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# hy do we need to compute free energies?
3‘? "' Salt After Dissolving
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Crystal phase stabilities

Docking

Melting 3
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# Free energy from simulations

[ o™ [ exp(BH(pY 1) Not an ensemble
r exp(— , T .
F=—kgTIQ(N,V,T) = —kpTIn ( L AJEN! b ) average. F is a thermal

quantity

Absolute free energies cannot be measured experimentally,
and from simulations using direct methods.
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/Z,‘ Free energy from simulations
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F=—kgTIQ(N,V,T) = —kpTIn ( L A]IV)N! b ) average. F is a thermal

quantity

Absolute free energies cannot be measured experimentally,
and from simulations using direct methods.

MAY, 1935 JOURNAL OF CHEMICAL PHYSICS VOLUME 3

Statistical Mechanics of Fluid Mixtures*

Jonn G. KIrRkwooD, Depariment of Chemistry, Cornell University
(Received March 1, 1935)

e

We now define a fictitious potential of the fol-

lowing type Describes the “coupling
Vi - ) =2 WbV (D) parameter method”, more

wher.e Air Ay are arbitrary parameters. By Commonly known as

e e e e i Thermodynamic Integration

between the N molecules from zero to its full
value. In particular, we notice that when a
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Thermodynamic Integration: Relating a thermal
variable to an ensemble average

(N7 V7 T7 Ul) )(Na Vv TaU()‘)) )(Nv Va Ta UZ)

S Sint S,

Simplest case:

UN) = fi(ANU1 + f2(\)Us UN) = (1 — \U; + \Us
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’q Thermodynamic Integration: Relating a thermal

variable to an ensemble average
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S Sint S,
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#hermodynamic Integration: Relating a thermal

variable to an ensemble average

(N, V,T,Uy )N, V.T,U\))—(N, V., T, Us)

S Sint \Y)

Simplest case:

UM = fi(A)UL + fa(AN)U2 U(N) = (1= NU; + MU
1 N
QN V.T.N) = vy [ dr™ exp(=6U()
o _kBTan(N7 v T) — kT (fde fdrN zX]\I;E\;ﬁU(perN))>
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_Bﬁan(N V. T, \)

B 1 0Q(N,V, T, \)
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Choice of thermodynamic path

Need smooth, reversible paths to compute free energies

® What are the intermediate states? ? ? ? ?
i ????????

Reference States:

@000

Einstein Crystal

® Scaling functions!?
UN) = f1(MNUL + f2(N)Us

- Linear, quadratic, cubic, quartic
- Which components of the potential do
we scale? L - O, € :both!?
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Reference states

* Frequently used reference state for computing free
energies of solids
* Free energy can be computed analytically

Molecular dynamics investigation of the crystal-fluid
interface. |. Bulk properties J. Chem. Phys. 79(10), 15 Nov. 1983

Jeremy Q. Broughton and George H. Gilmer

bFcinstein = 3N ln(ﬁh\/K) + 6NZZ;()

Other reference states for solids: Harmonic
crystal,Wigner-Seitz cells (Hoover and Ree)
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Einstein Crystal

Reference state for Liquids: Ideal gas

6Fideal =3NInA

A=hy/ 2

2TMm
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® Different energy terms can be transformed independent
of each other - smoother path/no added complexities!?

Intermediate states

Free Energy Simulations: The Meaning of the
Individual Contributions From a Component Analysis

Stefan Boresch, Georgios Archontis, and Martin Karplus
Department of Chemistry, Harvard University, Cambridge, Massachusetts 02138

PROTEINS: Structure, Function, and Genetics 20:25-33 (1994) r

AAT} = 4.65
. :
- - SF)Ivatlon free energy
difference between Cl- and Br-
AA_, = 94.09 A'gq = 90.56 . . .
ot = 940 l A 0 ® Different paths yield different
L] free energy changes!
" o J gy chang
AAY; = 1.12
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Intermediate states - Importance of the scaling

THE JOURNAL OF CHEMICAL PHYSICS 127, 214108 (2007) ® Compal‘e differe nt Scaling
Nonlinear scaling schemes for Lennard-Jones interactions schemes to eliminate endpomt

in free energy calculations

Thomas Steinbrecher®

Department of Molecular Biology, The Scripps Research Institute, La Jolla, San Diego, Scal ed an d an un Scal ed LJ

California 92037, USA and Center for Theoretical Biological Physics, University of California,
La Jolla, California 92093-0374, USA

David L. Mobley

Department of Pharmaceutical Chemistry, University of California, San Francisco, San Francisco,
California 94143, USA

David A. Case ® Linear scheme performs
Department of Molecular Biology, The Scripps Research Institute, La Jolla, San Diego,

California 92037, USA and Center for Theoretical Biological Physics, University of California, - 1

L o Catfomia 920950374 051 poorly, non-linear schemes

L —

V) =AVi+ (1 =MW Linear
V(N

k—1
fO) =1 —=NF > gk —1+ )N 9(x,y) = oy AMBERY

— @—y)y!

Viofteore = 4€(1 — N [(aH(i/a)G)Q -~ a/\ﬂlr/a)fj] Soft-core

particle interact

eliminate singularity.

[1— (1 =Nk + (1= NV Non-linear

i

singularity - Occurs when a
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Intermediate states - Importance of the scaling
function

THE JOURNAL OF CHEMICAL PHYSICS 127, 214108 (2007) ® Com pare d |ffe rent scali ng
Nonlinear scaling schemes for Lennard-Jones interactions schemes to eliminate endpomt
in free energy calculations singu Iarity - Occurs when a
Thomas Steinbrecher?
Department of Molecular Biology, The Scripps Research Institute, La Jolla, San Diego, Scal ed an d an u n Scal Ed LJ
California 92037, USA and Center for Theoretical Biological Physics, University of California,

La Jolla, California 92093-0374, USA
David L. Mobley

Department of Pharmaceutical Chemistry, University of California, San Francisco, San Francisco,
California 94143, USA

particle interact

David A. Case ® Linear scheme performs
Dep.artm.ent of Molecular Biology, The Scripps.Resea.rch I.nstitute, La Jollq, Sal.’l Diego, . . .
gsl‘%)l;;’laciigcg;i;]%goagﬁogézt,e}lfgx Theoretical Biological Physics, University of California, Poorl)’, non-llnear SChemeS
eliminate singularity.
VA=AV 4+ (1 =MW Linear
V) =[1—-(1-=XNFV+ (1= XY Non-linear
k—1
— k © s\ ). _ !
1=0
_ B 1 B 1 i
Vsoftcore — 46(1 )‘) [(QA+(T/G)6)2 a>\+(r/0)6] Soft-core

Perez and von Lilienfeld (submitted): non-linear
scale factors in AIMD alchemy - linear vs quartic
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Nonlinear scaling scheme
in free energy calculations

Thomas Steinbrecher®

Department of Molecular Biology, Th
California 92037, USA and Center fo
La Jolla, California 92093-0374, US¢/

David L. Mobley
Department of Pharmaceutical Chemi
California 94143, USA
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Department of Molecular Biology, Thro
California 92037, USA and Center foE
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function
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" ' Some applications of Alchemy
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‘ Some applications of Alchemy

VOLUME 72, NUMBER 25 PHYSICAL REVIEW LETTERS 20 JUNE 1994

Structure and Phase Stability of Ga,In,_.P Solid Solutions
from Computational Alchemy

Nicola Marzari,! Stefano de Gironcoli,>* and Stefano Baroni3
! Cavendish Laboratory, University of Cambridge, Madingley Road, Cambridge CB8 OHE, United Kingdom
2Forum di Fisica Teorica dell’Istituto Nazionale di Fisica della Materia, Scuola Normale Superiore,
Piazza dei Cavalieri 7, I-56126 Pisa, Italy
3Scuola Internazionale Superiore di Studi Avanzati (SISSA ), Via Beirut 2/4, I-84014 Trieste, Italy
(Received 16 December 1993)
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VOLUME 72, NUMBER 25 PHYSICAL REVIEW LETTERS 20 JUNE 1994

Structure and Phase Stability of Ga,In,_.P Solid Solutions

Modelling Simul. Mater. Sci. Eng. 3 (1995) 359-369.
Free energy calculation of extended defects through simulated

alchemy: application to NizAl antiphase boundaries

A J Skinnerf, J V Lill{ and J Q Broughton

Complex Systems Theory Branch Code 6690, Naval Research Laboratory, Washington, DC
20375-3000, USA
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- ' Some applications of Alchemy

VOLUME 72, NUMBER 25 PHYSICAL REVIEW LETTERS 20 JUNE 1994

Free energy calculation of extended defects through simulated

|
i ‘

Structure and Phase Stability of Ga,In,_.P Solid Solutions

Modelling Simul. Mater. Sci. Eng. 3 (1995) 359-369.

J. Am. Chem. Soc. 1998, 120, 2710—2713

Computational Alchemy To Calculate Absolute Protein—Ligand
Binding Free Energy

Volkhard Helms' and Rebecca C. Wade*

Contribution from the European Molecular Biology Laboratory, 69012 Heidelberg, Germany
Received November 10, 1997
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- ;}/ Some applications of Alchemy

VOLUME 72, NUMBER 25 PHYSICAL REVIEW LETTERS 20 JUNE 1994

Structure and Phase Stability of Ga,In,_.P Solid Solutions

Modelling Simul, Mater. Sci. Eng. 3 (1995) 359-369,

Free enersv calculation of extended defects through simulated
J. Am. Chem. Soc. 1998, 120, 2710—2713

Co rand
Bir NATURE | VOL 405 |11 MAY 2000 | www.nature.com

va  Gonstraints on the composition

cox Of the Earth’s core g
Rece

from ab initio calculations

D. Alfe*, M. J. Gillant & G. D. Price*

* Research School of Geological and Geophysical Sciences, Birkbeck College and
University College London, Gower Street, London WCIE 6BT, UK

T Physics and Astronomy Department, University College London, Gower Street,
London WCIE 6BT, UK
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Structure and Phase Stability of Ga,In,_.P Solid Solutions

Modelling Simul. Mater. Sci. Eng. 3 (1995) 359-369.

Free energv calculation of extended defects through simulated
; \ J. Am. Chem. Soc. 1998, 120, 2710—2713

Co S - ~ rand

Bir NATURE|VOL 405 |11 MAY 2000 | www.nature.com

THE JOURNAL OF CHEMICAL PHYSICS 122, 054504 (2005)

Isomolar semigrand ensemble molecular dynamics: Development
and application to liquid-liquid equilibria

Timothy |. Morrow and Edward J. Maginn?
Department of Chemical and Biomolecular Engineering, University of Notre Dame,

Notre Dame, Indiana 46556

* Research School of Geological and Geophysical Sciences, Birkbeck College and
University College London, Gower Street, London WCIE 6BT, UK

T Physics and Astronomy Department, University College London, Gower Street,
London WCIE 6BT, UK
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Structure and Phase Stability of Ga,In,_.P Solid Solutions
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Free energy calculation of extended defects through simulated
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THE JOURNAL OF CHEMICAL PHYSICS 122, 054504 (2005)

J. Chem. Theory Comput. 2008, 4, 951-966

Benchmarking pK, Prediction Methods for Residues in
Proteins

Courtney L. Stanton and Kendall N. Houk*

University College London, Gower Street, London WCIE 6BT, UK
T Physics and Astronomy Department, University College London, Gower Street,
London WCIE 6BT, UK
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Free energyv calculation of extended defects through simulated
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Co 7 S . 7 N 7 7 ;and
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THE JOURNAL OF CHEMICAL PHYSICS 122, 054504 (2005)

J. Chem. Theory Comput. 2008, 4, 951-966
Benchmarking pK, Prediction Methods for Residues in
Chemical Physics 323 (2006) 102-108

Calculating zeros: Non-equilibrium free energy calculations

Chris Oostenbrink ?, Wilfred F. van Gunsteren >*

& Computational Medicinal Chemistry and Toxicology, Faculty of Sciences, Vrije Universiteit Amsterdam, De Boelelaan 1083,
NL-1081 HV Amsterdam, The Netherlands
® Laboratory of Physical Chemistry, Swiss Federal Institute of Technology, ETH-Honggerberg, 8093 Zurich, Switzerland
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4 ' Some applications of Alchemy

VOLUME 72, NUMBER 25 PHYSICAL REVIEW LETTERS 20 JUNE 1994

Structure and Phase Stability of Ga,In,_.P Solid Solutions

Modelling Simul, Mater. Sci. Eng. 3 (1995) 359-369,

Free enersv calculation of extended defects through simulated
] \ J. Am. Chem. Soc. 1998, 120, 2710—2713

Co S D ~ and
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THE JOURNAL OF CHEMICAL PHYSICS 122, 054504 (2005)

J. Chem. Theory Comput. 2008, 4, 951-966

Benchmarking pK, Prediction Methods for Residues in

Chemical Physics 323 (2006) 102-108

Calculating zeros: Non-equilibrium free energy calculations

Biophysical Journal Volume 98 May 2010 2309-2316

Protein Thermostability Calculations Using Alchemical Free Energy
Simulations

Daniel Seeliger and Bert L. de Groot*
Computational Biomolecular Dynamics Group, Max-Planck-Institute for Biophysical Chemistry, Géttingen, Germany
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Structure and Phase Stability of Ga,In,_.P Solid Solutions

Modelling Simul, Mater. Sci. Eng. 3 (1995) 359-369,

Free enersv calculation of extended defects through simulated
] \ J. Am. Chem. Soc. 1998, 120, 2710—2713

Co S -

fand
b
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THE JOURNAL OF CHEMICAL PHYSICS 122, 054504 (2005)

J. Chem. Theory Comput. 2008, 4, 951-966

Benchmarking pK, Prediction Methods for Residues in

Chemical Physics 323 (2006) 102-108

Calculating zeros: Non-equilibrium free energy calculations

Biophysical Journal Volume 98 May 2010 2309-2316

Dratain Tharmactahilitvy Caleinilatinne llecina Alrhamical Fraa Enarmav

Current Opinion in Structural Biology 2011, 21:1-11

Alchemical free energy methods for drug discovery: progress and
challenges

John D Chodera’, David L Mobley?, Michael R Shirts®, Richard W Dixon®*,
Kim Branson* and Vijay S Pande®
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- /‘, Estimating uncertainties

® How do you propagate uncertainties?

Eg: Tl - uncertainties in dU/dA.A curve/spline interpolation is
applied to data before integration.What is the uncertainty in
computed free energy!

0 D 4 “y
D — ,"?'72‘ —> AA;
D ) ,{'yh )
AA = AA,
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Focus Application- |

Computation of melting points
and crystal polymorph stabilities
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imidazolium

R4
R,—P~=R,
Rz

phosphonium

o J
R—O0-S—0
o

alkylsulfate

o N 0
87 S,

bis(trifluoromethyl-
sulfonyl)imide

N
R, Ra

pyndinium pyrrolidinium
s .
R,- rTl =R, 3
RZ Rg R'J
ammonium sulfonium
— (I? _ O
HsC — —ﬁ—o RsC—S—0O
O O
tosylate methanesulfonate
PFS BF4 Hal
hexafluoro- tetrafluoro- halide
phosphate borate

Examples of commercially
available 1onic liquids

cation
(organic)

anion
(organic)

anion
(inorganic)

They are not ionic solutions
They are not ionic crystals

They are molten salts that
happen to be “molten” around
ambient temperature

Many useful properties
Excellent solvation strength
Low flammability

High thermal stability

Wide liquidus range

Several commercial applications

already
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Mlting points of lonic Liquids

200 r
S
o 100 - R /\ CHj
5 N >
& N : N
8 \_/
E
2
OF crystal
_-“'jD | L I i i i 1
0 4 8 12 16

alkyl chain length (n)
Melting point phase diagram for [Rmim][PFs] as a function of n?

What is this link between chemical composition/
structure and melting point?

Sandia
1J. D. Holbrey and K. R. Seddon, Clean Prod. Processes, 1, 223(1999) @ National
Laboratories
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Melting point calculation using
atomistic simulations

® Heating a crystal until it melts

Sandia
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2
B! N |
o
°
1 - —
Experimental melting point:
- 339 K |
0.8 — —
| A A | | |
200 400 600 800 1000
T (K)
Density vs Temperature for direct heating of orthorhombic [bmim][CI] crystal ] ﬁgt"'dial
17 '.i labtllorg?clﬁes
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579 Melting point calculation using

atomistic simulations

® Heating a crystal until it melts

* defect induced melting

first IL melting point prediction!

® Direct simulation of a solid-liquid interface

* Free energy barrier for heterogeneous nucleation is
lower than homogeneous nucleation

1S. Alavi and D. L. Thompson, J. Chem.Phys. 119, 9617 (2003)
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w, @Melting point calculation using
o 2 atomistic simulations

® Free energy based methods
AGg_; =0 1 =1,

|. Reference crystal based methods .@
e Frenkel’s Einstein Crystal @

2. Pseudosupercritical path sampling

* TI:solid-liquid

e LJ!,NaCl', benzene? and triazole?

e extended to ILs?

'D. M. Eike, J. F. Brennecke, and E. J. Maginn, J. Chem. Phys. 122, 014115 (2005)
2D. M. Eike and E. J. Maginn, J. Chem. Phys. 124, 164503 (2006) @ Sandia

3S. Jayaraman and E. J. Maginn, J. Chem. Phys.1127, 214504 (2007) ?'aaﬁi,‘}gﬁéﬁes
Friday, March 18, 2011
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/_'4, Method Details

— .
i

® NPT simulations of solid and liquid phases
conducted at multiple temperatures

® Relative free energy curves constructed using:

T
H
RGT (R—GT> B / rr2®!
’l°€f T?“ef

® AG,_; known to a constant of integration

0.4 T T T T |
A—a liquid | |
== solid 2001= ]
035
A
0.3 _zor e ’
- »
N &
= 025 C o
% PI' 100 = ,/ I
=~ =
02 o)
50 - -
0.15
—— Liquid | 1
— Solid
O 1 | 1 | 1 | 1 | 1 | % 1 | 1 | I | 1 | 1
400 320 340 360 380 400 00 320 340 360 380 %Randia
T ) , . i TK) Sandia
-H/RT? and relative free engrgy curves for [bmim][ClI] La%gg?uries
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e ¢ Melting point calculation

- State 2: Weak fluid

State 1: Liquid

e State 3: Dense
sty weak fluid

> >\z’—>j Coupling parameter from state ¢ —

A
CRE

State 4: Ordered
weak phase

State 5: Crystal

1 oU Ve
Ading=| (Zv) &  Adyy=[ —(P)dV AGs—e =) AAi;
o \NOA/A Ve ij
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4 ¢ Melting point calculation

- State 2: Weak fluid

3 State 3: Dense
= weak fluid

oo
State 4: Ordered

weak phase

1 oU Ve
M= [ (55) & A= —(Pav NGy =3 A4
o \OX/,

Ve i,j
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e ¢ Melting point calculation

- State 2: Weak fluid

State 1: Liquid

e State 3: Dense
sty weak fluid

> >\z’—>j Coupling parameter from state ¢ —

A
CRE

State 4: Ordered
weak phase

State 5: Crystal

1 oU Ve
Ading=| (Zv) &  Adyy=[ —(P)dV AGs—e =) AAi;
o \NOA/A Ve ij
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g Melting point calculation

State 2: Weak fluid

State 1: Liquid

i' State 3: Dense
bty weak fluid

i—j Coupling parameter from state i — j

State 5: Crystal

State 4 Ordered
weak phase

U3_>4(>\) _ nmUVDW + nnUELEC’ + UNS — )\ S: S: a; j exp( b’LJrZ])

v J

1 oU Ve
Ading=| (Zv) &  Adyy=[ —(P)dV AGs—e =) AAi;
o \NOA/A Ve ij
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e ¢ Melting point calculation

- State 2: Weak fluid

State 1: Liquid

e State 3: Dense
sty weak fluid

> >\z’—>j Coupling parameter from state ¢ —

A
CRE

State 4: Ordered
weak phase

State 5: Crystal

1 oU Ve
Ading=| (Zv) &  Adyy=[ —(P)dV AGs—e =) AAi;
o \NOA/A Ve ij
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A Melting point calculation

r

State 2: Weak fluid

State 1: Liquid
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e ¢ Melting point calculation

- State 2: Weak fluid

State 1: Liquid

e State 3: Dense
sty weak fluid
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State 4: Ordered
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State 5: Crystal
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Melting point calculation

State 2: Weak fluid

State 1: Liquid

; State 3: Dense
. weak fluid

W .i:@\_—.

\

i—j Coupling parameter from state i — j

W f/)\

State 5: Crystal

State 4: Ordered
weak phase
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}!omparison of melting points

» =+ Error as standard deviation
— = Error as standard deviation of the mean -t

1 ® Monoclinic thermodynamically

stable relative to orthorhombic
form at all temperatures below
melting points of either
polymorph.

* Free energy differences within
accuracy of simulations

Comparison of computed and experimental
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360 380 400 melting points

| & polymorph __ To(K) TGP (K) TCV7TT(K)
Computed Gibbs free energy difference between orthorhombic  337-339 365 +6 360 L7
monoclinic and orthorhombic polymorphs of [Csmim] monoclinic 318-340 NA 373 44

[CI] using the CM]] potential
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-~
? Conclusions - melting points

® Melting point can be computed rigorously from atomistic
simulations

* a stringent test of a force field

* Pseudo-supercritical path method can be used to compute free

energy differences between crystal polymorphs, and for solid
solubility calculations

* pure alkali nitrate salts, ionic liquids.
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Conclusions - melting points

THE JOURNAL OF CHEMICAL PHYSICS 127, 214504 (2007)

Computing the melting point and thermodynamic stability
of the orthorhombic and monoclinic crystalline polymorphs
of the ionic liquid 1-n-butyl-3-methylimidazolium chloride

Saivenkataraman Jayaraman and Edward J. Maginna)
Department of Chemical and Biomolecular Engineering, University of Notre Dame, Notre Dame,

Indiana 46556, USA

Ind. Eng. Chem. Res. 2010, 49, 559-571
Molecular Simulation of the Thermal and Transport Properties of Three Alkali

Nitrate Salts

Saivenkataraman Jayaraman, Aidan P. Thompson,* O. Anatole von Lilienfeld,” and
Edward J. Maginn"*

Department of Chemical and Biomolecular Engineering, University of Notre Dame, 182 Fitzpatrick Hall,
Notre Dame, Indiana 46556-5637, and Sandia National Laboratories, Albuquerque, New Mexico 87185
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THE JOURNAL OF CHEMICAL PHYSICS 133, 124504 (2010)

A method for computing the solubility limit of solids: Application to sodium
chloride in water and alcohols

Andrew S. Paluch Saivenkataraman Jayaraman Jindal K. Shah,1’2 and
Edward J. Maginn'?

Department of Chemical and Biomolecular Engineering, University of Notre Dame, Notre Dame,
Indiana 46556, USA
*Center for Research Computing, University of Notre Dame, Notre Dame, Indiana 46556, USA
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Focus Application- 2

Eutectic points and solid-liquid
phase coexistence in mixtures

Sai Jayaraman'", Aidan Thompson' and Anatole von Lilienfeld?
| Advanced Device Technologies, Sandia National Labs
2Argonne Leadership Computing Facility, Argonne National Lab
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North-Holland, 1983

Ty = 1600°K 7. = 1300°K

Common tangent at
eutectic point between
liquid and solid phases
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s#‘ Computing the free energy of a

Gmix — CUAGA + CUBGB + RT

-
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Free energy of
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liquid mixture
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Free energy

Free energy
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E

Free energy contribution
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# Excess free energies from Apas

Binary:

T A 1

gi* @n.n) = [ doy Apan(al) ~ aa [ duhApan(ah)
0 0
Ternary:
T A TAT+TB
T
g;fm(CCA,:CB,CEC) — /dxiAA:uAB(xiAuxC) — A / dxiAA:uAB(xime)
TA T+ T8
0 0
'CEA exr '/I;B exr
—+ rco) + X
xAerBgAce( c) wA_I_ngBCE( c)

At each I, alchemical changes conducted at £ A mesh points
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# Excess free energies from Apas

Binary:

CEA 1 )
“(za,xB) dZEA Apap(xy) — xA /d:cfoA,uAB(a:fo)
/O 7
Te rnar’y Area under Apag
(33A‘|‘CI3B h
exr ajA
9;"(Ta, T8, Tc) = de:AAuAB T'n, TC) / dx'y Apas(2y, o)
ZliA-l-xB
TA TR \§ L J
eEXr T _I_ eEX T
IAerBgAce( c) wAJrl,Bche( c)

At each I, alchemical changes conducted at £ A mesh points
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Binary:

2450 LiNO3-KNO3

Au , , (kcal/mol)
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31
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*’ Excess free energies from Apag
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# Excess free energies from Apas

Binary:

CEA 1 )
“(za,xB) dZEA Apap(xy) — xA /d:cfoA,uAB(a:fo)
/O 7
Te rnar’y Area under Apag
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9;"(Ta, T8, Tc) = de:AAuAB T'n, TC) / dx'y Apas(2y, o)
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At each I, alchemical changes conducted at £ A mesh points

Sandia
3 National
Laboratories

Friday, March 18, 2011



JM./Haile’s veljsicz,n:The “parameter
charging” method

Fluid Phase Equilibria, 26 (1986) 103-127

ON THE USE OF COMPUTER SIMULATION TO DETERMINE THE
EXCESS FREE ENERGY IN FLUID MIXTURES |

J.M. HAILE
Department of Chemical Engineering, Clemson University, Clemson, SC 29634 (U.S.A.)
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VS composition

NO3-KNO3 mixture - Free energy

4 )

e Approximation:“‘Simple
Eutectic” - Solid phases
approximated by pure

O T T T T T .
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JO3-KNO3 mixture - Free energy
VS composition

4 )

e Approximation:“‘Simple
Eutectic” - Solid phases
approximated by pure

0 | | | | | solids.
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'M.). Maeso and |. Largo,
Thermochimica Acta, 223,
145-156 (1993) - Binaries

2A.G. Bergman and K. Nogoey, Zh.

Neorg. Khim., 9 1423 (1964) -
Ternary

3H.R. Carveth, ]. Phys. Chem., 2, 498

209 (| 898)*

NaNOS

NaNQ3
KNO;y LiNOs

\ 433"
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gmﬁnpuf

411
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408 414
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i LINO3-NaNO3-KNO3 ternary

NaNOS

KNO; LiNOs
(2)
'M.). Maeso and |. Largo,
Thermochimica Acta, 223, B
145-156 (1993) - Binaries (b)
2A.G. Bergman and K. Nogoey, Zh.
Neorg. Khim., 9 1423 (1964) -
Ternary
3H.R. Carveth, |. Phys. Chem., 2,
209 (I898)*
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s, 443 423
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«|Ne 010
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3
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i LINO3-NaNO3-KNO3 ternary

NaNOS

KNO; LiNOs
(2)
'M.). Maeso and |. Largo,
Thermochimica Acta, 223, B
145-156 (1993) - Binaries (b)
2A.G. Bergman and K. Nogoey, Zh.
Neorg. Khim., 9 1423 (1964) -
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3H.R. Carveth, |. Phys. Chem., 2,
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~ &

= Conclusions

® Thermodynamic integration based method
developed to compute free energies of mixing
from MD simulations

¢ Tangent method extended to compute
approximations of eutectic compositions assuming
a “simple eutectic”

® Future extension to higher dimensional mixtures

e Extension to mixtures of Ca*™ and monovalents - How do we
handle the change in valency!?

¢ Handling high-dimensionality of search space for
multicomponent mixtures
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