miller indexes(h, k, l) of the vari-
ous reticular planes characterizing the rutile structure. As
are considering spheres embracing not just one but se
reticular planes (see Fig. 1), and as the relative proportio
each kind of plane depends on the sphere size, small v
tions around a mean value are expected. This demons
again the usefulness of our approach, as in a real nano
tal, several reticular planes are expected to contribute to
total surface energy.

It is quite remarkable that the numberγ ∼ 6.0 J m−2

was derived directly from the rutile crystal structure us
just ab initio ground state atomic properties (configurat
energies and valence orbital atomic radii) expressed wi
the spherical charge approximation of DFT equations. T

value has thus an absolute character independent of an
l

-
s
-

Fig. 3. Classification of the eight TiO2 polymorphs according to decrea
ing surface energy. TiO2 (III) is the polymorph stable above 12 GPa (ba
deleyite structure). TiO2 (II) is the polymorph stable atT = 450◦C and
P = 400 MPa (α-PbO2 structure). TiO2 (B) is the phase obtained b
topotactic water removal from layered titanates Na2TinO2n+1. TiO2 (R) is
the phase obtained by topotactic oxidation of LixTiO2 bronzes (ramsdellite
structure). TiO2(H) is the phase obtained by topotactic oxidation of KxTiO2
bronzes (hollandite structure). Rutile, anatase and brookite are the thre
urally occurring titania polymorphs. Numbers above bars refer to stan
deviations observed for three computations (r ∼ 0.9, 1 and 1.1 nm).

feeling about the kind of chemical bonding at work in t
rutile structure. This number is fixed by Nature itself and
by our preconceived ideas about ionic or covalent bond
Moreover, it is an intrinsic vacuum property of the rut
structure independent of any adsorbed species or su
relaxation effects. This is also why it is significantly high
than theoretical values derived after surface relaxation w
lead toγ ∼ 2.0 J m−2 for the (001) planes,γ ∼ 1.4 J m−2

for the (100) planes andγ ∼ 1.1 J m−2 for the (110)
planes [15]. These values are themselves much higher
experimental valuesγ ∼ 270 mJ m−2 derived from CNT in
aqueous solutions [16], where adsorption of solute spe
(characterized by their chemical potentialµ) on vacant
sites (characterized by their densityΓ ) allows a further
reduction of these surface energies according to the G
formula dγ = −Γ × dµ. Consequently, even with thes
severe limitations (nonrelaxed surfaces under strict vac
conditions), we have in hand a very useful tool to probe in
ab initio way surface energy as a function of atomic spa
dispositions.

This could be easily demonstrated in the case of titan
oxides by considering other titania polymorphs (see Fig
and supporting information for computational details).
values have been computed for nanosized spheres
correspond to averages over three calculations made
r ∼ 0.9, 1.0 and 1.1 nm. For each case, the size
been slightly adjusted in order to get an almost electric
neutral stoichiometry (TiO2)n. It is then found that the

ysurface energy is approximately doubled on going from
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Fig. 4. Phase diagram and surface energies for the twelve known
polymorphs. Notice that hexagonal ice displays the lowest surface en
and the large negative value found for the ice-IV polymorph indica
problems in single-crystal X-ray data. Numbers above bars refer to stan
deviations observed for three computations (r ∼ 0.9, 1 and 1.1 nm).

the most opened polymorph (hollandite-type withγ ∼
4.5 J m−2) to the most compact one (baddeleyite-type w
γ ∼ 9.1 J m−2). Consequently, it seems that surface ene
has a direct correlation with crystalline density. Among
three most common occurring titania polymorphs we fou
the following order: brookite (γ ∼ 6.0 J m−2) < anatase
(γ ∼ 6.2 J m−2) < rutile (γ ∼ 6.5 J m−2). Let us, however
recall that these are mean values and that according t
reported standard deviations (values at the top of the s
diagram in Fig. 3), other orders may be found depending
the kind of reticular planes exposed on the surface.

Another interesting aspect of this new approaches to
evaluation of surface energies lies in the fact that any k
of crystal can be investigated. In the previous case,
have considered an oxide with a rather high melting p
(∼ 1850◦C) and it was thus not quite surprising to fin
surface energies well above 1 J m−2. These high values jus
reflect the considerable strength of Ti–O bonds. We may
have a look at another kind of crystalline oxide netwo
with a much lower melting point and thus displaying wea
bonds. A typical example is provided by the twelve
polymorphs which have been thoroughly previously stud
from a bond energy standpoint [8]. Two main points have
be checked in order to validate our ab initio approach. F
it is well known that H-bond strengths are about 20 tim
weaker than covalent ones. Consequently, one may ex
that surface energies of H-bonded oxides (ices) shoul
roughly 20 times smaller than that of metallic oxides such
TiO2. Second, owing to its widespread occurrence in Nat
the hexagonal polymorph (Ih) should be the one displayin
the lowest surface energy. Fig. 4 shows the results obta
applying Eq. (3) to all currently known ice polymorphs. A
expected, the phase displaying the lowest surface ener
hexagonal ice Ih characterized byγ = 298(43) mJ m−2. This

value computed from first principles in vacuum and with
t

nonrelaxed surfaces is as expected larger than the interf
energy usually quoted [17] for the ice/steam interfa
70 mJ m−2 < γiv < 110 mJ m−2. As for the rutile surface
energy, one may then conclude that surface relaxation
water adsorption accounts for a threefold decrease in
surface energy. Another interesting point is that withγ =
322(66) mJ m−2, ice-XI display a lower surface energy tha
ice Ic which is characterized byγ = 359(39) mJ m−2. As
expected the two high-pressure polymorphs ice-VII and
VIII display the highest values of surface energies:γ ∼
550(20) mJ m−2. Other polymorphs display intermedia
values, with one notable exception, ice-IV, characteri
by a large negative surface energyγ < −1000 mJ m−2.
At first sight this value may seem quite surprising, as
means that a nanosized crystal of ice-IV should be m
more stable than the whole macroscopic crystalline latt
However, let us recall that ice-IV is the only ice-polymor
characterized by a positive (i.e., repulsive) H-bond ene
EHB = +51(55) kJ mol−1 (EHB was found to be less tha
−15 kJ mol−1 for all other known ice polymorphs) [8]. Th
negative surface energy computed for the ice-IV networ
just a clear evidence that the reported single-crystal X
diffraction structure has something wrong. Consequently
are in position to predict, that when neutron diffraction d
would be available for ice-IV, a negative H-bond ene
and a positive surface energy would be found using
computational scheme to the new structure.

Another critical test for our theory is to consider cry
tals where cohesive energy is provided by weak van
Waals interactions. As these interactions are about ten t
smaller than H-bond interactions, it may be expected
these crystals should be characterized by very small
face energies. As shown in Fig. 5, referring to polyethyl
crystals (CH2)n, this is indeed the case as such a ma
ial is characterized byγ < 10 mJ m−2 over a wide size
range (0.2–2 nm). A noticeable feature in Fig. 5 is that
some particular sizes the surface energy may be zero or
slightly negative. In deep contrast with the crystal struct
of ice-IV, one may assume that the crystal data is here
sically correct and that negative values comes from trun
tion errors in the difference between two numbers disp
ing the same order of magnitude whatever the size of
sphere may be. In fact, taking the average over Fig. 5 le
to γ = −0.6(4) mJ m−2, i.e., one may safely assume th
γ ∼ 0 for such apolar polymeric materials. The direct co
sequence of this matter of fact, is a first-principles proof t
polymeric solid state chemistry should be governed by s
odal decomposition processes, as composition fluctua
over macroscopic distances are possible only whenγ ∼ 0.
In contrast, covalent or hydrogen-bond solid state chem
should be rather governed by nucleation-growth proces
as only local fluctuations in composition are allowed wh
γ � 0. This fundamental experimental partition for pha
separation phenomena then acquires here a firm theor
basis. It also provides a final decisive test for our appro

as it is well known that spinodal decomposition processes
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Fig. 5. Fluctuations aroundγ ∼ 0 mJ m−2 for nanosized polyethylene
spheres. Numbers below bars refer to then-value used in Eq. (3). Notice tha
the surface energy exactly vanishes forr = 6 Å. A vanishing surface energ
just means that the thermodynamic barrier separating a nanocrystal f
macroscopic crystal has disappeared. Consequently, interconnected p
characteristic of spinodal decomposition processes (diffuse interfa
becomes competitive against isolated nucleation/growth pattern (s
interfaces).

may be encountered in another class of materials very di
ent from polymers, namely, metallic alloys. From the ab
analysis, it follows that surface energy of metallic allo
should be definitively positive as metallic bonds are stron
than van der Waals bonds, but it should remain neverthe
quite low (∼ 10 mJ m−2) to allow composition fluctuation
over large distances (spinodal decomposition). For exam
there is some experimental evidence [18] that the inte
cial energy between icosahedral Al86Mn14 alloys and crys-
talline Al6Mn phases was only 30 mJ m−2. Using the re-
cently redetermined [19] crystal structure of Al6Mn, we have
accordingly found applying Eq. (3) to nanometer-sized c
talline spheres (Fig. 1d),γ = 17(4) mJ m−2. Again, we get
s

,

the right order of magnitude of the surface energy with
the explicit knowledge that we are considering a metallic
loy and not a polymeric of a hydrogen-bondednetwork. T
definitively demonstrates the universality of Eq. (3) and
sound physical basis of the spherical charge approxima
of DFT equations using ab initio ground-state atomic pr
erties [7]. In fact, the only case where our approach is use
concerns the case of crystalline elements (unary compo
such as diamond versus graphite structures or ccp versu
metals). In these cases explicit consideration of quant
mechanical interactions are absolutely needed, owing to
lack of polarity linked to the vanishing electronegativity d
ferences among the various nonequivalent crystallogra
sites. In all other cases, Eq. (3) may be routinely used to
a reasonable upper limit (unrelaxed vacuum interfaces
the surface energy of any crystalline material.
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