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Introduction: square gradient model Classical DFT for liquid: van der Waals theory Helmholtz free energy density f [ρ(~r )] = f0 (ρ) + k1 (∇ρ)2 + k2 ∆ρ + k3 (∇ρ)4 + k4 (∇ρ)2 ∆ρ + ... Free energy functional from square gradient model (SGM): Z F=



  1 2 dr ψ + Kρ (∇ρ) + ρVext , 2



(1)



ψ = f0 (ρ) : local bulk free energy density; Kρ : square gradient coefficient; ρ : liquid density; Vext : external field. 2 / 12



Direct measurement of Kρ Linear response theory can be employed to measure the square gradient coefficient from all-atom molecular dynamics simulations. Constraint: conservation of particles Z N = drρ,  L = F + µρ N −



Z



(2)  drρ ,



(3)



By solving the Euler-Lagrange equation, we get µρ =



∂ψ − Kρ ∇2 ρ + Vext , ∂ρ



(4)



3 / 12



Direct measurement of Kρ µρ =



∂ψ − Kρ ∇2 ρ + Vext ∂ρ



Apply an external field of Vext = − kδ sin(kx) to equilibrated system, once the system is equilibrated again: µρ = µρ0 + O(δ 2 ),



(5)



ρ = ρ0 + ρδ,k sin(kx) + O(δ 2 ),



(6)



Substituting Eq. 6 into Eq. 4, combining Eq. 5, we get  2    δ ∂ ψ 2 Lρρ ρδ,k = + Kρ k ρδ,k = + O(δ 2 ). 2 ∂ρ k Lρρ =



∂2ψ δ 1 + Kρ k 2 = ∂ρ2 k ρδ,k



(7)
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Results and discussions: SGM for water Modified TIP3P water modela



NVT @ 300 K, ∼ 0 MPa;



Masses O: 15.9994 g/mol;



Langevin thermostat with τ = 10 ps;



H: 1.00794 g/mol;



Charges O: −0.830e; H: +0.415e;



Bonded interaction O-H: k = 450



MD (LAMMPS) details



kcal/˚ A2 ,



r0 = 0.9572˚ A;



H-O-H: k = 55 kcal/rad2 , θ0 = 104.52◦ .



dt = 1.5 fs; SHAKE to fix bonds and angles; ...



Pair interaction (Lennard-Jones): O–O:  = 0.102 kcal/mol, σ = 3.188 ˚ A; H–H, O–H:  = 0 kcal/mol, σ = 0 ˚ A. a



J. Chem. Phys. 121, 10096 (2004).
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SGM for water Determining optimal value for δ
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SGM for water Density profile from MD and linear theory (δ = 0.03)



kx = 2, 7 ky = 3, 4 kz = 5, 6
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SGM for water



∂2ψ + Kρ k 2 , ∂ρ2 = 29.43 − 12.18k 2 ,



Lρρ =



⇓ β=



1 2



ρ2 ∂∂ρψ2



Expr.1



= 0.50 GPa−1 .



β = 0.46 GPa−1



Extrapolating Lρρ to 0 ⇒ −1 k0 = 1.55 ˚ A ⇒ ` = 4.04 ˚ A. 1



J. Chem. Phys. 59(10): 5529, 1973. 8 / 12



SGM for olefin molecules



OPLS force field: Etotal = Ebond + Eangle + Etorsion + Enon−bonded Ebond =



X



(9)



kr (r − req )2 ,



(10)



kθ (θ − θeq )2 ,



(11)



bonds



Eangle =



X angles



3 X  Vn  1 + (−1)n−1 cos(nφ + fn ) , (12) 2 n=1 ( "   6 #) X qi qj e 2 σij σij 12 = + 4ij − · fij , rij rij rij



Etorsion =



Enon−bonded



i,j



(13) fij = 0.5 if i, j are 1, 4; otherwise, fij = 1.0. 9 / 12



SGM for olefins



Kρ ` β (expr.)1



1



(˚ A5 ·kcal/mol) (˚ A) (GPa−1 )



1-hexene -8.16 4.39 1.21 1.38



1-decene -9.14 4.41 0.88 0.93



1-dodecene -11.37 4.57 0.73 0.84



High Temperature 43, 530(2005); J. Res. Nat. Bureau Standard 45, 406 (1950). 10 / 12



Density dependence of Kρ for water
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Conclusion



An approach to measure the square gradient coefficient directly from MD is proposed; For all liquids considered, the Kρ ’s are found to be negative, yet the stability of the system is retained by the global mass conservation constraint.
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