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Electronic density functional theory (eDFT)
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Universal (but unknown !)
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Classical Density Functional Theory (cDFT)
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Classical Density Functional Theory (cDFT)

Veu (T)

In grand canonical ensemble:

Olp]=-Ts[pl+F.[p]+ [drV..( - 1N

Intrmsw toa glven solvent

5@[,0]: 0 po(r)
% 0 p,(r)]

Thermodynamic equilibrium

Functional minimization:




Classical Density Functional Theory (cDFT)

p(r)=solvent density

In grand canonical ensemble:

Olp]=-Ts[pl+F.[p]+ [drV..( - 1N

Intrmsw to a g1ven solvent

5@[,0]: 0 po(r)
% 0 p,(r)]

Thermodynamic equilibrium

Functional minimization:




Molecular Density Functional Theory (MDFT)

Vext (rl ’Ql)

Basic ingredients: A MM force field

« Atomistic solvent model
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« Atomistic (or quantum mechanical) solute creating at each
point in space an external potential



Molecular Density Functional Theory (MDFT)

vV _(r,Q)

Molecular picture

In grand canonical ensemble:

olpl=-Tslpl+F. [p]+ [arda V., (. Q). Q)-u.N

Intrinsic to a given solvent

5@[,0]: ) — P, (r, )

op olp, (r.2)]

Thermodynamic equilibrium

Functional minimization:




Molecular Density Functional Theory (MDEFT)

p(r, Q)= position/orientation solvent density

Molecular picture

In grand canonical ensemble:

olpl=-Tslpl+F. [p]+ [arda V., (. Q). Q)-u.N

Intrinsic to a given solvent

5@[,0]: ) — P, (r, )

op olp, (r.2)]

Thermodynamic equilibrium

Functional minimization:




:Llc7p0 ,uc,Vext(l‘,Q)
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Flpl=0lp}-0lp,]

F . =Solvation freeenergy
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But what 1s the functional ??




The exact functional

Flo@l=F,lol+ F. o+ Fulo]l | x=@.o)
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F,, [P]: J.dxl Ve (Xl )p(xl)

F_|p] :% ” dx,dx, Ap(x,) u,; (x,.X,:[p]) Ap(x,), Ap(x)= p(x)-p,

U, (X, Xo5lp]) = Effective solvent-solvent pair potential

U (X X50p)) = u(x,,x,) +u,,(X,,X,;[p])




Fundamental Measure Theory for Hard-Sphere Mixtures
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Fundamental Measure Theory for Hard-Sphere Mixtures
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Fundamental Measure Theory for Hard-Sphere Mixtures
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Basic theory of liquids: The Ornstein-Zernike equation

Pair potential u(r,,) h(”lz) = 8(”12) -1 pz(rl,rz)
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Basic theory of liquids: The Ornstein-Zernike equation

pr)=2.6(r=R,). Ap(r)=p(r)-p,

%(rl ,1'2) = <A[A)(l‘1 )Aﬁ(rz» = p05(l‘1 - l‘2)+ pgh(l‘l,l‘z)

1
27 (1) = p—5(r1 —r,)—c(r,,1,)

0
Jdr3 x(r.r,) ¢ ' (r,,r,)=8(r, —1,)

Ornstein-Zernike:
h(r1 I, ) — c(r1 ,rz) = Jdr3c(r1 ,r3)p(r3)h(r3 ,rz)



Basic theory of liquids: The Ornstein-Zernike equation

pr)=2.6(r=R,). Ap(r)=p(r)-p,

X(rl ,1‘2) — <Af)(r1)Af)(r2 )> — p05(1‘1 — I ) + pgh(’ﬁz)

_ 1
X l(rl’rz): p—5(l‘1 _rz)_c(”lz)

0
Jdr3 x(r.r,) ¢ ' (r,,r,)=8(r, —1,)

h(”lz)_ C(’iz) = pojdr3c(r13)h(r32)

Ornstein-Zernike:



The exact functional

Flo@l=F,lol+ F. o+ Fulo]l | x=@.o)

p(r,2)
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F,, [P]: J.dxl Ve (Xl )p(xl)

F_|p] :% ” dx,dx, Ap(x,) u,; (x,.X,:[p]) Ap(x,), Ap(x)= p(x)-p,

U, (X, Xo5lp]) = Effective solvent-solvent pair potential

U (X X50p)) = u(x,,x,) +u,,(X,,X,;[p])




MEAN-FIELD APPROXIMATION

Adiabatic connection methods

With respect to pair potential:

ey (rx3[p]) = [ der b (1w, ) ()

With respect to density:

g (r, 03[ pD) =u(ny)

U, (1,)= 0o u(n,)

Same as in electronic
DFT

p,(x)=p, +aAp(x)
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Sty (rorilp)) =T [ dor (1) e, (rori[p.])




* MEAN-FIELD APPROXIMATION:

ueﬁv(rlarz;[p]):u(’iz) ucor(rprz;[p]):()

« HOMOGENEOUS REFERENCE FLUID APPROXIMATION

ueﬁ”(rl’rZ;[p]) = —kgT C(rl’rz;po) = —kgT C(”lz)

c(ry,) 1s the direct correlation function of the homogeneous fluid connected
to the pair correlation function A(r;,) through the Ornstein-Zernike
relation

h(n,)=c(n,)= Pojdr3 c(rz) h(ry,)




Lennard-Jones fluid: HRF approximation

Flp(r) = knl/ [ (r) ln( ‘(JT}) — p(r) +pu- +/dr Vir)p(r)

_ ket /drdrAp {r) es(|r — r'[; po)




Lennard-Jones fluid: HRF approximation

Flp(r) = ksT / dr [p(r) In (pl(:}) — p(r) +pu- + / dr V(r)p(r)

_ ket /drdrAp {r) es(|r — r'[; po)
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Lennard-Jones fluid: HRF + HS bridge approximation

Flp(r) = ksT f dr [p(r) In (p;(:}) — p{r) + pu- + / dr V(r)p(r)

- %1 drdr'Ap(r) Ap(r') es(|r — ¥'[; po) + Folo(r)]

Falpte)] = FASIpw)) - FiiZlon] -l [ drolo
kgl / drdr’Ap(r) Ap(r’) c&*(|r — r'|; po)

All orders Ap",n=>3
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Hard-sphere reference functional: Water
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Solvation in SPC water: Alcanes

11 | 12 | 13 | 14 | 15 | 16
AF_  -MD (kJ.mol )

M. Levesque et al, J. Chem. Phys. 137, 034115, 2012
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Solvation in SPCE water

____ MD(20h)

— MDFT (<1 mn)
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Application to solvation of pyrophyllite (model neutral clay)
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Collaboration with V. Marry
and B. Rotenberg (UPMC, Paris)

M. Levesque et al, J. Chem. Phys. 137,

224107, 2012
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Application to solvation of pyrophyllite (model neutral clay)
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Collaboration with V. Marry
and B. Rotenberg (UPMC, Paris)

M. Levesque et al, J. Chem. Phys. 137, 4L
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Application to solvation of pyrophyllite
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Conclusions

In analogy to electronic DFT, one can compute solvation free energies,

reorganization energies .... and microscopic solvation profiles using
classical cDFT (MDFT)

The functional can be minimized using 3D-grids for positions and
angular grids for orientations.

Good representation of correlations for simple (polar) liquids.
Much harder for associated liquids such as water
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