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Abstract

Properties of composite materials depend on interatomic phenomena occurring between binder crystals. Experimental information of Atomic
Force Microscopy (A.F.M.) is of prime importance; however understanding is helped by molecular modeling. As underlined in Section 1, the
present study is able to simulate crystal interfaces in presence of a solution within apertures less than 1 Nanometer at a full atomic scale. Section 2
presents the case study of a gypsum solution between (120) gypsum faces, with related boundary conditions and atomic interactions. Section 3
deals with the mass equilibrium of the solution within interfaces <5 A, using the original Semi Analytical Stochastic Perturbations (SASP)
approach. This information becomes in Section 4 the key for explaining the peak of adhesion obtained in A.F.M. around an aperture of 3 A and
gives enlightenments on gypsum cohesion. In conclusion, this illustration shows the potentialities of full atomic modeling which could not be

attained by any numerical approach at a mesoscopic scale.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction
1.1. Presentation

Mechanical properties of materials, of prime importance in
many industrial research and development fields, are traditionally
studied by a phenomenological approach at the macroscopic
scale. For example, in the field of binders (plaster, cement) used
in composite geomaterials of civil engineering, the fundamental
property of cohesion is traditionally studied via the global
resistance of the material considered as a black box. Such a
phenomenological approach is not able to give the physical origin
of'this property and is thus an obstacle in the manufacturing of the
composite materials. Similarly in geology, the properties of rocks
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are related to the cohesion between minerals and this property is
fundamental for understanding the formation and evolution of
rocks. A basic understanding of such a mechanical property is
obviously linked to phenomena occurring at a nanoscale.
Experimental research has been very active at smaller and
smaller scales for half a century. The first surface adhesion forces
were observed in experiments thanks to the SFA “Surfaces
Apparatus Force” [1] and [2]. It made it possible to establish the
limits of the Derjaguin-Landau-Verwey-Overbeek (DLVO)
theory [3] and to measure the Non-DLVO forces of hydration
and the ionic correlation forces. However, the SFA method
restricts the study to the adhesion forces on plane and thin
surfaces. Such an historical tendency is observed in investigations
of gypsum, a material of prime importance in civil engineering
and considered in the case study presented below. The first study
of interaction between gypsum crystals was performed via a
“magneto-electric microdynanometer” [4]. In the last decade,
direct interaction forces have been measured between a face and
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Fig. 1. Interface between two gypsum hemispheres. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

a sphere in solution by A.F.M. (Atomic Force Microscopy)
technology [5]. More recently, adhesion between two gypsum
faces was investigated at the nanoscale [6] leading to compre-
hensive data on adhesion between (010), (120) and (—101)
gypsum faces, with different relative orientations, in various
solutions or in wet air [7]. Even if an effort is made to decrease the
face size, A.F.M. experiments are still limited to relatively large
surfaces (20 pm % 20 pm down to 2 pm % 2 pm). The roughness of
the crystal faces impedes to know the exact “efficient contact
area” between the probe and the sample, the measured stress
being much lower than the “effective adhesion stress”.

To help understanding experimental results, parallel improve-
ments in modeling were limited by the lack of methods able to
give the fluid description within the crystal interface at small
apertures, where the maximum attraction is experimentally
observed. Semi-continuous methods such as the DLVO theory
are not useful at less than 10 A and new modeling tools are to be
developed at a complete atomic scale for the crystal, the solvent
and the solute ions. Such studies are just emerging, in particular in
the field of civil engineering materials, such as cement materials
or gypsum [8].

1.2. Proposition

For demonstrating the possibility of obtaining information on
cohesion at a complete atomic scale, this paper presents a
chemical and mechanical modeling of a schematic A.F.M. test
between two parallel crystal faces. For convenience, gypsum has
been chosen as a reference crystal material for reasons of its
molecular simplicity and the completeness of available experi-
mental data, the solution being in equilibrium with the crystal.
Section 2 presents the numerical construction of the crystal
interface. Section 3 leads to the implementation of a solution
within the crystal interface; the mass equilibrium of the interface
solution is obtained by applying the Semi Analytical Stochastic

Perturbations (S.A.S.P.) algorithm [9]. Finally Section 4
addresses the momentum equilibrium of the crystal faces and
leads to the forces necessary to ensure the mechanical equilibrium
of a chemically equilibrated interface of aperture /.

2. Construction of the crystal interface
2.1. Constituents

2.1.1. Crystal

The crystal interface is realized between two gypsum
hemispheres (Fig. 1). Both hemispheres, limited here by a
(120) face, are cut along the diameter plane of a crystal ball, a
construction made possible by the molecular mechanics program
GenMol [10].

A hemisphere is defined by two material directions, the
external normal n=[120] to the face and a material oriented
direction in the plane of the face, here d=[001], as shown in
Fig. 2.

Fig. 2. Hemisphere orientation vectors n=[120] and d=[001]. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Table 1

Variation of atom charges in the vicinity of the (120) face

Depth Charge Q (atom name) in e.u.

z(A) Q (CAID) Q(82) Q(03) Q (04 Q (03) Q (06) Q (O7) Q (D8) Q D9)
—2.8<z <=0.0 +2.000 +1.182 -0.629 -0.629 —0.295 -0.959 —1.459 +0.245 +0.399
—38<z <=-28 +2.000 +1.182 —-0.959 —0.295 -0.959 —0.629 —1.459 +0.245 +0.399
—48<z <=-3.8 +2.000 +1.182 -0.629 -0.629 —-0.629 -0.959 -1.129 +0.245 +0.399
—5.1<z<=-438 +2.000 +1.182 -0.959 —-0.959 -0.629 -0.629 -1.129 +0.245 +0.399
z<=-5.1 +2.000 +1.182 -0.629 -0.629 —-0.629 —0.629 -1.129 +0.245 +0.399

The position of a hemisphere {n, d} is defined in an orthog-
onal frame (o, x, y, z) as follows:

the external normal n to the face is placed along axis z;

the oriented direction d is given by the oriented angle 0=
(ox, d);

the centre of the ball is placed at (0, 0, z,).

Different interfaces of apertures #=1, 2, 3, 4 and 5 A are built
between the following two hemispheres:

Bottom hemisphere {n;, d;}:

n, is parallel to the direction [001];

d; is given by 6;=(ox, d;);

the centre of the ball is placed at (0, 0, z,;=—h/2).
Top hemisphere {n,, d,}:

n, is parallel to the direction [00—1];
d, is given by 0,=(ox, d,)=0; ;
the centre of the ball is placed at (0, 0, zy,=+h/2).

The position of atoms are given by GenMol, according to
the crystallographic definition of gypsum due to Schofield et al.

[11].

2.1.2. Solution constituents

The interphase solution is supposed to be in communication
with a free external reference solution. Confined or not, a priori
these fluids include ions SO?[ and Ca®" issued from the
dissolution of the crystal.

The ion SO3 ", assumed to be symmetric, has a structure and
charges given by GenMol:

average OS distance=1.63 A; angle 0SO=109.46°;
O atom charges=—0.795 e.u; S atom charge=1.182 e.u.

The TIPS3P model is adopted for water molecules [12]:

average O, H distance=1.03 A; angle HO,,H=104.2°;
0,, atom charge=—0.834 e.u.; H atom charge=0.417 e.u.

The initial distribution of molecules is built assuming the
interphase to be completely filled with water at a normal density.
Molecules of water are distributed on a cylindrical 3-D mesh
of axis z, the distance between the O,, atoms being equal to 3.1 A.

This mesh is placed over a disk of ions between the crystal faces.
When the distance between an O,, atom and any other atom is less
than 2.0 A, the water molecule is excluded.

2.2. Boundary conditions

A boundary condition is not necessary for the crystal, assumed
to be rigid. For the fluid, the number of molecules or ions is kept
constant by an impervious membrane, materialized by fixed O,,
of water molecules. However, interactions between the crystal
faces must be estimated taking into account a sufficient
environment. In the present case, the most attractive approach
seems to be a 2-D (x, y) periodic boundary, the periodicity being
non existent in the z-direction. However such periodicity must
preserve the periodicity of the crystal. If the periodicity of the
bottom face is preserved, this is no longer the case in general for
the top face (Fig. 1) and the idea of periodic boundaries has to be
abandoned. Finally, the procedure adopted consists of creating a
sufficiently large amount of atoms to mimic the vicinity of a
central sample on which interactions are computed, as shown in
Fig. 1.

2.3. Interactions and cut-off

2.3.1. Coulomb interactions

The distribution of the charges on the crystal atoms are
required for Molecular Mechanics calculations between atoms
belonging either to the crystal and/or the fluid. These charges are

Fig. 3. Zoom on the periphase of a (120) face, Ca (cyan), S (yellow), O (red) and
H (white) as shown by VMD software [see reference [20]]. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Table 2
Results synthesis of the inverse problem SASP++
) 2 (3) “) (5) (6) (7)
h(A) Number N,, Number N, Number N, Ratio Ny/N, Ratio N,/N,, Ratio Ny/N,,
Aperture of the interface H,O Ca** S0} SO% /Ca*" Ca*'/H,0 SO /H,0
h=2 A 3650 38 0 0 1.0% 0%
h=3 A 3712 38 0 0 1.0% 0%
h=4 A 3704 52 14 0.27 1.4% 0.4%
h=5A 4061 151 60 0.40 3.7% 1.5%
h infinite / / / 1 0.02% 0.02%

proposed by GenMol according to Mulliken’s theory [13]. The «
charges and the formal charges are added to the o charges [14].
The net charges are calculated using the Pariser—Parr method
[15,16] and the formal charges are calculated by the Del Ré
method [17-19]. At the periphase of an hemisphere, GenMol
modifies the charges in function of the depth z (Table 1) as shown
in Fig. 3. When the whole system is built, including crystal, ions,
water molecules and boundaries, it is necessary to verify that the
total charge is zero. However no specific modification of charges
is made when placing together crystal atoms and fluid ions or
molecules. Similarly, no possible covalent bonds are envisaged
between the crystal and the fluid atoms.

2.3.2. Other interactions

The parameters of covalent potentials and van der Waals
potentials (R™°, R™'?) are extracted from CHARMM libraries
[21] or Xplor [22]. All these parameters are supposed to be valid
at the ambient conditions.

2.3.3. Cut-off and switch

Interactions between far distant atoms are generally excluded
or attenuated by cut-off and switch functions. Such functions
were adopted to optimize the position equilibrium of the
interphase constituents by a conjugated gradient algorithm in
the NAMD software [23]. After several tests, a cut-off of 12 A
was adopted with an 8 A switch-parameter. However, after
optimization of the interphase solution, computation of the
interaction energy is realized between the top and the bottom
sample, the limits of the model (Fig. 1) controlling perfectly the
neighborhood of the sample.

3. Mass equilibrium
3.1. Recalling the methodology

The mass equilibrium of the interphase, as described in
Section 3.2 below, is based on the identity between the chemical
potential u; of any constituent £ within the interphase and within
the free external solution. Consequently, a prerequisite consists of
finding chemical potentials within the free external solution. In
the following, as in reference [9], the composition of the free
saturated CaSOy solution is supposed to be known and equal to
13.4 mmol 1" at ambient temperature. Hence, chemical po-
tentials of the free solution can be extracted from reference [9]

(Section ITIB “Case study A: Direct problem SASP applied to a
free saturated gypsum solution”, Table 2). The composition and
structure of the confined solution within the interface can be
obtained as described in reference [9] (Section IVC “Case study
C: Inverse problem SASP++ on an interphase solution”), the
classical or partial chemical potentials in the interphase being

(a) h=2A

(b) h=3A

(¢) h=4A

(d) h=5A

Fig. 4. Particle distribution in the interphase between (120) gypsum faces in the
central part (red) of the sample at different apertures # [H,O (silver), SO3
(yellow), Ca®" (green)]. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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equal, at equilibrium, to the chemical potentials of the free
solution. The principle of the SASP (Semi Analytical Stochastic
Perturbations) method is summarized in the Appendix at the
bottom of the paper.

3.2. New results

Case study C cited above was treated using a 3 A interface. In
view of the mechanical problem, this case study was extended to
2 A, 4 A and 5 A interfaces using the same methodology. For
h=1 A where the ion mobility is reduced, the number of ions is
assumed to be similar to the case /=2 A. The results are provided
in Table 2. An image of the positions of atoms belonging to ions
and water molecules is given in Fig. 4a,b,c and d, for /=2 A, 3 A,
4 A and 5 A respectively. Big silver spheres are representing
positions of O atoms and tiny silver spheres positions of H atoms
belonging to H,O molecules. Yellow spheres are representing
positions of S atoms or O atoms belonging to SO3 " ions. Position
of Ca® ions are in green. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web
version of this article.) Covalent bonds between atoms are not
represented at this scale. It could appear surprising to have so
many ions or water molecules between faces separated by very
small / “distances”, especially under 3 A. It has to be realized that
(120) faces at the atomic scale are very “rough”, with “groves”
which may be as deep as 2 to 3 A. Aperture / is conventionally
defined as the distance separating two fictitious planes passing
through the centre of “crest” atoms. For instance for #=1 A, the
free space for ions or water molecules can be of 4 to 5 A between
“groves”.

3.3. New observations

The first major observation concerns the ratio (N,/N,) of the
number N, of SO ions to the number N, of Ca>" ions. The lack
of SO3 ions within a 3 A interface was reported in reference [9]
(Section IVC, Fig. 10a). The new results show that sulfate ions
are present within the interphase as soon as / is larger than 3 A.
The ratio (N,/N,) increases with / from 0 (h=3 A) to 1 (h— )
within a free solution. The results at 4 A and 5 A give a
preliminary idea of the variation of this ratio for increasing 4
values as shown in Fig. 5. To confirm the extrapolation curve, a
systematic investigation of larger # values would be necessary,

0.9 1
0.8 1
0.7 e
0.6 1 -

0.5 1 -

0.4 =2

0.34
0.24 s
0.1 o=

Sulfate/calcium ion
ratio (Nb/Na)
\

4 5 6 7 3
Interface aperture h (Angstrim)

Fig. 5. Ratio of sulfate ions/calcium ions, versus interface aperture h.
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Fig. 6. Virtual displacement dh.

but this is beyond the demonstrative scope of the present paper
centred around the value 2=3 A, where experimental A.F.M.
tests [7,24] show a maximum of adhesion for a (120)/(120)
gypsum interface. The second major observation is that the ratio
(Ca*'/H,0) and also the ratio (SO /H,0) above 3 A are much
higher within the confined interphase than in the free solution.
Thus it would be entirely wrong to assume an equal concentration
of the confined and the free solutions.

4. Momentum equilibrium
4.1. Method

4.1.1. Interaction effort

Assuming the mass equilibrium of an interface of aperture h to
be achieved, it is necessary to apply an external force f acting on
the top and a reverse force —f applied to the bottom of the crystal
sample to maintain the mechanical equilibrium, as in A.F.M.
tests. These opposite forces are characterized by the effort 7, a
number equal to the modulus of these two forces, with a
conventional sign, here (+) if the faces are repulsive and (—) if
they are attractive. To evaluate this effort £, an infinitesimal virtual
displacement dh (Fig. 6) is applied leading to the following
variation of energy and free energy of the crystal faces,
considered as a “solid system”, the solution being not a part of
it but considered as the outside environment:

dE = TdS — fdh + > N, (1)
dF = —SdT — fdh+ » _ jdN; (2)
with:

E=energy of the crystal; F=free energy of the crystal;
T=temperature;

S=entropy of the crystal; u;=chemical potential of species k in
the crystal,;

N;=number of atoms of species k in the crystal.

This transformation does not affect the number of atoms in
crystal hemispheres and thus dN,=0. This virtual infinitesimal
transformation is isothermal, thus dT=0. Moreover, as the crystal
hemispheres are assumed to be rigid along this virtual
transformation, the variation of entropy dS=0. In this special
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case, the variation of energy dE is equal to the variation of free
energy dF, formulae (1) and (2) being reduced to:

dE = TdS — fdh + > y;dN; = —fdh (1bis)
k
dF = —SdT — fdh + ) _ ,dNx = —fdh (2bis)
k
leading to the effort /by one of the following derivatives:
. OF dE OF dF
f=—%= - )

oh ~ dh oh  dh’

To confirm this approach of the effort £, an alternative consists
of applying the mechanical theorem of virtual work to a virtual
displacement dh of the crystal faces, because this transformation
of the “solid system” is purely mechanical (dN,=0) without any
thermal or chemical evolution. This theorem states that, in the
vicinity of a momentum equilibrium position of a mechanical
system, the work of internal plus external forces in any virtual
displacement is equal to zero. This theorem can be applied to the
equilibrium of the crystal faces considered as the “solid system”,
in presence of the solution considered as the environment of the
system, the aperture / being maintained constant by external
forces f which counterbalance the attraction or repulsion forces
—f. Thus the momentum equilibrium of the solid system is the
result of internal interactions between atoms, belonging to either
crystal faces, external forces coming from the solution, plus the
imposed external forces f. During a virtual displacement dh, the
variation of energy dE=dF includes the internal work relative to
the solid system and the external work relative to the solution.
This work variation, added to the virtual work fdh of the external
stabilizing forces (opposite to the work of the attraction or repul-
sive forces — fdh), must be equal to zero. Thus dE+fdh=dF+
fdh=0. This identity is similar to expression (3).

A second possibility is to consider a “total system” including
the crystal faces plus the solution. Formulae (1) and (2) become
for this “solid+solution system™:

dEy = TdS — fdh + » ~ pdN; (4)
N

dFif = —Sior dT— fdh + Z p, dNg= — fdh + Z 1, dN;

(5)

with:

E=energy of the crystal+solution; Fy,=free energy of the
crystal+solution;

T=fixed temperature; Sy, =entropy of the crystal+solution;

Ls=chemical potential of species s in the crystal or solution;

N,=number of atoms of species s in the crystal or solution;

u.=corresponding chemical potentials.

Here the single possible simplification comes from dT=0 in
formula (5). However, keeping the above assumptions for the
crystal, during a virtual displacement dh a variation of entropy
dS is due to the variation of the solution entropy only. Similarly

the variations dN; of the number of atoms is due to the evolution
of the concentration of the solution only. For these two reasons,
considering this global system which is no longer a pure
mechanical system induces two main drawbacks:

® First of all, it is no longer possible to identify dE,,, with dF,,
due to the term dS;,; which is introduced by the variation of
entropy of the solution in the expression of dE... Formula (5)
appears to be simpler than (4) for obtaining f, but it requires
computing the free energy variation dF.

® Moreover, after obtaining dF, the estimation of f derived
by relation (5) imposes the computation of the chemical term

Zs :ustS .

Finally, advantages of considering the “solid system” only,
instead of the “solid+solution system”, are the following:

® For the “solid system”, due to the identify dE=dF, it is
possible to compute energy E only, without being obliged to
compute free energy F. Such a simplification is not valid for
the global system, dF, being different from dE,.

® Considering the “solid system” provides a clear separation
between chemical equilibrium and momentum equilibrium
where a pure mechanical approach is possible for estimating
directly f as a total derivative of £ with respect to A, without
taking into consideration any complementary chemical term

ZS luSdNS .

4.1.2. Interaction energy E

Interaction energy E between two faces is the sum of
potentials acting on atoms belonging to the crystal samples on
each side of the interphase. The potential of one atom, belonging
for instance to the top sample (see Fig. 7), includes the
contributions Ul from other atoms of the top hemisphere, U2
from atoms of the bottom hemisphere and U3 from atoms of the
interphase solution. Thus an atom belonging to the top or bottom
samples is subjected to contributions from atoms belonging to the
“solid system” (U1 and U2) and atoms outside the “solid system”
(U3). Covalent terms in Ul and U2 remain constant in all

Fig. 7. Potential contributions to the energy of one atom of the top sample. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 8. Interaction energy E versus interface aperture /.

numerical experiments, the crystal being assumed to be rigid.
Covalent terms in U3 are ignored, assuming that no covalent
bonds occur between ions and the crystal faces. Under these
assumptions, the variations of the interaction energy include only
non bond terms. A special code was developed for a precise
calculation of above interactions, without any cut-off or switch
functions. It has to be underlined that this code computes values
of E only and not values of E\, because it does not take into
account internal interactions between atoms within the solution.

4.1.3. Interaction stress

The interaction stress o=f/s is immediately accessible by
molecular simulation because the cross section “s” of the samples
is well defined (see Fig. 1). The above convention of signs on f
leads to the following convention: >0 for repulsion and o <0

for attraction.

4.1.4. Adhesion

Adhesion between two faces corresponds to a state where the
attraction between faces is maximum. Two parameters (%,, o)
are sufficient to characterize intrinsic adhesion:

(1) The critical interphase thickness 4,
(i1) The absolute value of the stress necessary for separating
two faces, defined as the adhesion stress o,.

1.00E+05 T T T
—&— lons equilibrated at all h
—&— lons equilibrated at h=3 A

5.00E+04 2

s

0.00E+00 ] - /.
§<\/

0 1 2 3 4 5 6
Aperture h (Angstrom)

Effort f (nN)

-5.00E+04

Fig. 9. Interaction effort /' versus interface aperture 4.
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T T T
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—A— lons equilibrated at h=3 A
5.00E+02

0.00E+00

Stress ¢ (GPa)

0 1 2 3 4 5 6
Aperture h (Angstrom)

-5.00E+02

-1.00E+03

Fig. 10. Interaction stress o versus interface aperture /.

4.2. Results

The interaction energy £ is given in Fig. 8, for apertures
between 1 and 5 A, taking into account the ions distribution
equilibrated for each aperture % of the interface as derived in
Section 3. However, in order to investigate the importance of the
composition of the interphase solution, another series of result is
given, in which the number of ions is kept artificially constant in
all interfaces and equal to the number of ions obtained for /=3 A.
The interaction effort f, shown in Fig. 9, is obtained by
differentiating the energy curve. The corresponding interaction
stress o is given in Fig. 10, taking into account a cross section of
the sample s=63.61 nm>.

4.3. Discussion

4.3.1. Possible comparison with experimental results

The correct results, with ions and water molecules in
equilibrium for each aperture 4, lead to the following adhesion
characteristics:

Critical aperture #,~2.5 A
Maximum attraction effort f,~—1.15E4 nN
Maximum attraction stress o,~—1.8E2 GPa

Validating these numerical results by comparison with A.F.M.
tests seems possible for the critical aperture. Experiments reported
by Finot [7,24] between a gypsum tip and gypsum (120) face
indicate a critical aperture in the vicinity of 3 A. This comparison
is excellent, taking into account the difficulty of defining a
distance between two faces, either numerically or experimentally.
In contrast, comparing efforts would require a complete simu-
lation at scale 1 of the tip and the base of the experimental A.F.M.
test; this would be far from the present simulation between ideal
parallel (120) gypsum faces. The comparison between stresses
appears in principle to be easier but it is experimentally very
difficult to realize ideal parallel faces and then to measure the
“contact area”.

4.3.2. Virtual simulation
An unexpected observation is the radical difference between
results where the mass equilibrium of ions is correct and the
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virtual simulation assuming the ions concentration to remain
stable when the aperture varies around £=3 A. This shows how
important is a correct study of the interface solution, as obtained
by the SASP inverse problem approach. This proves that a
distribution of ions and water molecules within the interface
obtained by approximated methods such as a semi-continuous
approach, or assumptions identifying the interphase and free
phase concentrations, could lead to entirely wrong results. The
ratio anions/cations appears to play here a fundamental role for
interpreting the adhesion process, which is related to the
absence of SO} ions in the present case of (120) gypsum faces.
As soon as the aperture is larger than 3 A, these ions are
admitted within the interface and the attraction between faces
vanishes. The other parameter, i.e. the ratio ions/water
molecules, certainly plays a role. However investigating the
relative importance of both parameters would necessitate further
virtual experiments.

4.3.3. Physical interpretation of energy, forces and stress
graphs

The a(h) stress-strain graph can be interpreted exactly as in a
traction test under an imposed increasing deformation. The
maximum resistance occurs when the slope of the energy curve is
maximum, i.e. at the inflexion point of the energy curve
h=~2.5 A. (Values of effort f or stress ¢ are obtained by finite
derivation of the energy curve, this fact explaining why % values
are not integer values as for energy). After this peak of attraction,
when the distance between faces increases, the attraction between
the faces decreases down to zero (h~3.5 A). For an imposed
larger aperture £>3.5 A, a repulsion appears between the
faces. Physically speaking, attraction between faces is stabilized
by Ca®" ions and destabilized by intrusion of SO3 ~ ions. In a test,
under an imposed increasing traction o(h), a sudden decohesion
phenomenon is observed when the resistance of the sample
becomes smaller than the imposed stress. The maximum of the
energy curve is the signature of an instable situation between
adhesion and repulsion. In contrast, the minimum of the energy
curve, in the vicinity of 4=1 A, corresponds to a zero stress, for
an equilibrium state where the faces are in “contact”. Physically,
due to “roughness” of the (120) faces, Ca”" ions are still present
with some remaining water molecules.

4.3.4. Induced consequences at a macroscopic scale

Above atomic scale results require attention before to be
transposed at the macroscopic level. Basically, a fundamental
difference must be made between “adhesion” stresses (hundreds
of GPa) at the atomic scale and “cohesion” stresses (some MPa) at
the macroscopic scale. Indeed, high adhesion stresses in closed
interfaces are not alone and coexist with high repulsion stresses
between larger interfaces as shown in Fig. 9. Thus cohesion, at the
macroscopic scale, is the consequence of the competition between
both types of atomic interactions. Their integration in a structure
at the macroscopic scale leads either to a material with cohesion
or a cohesionless material. Another result which appears
surprising is the small number of ions and molecules remaining
at equilibrium between attracting crystal faces. This appears to be
in contradiction with the large number of water molecules or ions

remaining in a wet- or even air dried-cohesive gypsum sample. In
fact, a significant number of ions and molecules can remain at a
macroscopic scale between crystallites, whereas few ions or water
molecules are subsisting at “contacts” between crystallites
responsible for adhesion. Many other complex phenomena
at the macroscopic scale, such as the additive action, can
be enlightened by a careful interpretation of atomic modeling
results.

5. Synthesis and trends

The investigation of sub-nanocrystal interfaces, of apertures
less than 10 A, including a fluid interphase in equilibrium with a
free solution, is possible thanks to the SASP algorithm. This
technique leads to results in sub-nanochemistry and sub-
nanomechanics of solids and fluids, which could not be obtained
by any meso or macro approach. The first issue is to confirm by a
quantitative study that the chemical composition of sub-nano-
phases, as encountered in very confined interfaces, is radically
different from the composition of free phases. The parity between
ions and cations is no longer assured, and the ratio of ions to water
molecules is totally different from the free solution. For instance,
it is not possible to speak of solubility product within confined
solutions, where uniformity of macro-scale solutions disappears
due to repelled or attracted ions by crystal faces. The second issue
confirmed by a virtual simulation is that sub-nanomechanics
between crystal faces, in presence of a solution, is governed not
only by the type of crystal faces but is also strongly coupled with
the chemical equilibrium of the interphase fluid, requiring a
correct and very precise estimation of the ions distribution within
the interphase. Finally the third issue concerns the consequences
of atomistic insights, obtained by molecular modeling, for
understanding engineering properties such as the macroscopic
cohesion.

A purely numerical determination of the composition of a
solution in equilibrium with a crystal, under any temperature 7
and pressure P, was still an open problem when reference [9]
was published, impeding a complete numerical treatment of the
inverse problem without the help of experimental data for the
free solution. It should be mentioned that this limitation has
now been overcome by a generalized inverse SASP process
[25], not yet published in a review. The latter development,
including chemical reactions and phase changes, between
crystals and free or confined solutions, whatever the number
of constituents, provides a general approach for applications
in macro or nanochemistry and related mechanical or thermal
applications.

Molecular mechanics introduces covalent interactions. How-
ever such covalent bonds cannot be created or deleted between
atoms during an optimization or molecular dynamics process. In
the case of gypsum, it is admitted that strong ionic forces are
hindering possible covalent character modifications. Anyway if
some covalence contribution would exist at the contact between
crystal and fluid, it would contribute to reinforce the present
adhesion forces at small distances between the faces and thus
confirm the attraction between faces at small distances. Only ab
initio computations would exhibit evolution of electronic orbitals.
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Presently ab initio codes are specialized in either crystals
(CASTEP, VASP, CRYSTAL,...), fluids (CPMD,...) or isolated
molecules (GAUSSIAN,...). Efforts are done for coupling ab initio
crystal modeling with molecular mechanics in fluids (cp2k,...).
However such a QMMM approach, with more than 300000
atoms as in the present study, is judged by the best experts too
early a project.
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Appendix A. Principle of the SASP method
Direct SASP method

In a canonical situation, the direct SASP+problem consists of
obtaining the chemical potentials t;(7, V, Ny, Na,...Ny,...N,),...
(T, V; Ny, Npy...Niy... Ny, .. T, V; Ny, Nay.. Ny, ... N,) of the
different species k(=1, n) of a given free solution, when the
number of particles (V,, N,,...N;,...N,) is fixed within a volume
V at temperature 7. Under these conditions, at the thermodynam-
ical limit, the chemical potential p; of species k is defined as the
derivative of the free energy F in function of the parameter Ny, all
other variables 7, V'and N; ( j#k) being fixed. To compute this
partial derivative, two twin elementary perturbations (0, 0,...+
dny,...0), relative to each species £, are generating twin perturbed

states, one state “plus” (7, V, Ny, Na,...N;+dny,...N,) and one
state “minus” (7, V; Ny, N,,...N,—dny,...N,). After optimization

of both perturbed states, the corresponding free energies noted
Fj for the state “plus” and Fj_ for the state “minus” are
computed by molecular modeling. A first order discrete
derivative gives the chemical potential zi:

Fk+ —Fk,

Al
2dnk ( )

e =

This analytical result includes stochastic effects due to the
arbitrary choice of numbers dn; of particles to be added or
withdrawn to the initial state and their arbitrary choice, which
explain the acronym SASP used for Semi Analytical Stochastic
Perturbation method. The expectation value of the chemical
potential is given by the mean of 1.

In fact, instead of these conventional chemical potentials
Ly used in the SASP+method, authors have defined, in the
SASP++ method, the so-called “partial chemical potentials”
Wi They are defined starting from the partial free energies

F(T, V, Ny, N,,...Ny,...N,) of species k, instead of the free
energy F(T, V, Ny, N,,...N,,...N,) of the total solution
including all species, by:

_ Fir — Frae—

Mk = = 5qne (Albis)

The free energies Fj.. and Fj_ are the free energies
computed for two twin perturbed states (N, N,,...N;Edn,...
N,,) associated with the initial state (Ny, N,,...Ny,...N,,), obtained
by modifying by +dn; the number of particles of the species &,
without modifying the volume of the considered domain. It is
important to note that this concept of partial free energy is not
accessible by experimental means. It is used here in view of
reducing the computation time and increasing the precision of
computation, in particular when the concentration of ions is very
small.

Inverse SASP method

The inverse problem examined here consists of finding the
average number of particles of the different species within a
solution in volume V at temperature 7, where chemical potentials
of each species k are given at equilibrium. The inverse SASP
approach treats this problem by a semi analytical and stochastic
iteration process. The SASP+ version presented below can be can
be readily transformed into the SASP++ version using above
definition (A1bis).

The analytical aspect of an iteration is based on the following
Taylor’s development:

W (T, V N{, .. .N{,..N}) = (T, V, Ny, ... Ni, ...N,)

+Z 6""dN +0(i), (Vk = 1,n) (A2)
with the following notations:
® The numerical vales of w, (7, V, Ny,...N,...N,) at the

equilibrium state So are given, but the corresponding
composition (Ny,...N,,...N,) is ignored and is the target of
the inverse problem.

® Any iteration process starts from an initial state S’(7, V, N, i
Ns,...Nf...N%). Corresponding chemical potentials (7, V;
N{', N5,...N,...N}) are computed by a direct process based
on formulae (A1),

® Main derivatives aﬂ L are approximated by:

_ Pl —2F 4 Ff (a3)
dnk dl’lk

s
6Nk B dl’lk

Finally the remaining unknowns are the difference in
composition (dN;, dN,,...dNy,...dN,) between the non equilib-
rium state S’ and the wanted equilibrium state So, plus the cross
derivatives ¢&; = E“V* A first estimation Nj of the unknown
composition at equlllbnum N;, equal to Nf—dNy, is obtained by
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solving n-linear equations, where the ¢;; terms are considered of
second order:

6”'1 €12 €13 Elk Eln
aN!
N'| N o, Hy =
Nzi Né &1 6N2’ €3 ... (57 S & ,u% — H'z
N3 N3 . o =
l=I1... = Inv 231 €32 6N3t &3k &3 X
Ne| |V dii He = i
...1 ...r &kl & &r3 W Ekn ] o
N[N e G My = Hy
I
Enl En2 &n3 aee Enk 6_]\/"’
n
(A4)

Neglecting the ¢’s, the above matrix leads to a first
approximation (N}, Na,...Ni,...N}) of the number of particles:

L
Np =N BB (k= 1)

3N
aN’

(AS)

This first approximation of the particle distribution is followed
by a succession of iterations, where the new initial state
corresponds to the last approximated state. The process converges
when above approximations are becoming negligible.

Different stochastic aspects are imbricated with the above
analytical aspect. First of all, the initial state (V{, N,...Nf, ... Ny )=
at iteration j=1 before starting a set of iterations is arbitrary. A
second stochastic aspect consists of choosing arbitrarily the
number and positions of particles involved in the 2 elementary
perturbations (0,0,... +dny,...0) used in formula (A1).

Possible generalization

The inverse SASP approach is applied here in a special case
where all chemical potentials of the different species are supposed
to be known at equilibrium. In such a case, even if it appears
equivalent to a Grand Canonical Monte-Carlo (GCMC) method,
the SASP approach has the advantage to allow a rapid con-
vergence in presence of a very large number of particles — in
particular when all the solvent molecules are represented instead of
simulating the solvent by a continuous fluid-, without any
limitation of concentration or interaction with boundaries. How-
ever the most interesting feature of the SASP approach is probably
its generalization [25] for solving equilibria including chemical
reactions with mass conservation constraints, in contrast with a
classical GCMC method no longer operating when chemical
potentials at equilibrium are a priori partially or totally ignored.
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