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Outline

Monday, April 9

* Recap of free energy calculation methods

* Conditional Reversible Work (CRW) coarse
graining

Tuesday, April 10

* Applications to soft matter problems

* Dynamically-consistent coarse-grained models

Systematic coarse graining
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Systematic coarse graining

Recap of free energy calculation
methods

Potential of mean force

— Thermodynamic integration (TI)
— Free energy perturbation (FEP)

Free energy

* Single-component systems

AT.V,N) G(T,P,N)

* Multicomponent systems

ATV,N,-N.)  G(T,P,N,,N.)  Ccomponents

* Typically, we are only interested in the dependence of these
free energies along a single parameter

AV), G(P), G(T), etc.
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Potential of mean force (PMF)

— Free energy surface
- Internal coordinate (“reaction coordinate”): £(R™)

—__>§

Reaction coordinate

Potential of mean force (PMF)
Partition function
Q=cJ.dRNe’ﬁU(RV) B=
= cj déJ.dRNe’ﬁUW B(ERY)-¢E)
= [ag 0
Potential of mean force (free energy along &)
V(&) ==k,TInO(E)
=k, Tln[ c[ dRYe M 5(5RY)-£) |
=—k,TInP(&) + const.
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Calculating the PMF

* Run MD or MC and sample P(&)

* Problematic if energy barriers are large
(>k,T)

P(&)

Vw8




Deriving the PMF

* Thermodynamic integration (TI)

* Thermodynamic (free energy) perturbation
(FEP)
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Thermodynamic integration (TI)

dem (5) d N _—BURY N
dé =—kBTd—éln'[dR IS (ERY) =€)

_JarR e s (ERY)—¢)
C JarYe s (ERY) -¢)
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Average over constrained ensemble

f; : force along the direction 5

den Otter & Briels, J. Chem. Phys. 109, 4139 (1998)

Thermodynamic integration (TI)

* Constrained equilibrium simulation

* Feasible only for low-dimensional PMFs

* Numerical integration of average constraint
forces
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Free energy perturbation (FEP)

« Split R" in internal coordinate & and all other
degrees of freedom R’

UR")=UER)
V(&) ==k,Tin [dRYe O3 (E(RY) =€)
=k, TIn [dR’e R

* Consider a small perturbation £ — £+ A&
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Free energy perturbation (FEP)
I 7o BUGHASR')
me/.(é +A&)- Vﬂmf(é) = —kBTan
I AR e PUEHER) ;-BUER) +BUER)
JdR’e’/’U(E'R"
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J' dR’e PUER)

~BLU(E+AER)-U(E,R')
= —kBTln<e [ ]>

=—k,Tln

=—k,Tn
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Free energy perturbation (FEP)

Important regions in phase space  Choice of reference and target states:

Phase space I Forward

M, =A— A =—k,T 1n<exp[—/3AU])O

= j P, (AU )exp[-pAU |dAU

Reverse

Ad,_ =4 -4 =k,Tin{exp[ BAU )

= T B (AU )exp[ pAU JdAU




Choice of reference and target states

P(AU)exp[~pA, , = B (AU)exp[ -BAU |
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¢ We can invert them Phase space T

* HS liquid — very precise but
terribly inaccurate

* Choice forward or reverse: high to
low entropy

* Averaging “forward” and
“backward” result is not allowed

N. Lu, D.A. Kofke J. Chem. Phys. 114, 7303 (2001)

P (AU )exp[—pAd, , |= B, (AU )exp[-BAU ]

P(AU)

PU(AU) Phase space I

AU

Uy
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Green area: Relative error in the 0 = 1 calculation

P (AU )exp[-pAd, , |= B, (AU )exp[-BAU ]

P(AU)

P(AU)

Phase space I
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Green area: Relative error in the 0 € 1 calculation




Coarse graining
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Coarse graining: effective potentials

* lons (R) and water (r)
0= jjef/?vm.nder :J.dRUe’ﬁV(R'”dr:l B=1/k,T
* If we define:

per (R) =—k,Tln Udr efﬂV(R,r):I multibody potential of

mean force

» We preserve thermodynamics (and structure R):

0= J‘ e R

Effective pair potential

5 o 5

i<j i<j<k
=Y u?(R,-R )
i<j
u¢ accounts for average multibody effects:
* lon multiplet correlations
* Solvent-mediated correlations
* State dependent




Effective implicit solvent pair potential

effective potential [k

0.6 0.9
distance [nm]
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Comparison with primitive model

— Na'+CI+SPC/E, ¢, = 72
— Coulomb+WCA, ¢, = 78.5

LA

-
L3

4
Qt
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Chem. Rev. 116, 7626 (2016)

contact ion pair
solvent-separated ion pair




Solvent-mediated multibody effects

S X NS
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Solvent-mediated multibody effects

80— T
@@
0 gﬂﬂ()@ - o NaCl + SPC/E
by <0ﬂ % py) IR ]
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Transferable pair potential

Ve = V() + S]]
’ 4re,

0
concentration (M)

__Ld
€,(0) €,0))r

Solvent-mediated multibody effects

Adelman (1976), Friedman (1982),
Levesque, Weis and Patey (1980)

“... in any MM-level model for ionic solutions in which o
pairwise additivity is assumed, comparison with

data for real solutions can only be made if the

dielectric constant is replaced with one that depends

on ion concentrations”

Transferable pair potential

1
VI (r,c) = V (r) + 4d,
¢ )=V, ame, | €,(c)
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Electrolyte structure & thermodynamics

Radial distribution function

¢:—p—WlnaW

N

Osmotic coefficient
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