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From Clusters to Bulk

Aqueous Chemistry Many-Body
n Molecular Dynamics
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Molecular Simulations:
Where We Are,

Where We Are Going...




The Computer Age

“I fear the day that

technology will surpass
our human interaction.

The world will have a
generation of idiots.”

Albert Einstein




The Computer Age

a LCF ™

Mira 786k cores
Titan 280k cores

+ GPUs 2o
/ Enveloped virus
< 200 mil+ atoms
7] 1-100 US
; Ranger
@) 60k CPUs
Q. 2007
h o
7] ribosome
id LeMieux 2 mil atoms
= I 3k CPUs \ 100S NS
Q. HP 735 SGI Origin
E [ 12 CPUs J [ 128 CPUs J
° 2002
Y 1 ATPase
993 1997 500k atoms
protein ion channel 10s Ns
10k atoms 100k atoms 1
100s ps 1ns

Courtesy of Rommie Amaro (UCSD)



Molecular Simulations: What We Need...

Potential energy functions and simulation approaches that:

 are easily computable and implementable

accurately represent both molecular interactions and dynamics

are transferable across different phases

are predictive

enable direct comparisons with experiments

biophysics materials

http://paesanigroup.ucsd.edu




Water: The Perfect Example

A

AMOEBA
ASP-S
ASP-W

B

Baranyai
BBL
Bell-Lavis
Ben-Naim
models
BF
BJH
BKd1
BKd2
BKd3
BNS

Bol
BSV

C

Hundreds of models... None correctly predicts the properties of water across different phases!
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The “Traditional” Toolkit

Molecular mechanics

V(RN) = Z %(rb —Tp0)° + Z %(Ha —04.0)% + Z Z %(1 + cos (nw — 7))

bonds angles torsion L n i

i 12 6 |
T;i O qi4;
E de;: | | =2 [ 22 J
" { v <7“z'j> ("“7:.7) +47T€0Rij}
1<)

Hill, J. Chem. Phys. 14, 465 (1946) - Westheimer & Mayer, J. Chem. Phys. 14, 733 (1946)
Lifson & Warshel, J. Chem. Phys. 49, 5116 (1968)
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The “Traditional” Toolkit

Molecular mechanics

V(RN) = Z %(rb —Tp0)° + Z %(Ha —04.0)% + Z Z %(1 + cos (nw — 7))

bonds angles torsion L n i
i O'. . 12 0'. . 6_ q.q .
2 : 1] 1] 147
/’". . 7’". . '7"'6 o .
i< ] i 17 1) | 0Ly

Hill, J. Chem. Phys. 14, 465 (1946) - Westheimer & Mayer, J. Chem. Phys. 14, 733 (1946)
("Lifson & Warshel, J. Chem. Phys. 49, 5116 (1968) )

100 000

Quantum mechanics

Elp] = Tp] + Veelp] + Vielp]

1930: Hartree-Fock equations

NUMBER OF ATOMS

1951: Hartree-Fock-Roothan equations
1965: Kohn & Sham equations Exact treatment
1966: Coupled-Cluster equations

2003 2007 2011 2015

1970: Gaussian 70 YEAR
1985: CPMD Head-Gordon & Artacho, Phys. Today 61, 58 (2008)

http://paesanigroup.ucsd.edu



Putting Things in Perspective...

Mulliken First man on the Moon Woodstock

http://paesanigroup.ucsd.edu
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Putting Things in Perspective...

— e —

Mulliken First man on the Moon

. . .
R teil: 1

. g
‘ B.\

2013 2014 , 2014

Nobelpriset2013
ks

&P The Nobel Prize in Chemistry 2013

Martin Karplus Michael Levitt Arieh Warshel
Université de Strasbourg, Stanford University School of University of Southern
France and Harvard Medicine, CA, USA California, Los Angeles, CA,
University, Cambridge, USA [a—
MA, USA g
2 : ] .
"For utvecklandet av flerskalemodeller fér komplexa kemiska system.” ! ; !
- . . " !
For the development of multiscale models for complex chemical systems. '
© Kungl % [ | S

Karplus, Levitt, Warshel Driverless Cars Pharrell
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Beyond the “Traditional” Toolkit?

Molecular mechanics

V(RN) = Z @(rb —Tp0)° + Z %(Ha —04.0)% + Z Z %(1 + cos (nw — 7))

2
bonds angles torsion L n i
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E (¥ [ t1]
/’". . /)"'. . '7"'6 .o .
i< ] i 17 1) | 0Ly

Hill, J. Chem. Phys. 14, 465 (1946) - Westheimer & Mayer, J. Chem. Phys. 14, 733 (1946)
("Lifson & Warshel, J. Chem. Phys. 49, 5116 (1968) )

Quantum mechanics A
. e O
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_ 9,
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S © £
1930: Hartree-Fock equations 8
1951: Hartree-Fock-Roothan equations © e | |
1965: Kohn & Sham equations '," e .ar
1966: Coupled-Cluster equations R mechanics
1970: Gaussian 70 S >
1985: CPMD speed / size
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Beyond the “Traditional” Toolkit?

Potential energy functions and simulation approaches that:

 are easily computable and implementable

 accurately represent both molecular interactions and dynamics
 are transferable across different phases

e are predictive

e enable direct comparisons with molecular-level experiments

A

1) Can such a simulation approach exist?

quantum
mechanics

2) If it exists, what does it require?

accuracy

3) Can it be applied to complex systems? molecular
mechanics

k - >
speed / size

http://paesanigroup.ucsd.edu
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Not the First Nor the Only Ones...

1892 - Roentgen: mixture model (liquid-like & ice-like)
1933 - Bernal & Fowler: tetrahedral arrangement

1946 - Samoilov: interstitial model

1951 - Pauling: hydrate with clathrate-like structure
1951 - Pople: tetrahedral water with 4 distorted H-bonds
60s - 70s: computer simulations with force fields

1985 - Car & Parrinello: CPMD
A

1) Can such a simulation approach exist?

quantum
mechanics

2) If it exists, what does it require?

accuracy

3) Can it be applied to complex systems? molecular
mechanics

k - >
speed / size

http://paesanigroup.ucsd.edu
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Many-Body Expansion of Molecular Interactions

N :
MB expansion for water
1B
by = E V2 (4) 1-body converges quickly

Xantheas, Jordan, Szalewicz ...

density density density density
isovalue: 0.01 A3 isovalue: 0.01 A3 isovalue: 0.001 A-3 isovalue: 0.0005 A-3

http://paesanigroup.ucsd.edu




Many-Body Expansion of Molecular Interactions

N :
MB expansion for water
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by = E V2 (4) 1-body converges quickly
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density density density density
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2-Body Interaction Energies: Models vs. CCSD(T)

gTIP4P/f energy (kcal/mol)

VV10 energy (kcal/mol)

Habershon, Markland & Manolopoulos

J. Chem Phys 731 024501 (2009)
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3-Body Interaction Energies: Models vs. CCSD(T)

Habershon, Markland & Manolopoulos Tainter & Skinner Caldwell & Kollman

) J. Chem Phys 131, 024507 (2009) , J. Chem. Phys. 137, 104304 (2012) . J. Phys Chem 99 6208 (7995))
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R

Medders, Babin & FP, J. Chem. Theory Comput. 9, 1103 (2013)



Ab Initio Potentials from the Many-Body Expansion

N .
MB expansion for water
1B
by = E V2 (4) 1-body converges quickly

Xantheas, Jordan, Szalewicz ...

density density de density
isovalue: 0.01 A3 isovalue: 0.01 A3 isovalue: 0.001 A-3 isovalue: 0.0005 A-3

http://paesanigroup.ucsd.edu




MB-nrg:
CCSD(T)-Level

Multidimensional
Potential Energy Surfaces




MB-pol: A Transferable Many-Body Water Potential

4 N )
_ 1B/ explicit 1B, 2B, and 3B terms
Enl= Y V2(i) 1-body p
_ from CCSD(T)/CBS
(4
N +
2B (: higher-body terms
+ E V<E(i, ) 2-body POOSEIS
from many-body polarization
1<J
N  J. Phys. Chem. Lett. 3, 3765 (2012)
3B/ - e J.Chem. Theory Co t.9,1103(2013
g V°2(1,7,k)  3-body Y -ompa (2013
Sy * J.Chem. Theory Comput. 9, 4844 (2013)
SIS y + J. Chem. Theory Comput. 9, 5395 (2013)
4 )
T ... » J.Chem. Theory Comput. 10, 1599 (2014)
vV NB (1 N) N-bod * J. Chem. Theory Comput. 10, 2906 (2014)
. o ody e J. Chem. Theory Comput. DOI: 10.1021/ct501131j

density density den density
isovalue: 0.01 A-3 isovalue: 0.01 A3 isovalue: 0.001 A-3 isovalue: 0.0005 A-3
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Molecular Interactions & Electronic Structure

Interactions depend Vshort-range
on the density overlap

Interactions depend
on monomer’s properties

Vv

Multidimensional fits
to highly-correlated
ab initio data

Suhm
Chem. Phys. Lett. 223, 474 (1994)

Vlong-range

Braams & Bowman
Int. Rev. Phys. Chem. 28, 577 (2009)

Classical
electrostatics

Stone, “Intermolecular Interactions”

http://paesanigroup.ucsd.edu



MB-pol: A Transferable Many-Body Water Potential

Partridge & Schwenke, J. Chem. Phys. 106, 4618 (1997)

zg 6
oly Velect znd E : fz]

1<

Babin, Leforestier & FP, J. Chem. Theory Comput. 9, 5395 (2013); Babin, Medders & FP, J. Chem. Theory Comput. 10, 1599 (2014)



MB-pol: A Transferable Many-Body Water Potential

V 1B — V L g Partridge & Schwenke, J. Chem. Phys. 106, 4618 (1997)

2B zg 6
|4 — Vpoly Velect znd E : fz]
1<J 7’~7
3B __
|4 — Vpoly Vj&nd
>3B
|4 VjLnd ( IRIRILE N)
r [ ] [ ] [ ] [ ] \
Permutationally invariant polynomials
Braams & Bowman, Int. Rev. Phys. Chem. 28, 577 (2009)
M
= Z Daye {4tz Y1395 + yi3yss) }
m=a~+b+c=0
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—]{?“ij
—k:’l"z" _ =
Yyij =€ =Y Jig = =
N " J

Babin, Leforestier & FP, J. Chem. Theory Comput. 9, 5395 (2013); Babin, Medders & FP, J. Chem. Theory Comput. 10, 1599 (2014)




MB-pol: A Transferable Many-Body Water Potential

V 1B — V L g Partridge & Schwenke, J. Chem. Phys. 106, 4618 (1997)

2B zg 6
|4 — Vpoly Velect znd E : fz]

1<J
3B __
|4 — V poly Vj&nd
>3B
|4 VjLnd ( IRILE 7N)
( N
V2B
1153 linear parameters + 16 nonlinear parameters
2B __ . 2 . o Roo — Rin
Vpoly = Z Ci1); ) =91+ x"(2x —3) if0<x<1 T = R _R.
=1 0 if1 <«

Babin, Leforestier & FP, J. Chem. Theory Comput. 9, 5395 (2013); Babin, Medders & FP, J. Chem. Theory Comput. 10, 1599 (2014)



MB-pol: A Transferable Many-Body Water Potential

— Vfl)g Partridge & Schwenke, J. Chem. Phys. 106, 4618 (1997)
zg 6
Vpoly Velect znd Z fz]
1<J 7“]
Vpoly Vj&nd
‘/:L’I’Ld ( ) ") N)
p N
V28

1153 linear parameters + 16 nonlinear parameters

1153

2
mode re AE
2= ), wlvie(n) - Vi) +T2 ) ¢f w(E) = ( ] I=5x10"*
=1

~ E—E_ + AE

Babin, Leforestier & FP, J. Chem. Theory Comput. 9, 5395 (2013); Babin, Medders & FP, J. Chem. Theory Comput. 10, 1599 (2014)



MB-pol: A Transferable Many-Body Water Potential

— Vfl)g Partridge & Schwenke, J. Chem. Phys. 106, 4618 (1997)
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Babin, Leforestier & FP, J. Chem. Theory Comput. 9, 5395 (2013); Babin, Medders & FP, J. Chem. Theory Comput. 10, 1599 (2014)



MB-pol: A Transferable Many-Body Water Potential

L 2P

— VP g Partridge & Schwenke, J. Chem. Phys. 106, 4618 (1997)

zg 6
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1<
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nedy
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Babin, Leforestier & FP, J. Chem. Theory Comput. 9, 5395 (2013); Babin, Medders & FP, J. Chem. Theory Comput. 10, 1599 (2014)




MB-pol: A Transferable Many-Body Water Potential

|4 1B _ Vfl)g Partridge & Schwenke, J. Chem. Phys. 106, 4618 (1997)
0B zg 6
Ve = Vpoly Velec de Z fz]
1<J
3B __
V — V poly Vt&nd
>3B
V ‘/;nd ( Y, * ) N)
p )

Reference data

2B: CCSD(T)/CBS dimers invariant polynomials,
dipole, polarizability,
3B: CCSD(T)/CBS trimers and dispersion
\_ J

Babin, Leforestier & FP, J. Chem. Theory Comput. 9, 5395 (2013); Babin, Medders & FP, J. Chem. Theory Comput. 10, 1599 (2014)



Molecular Interactions & Big Data

“Active learning”

CLICK HERE TO BUY A

TICKET TO BASE JUMP

FROM THE INTERNA—
TIONAL SPACE STATION.

T THINK WE

THE INTER— CALL IT
NET IS *MACHINE

TRYING TO | EARNING ~
KILL ME. ( ‘

BASED ON YOUR
INTERNET HISTORY,
YOU MIGHT BE DUMB

ENOUGH TO ENJOY
EXTREME SPORTS.

training set

2-2-13 ©2013 Scott Adams, Inc. /Dist. by Universal Uclick

Dilbert.com DilbertCartoonist@gmail.com

N

least-squares fit genergtlon c_>f
new configurations

Abu-Mostafa & Magdon-Ismail, “Learning from data”



Molecular Interactions & Scientific Computing

-
=
— 4 LCF ™
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MB-pol: 2-Body & 3-Body Interaction Energies

EN—ZV”B —|—ZV2BZj + Z V3B (i, 5, k) + -+ VB, ... N)

1<J 1<g<k
2B energies 3B energies
80
3
—~ gfor/Etom 25 kcal/mD Agmr/&);< 37.5 kcalD
O sl RMSD = 0.0008 kcal/mol . '© \J.RMSD = 0.0007 kcal/mol
EG\S 8 kcal/mo . §1\S 0.0007 kcal/mo
' ¥ '
£ w . £’
> r’/ > -1
o o
& 2
2 20 8 5
2 é 2. | ..
D o &0 7 Q. 0 %
> 40000 dimers > 12000 trimers
-6
-2(-)20 0 20 40 60 80 -6 -5 -4 -3 -2 -1 0 1 2 3
CCSD(T)/CBS energy (kcal/mol) CCSD(T)/CBS energy (kcal/mol)

Babin, Leforestier & FP, J. Chem. Theory Comput. 9, 5395 (2013); Babin, Medders & FP, J. Chem. Theory Comput. 10, 1599 (2014)



MB-pol Accuracy:
Structural and Dynamical

Properties of Water
Across Different Phases




Molecular Simulations with MB-pol

MB-pol & Born-Oppenheimer potential energy surface

Nuclear quantum effects must be included
explicitly in molecular simulations

Methods based on:

- Basis set expansions
(gas phase spectra)

- Path-integral molecular dynamics (PIMD)
(structure & thermodynamics)

- Centroid molecular dynamics (CMD)
(approximate quantum dynamics)

Nitzan, “Chemical Dynamics in Condensed Phases”; Tuckerman, “Statistical Mechanics: Theory and Molecular Simulation”



Dimer: Vibration-Rotation Tunneling Spectrum

Mode Experlrnent MB-[_aoI

(cm-1) (cm-)

intermolecular | 2 153.62 154.77

stretch 1 149.05

acceptor 1 129.49

twist 2 120.19 119.23

acceptor 2 108.89 109.14

wag 1 107.93 108.76

hvd ¢ i donor 1 113.18

* ydrogen tunnefing torsion 2 64.52 61.24

e energy level splitting ground 5 1118 Py
state 1 0 0

Babin, Leforestier & FP, J. Chem. Theory Comput. 9, 5395 (2013)



Clusters: Hexamer

Relative energies

Sl T T I | | | I
. @ Batesetal., J. Phys. Chem. A 113, 3555 (2009) - Not CCSD(T)/CBS! _
q-TIP4P/F PP p——
4~ o TIM3F ol =
i #* Amoeba < /7 -
v BLYP-D ' -2
~ 3 <« wHBB & -
o HBB2-pol
E | -y
@ 2| g —_
O
= | Mo
'ﬁ ,.3@._&
1 _&g% cﬁ cf‘@ -
T L0 e %?’ o 2

Babin, Medders & FP, J. Phys. Chem. Lett. 3, 3765 (2012); Babin, Medders & FP, J. Chem. Theory Comput. 10, 1599 (2014)
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Liquid: Energies Relative to Quantum Monte Carlo

Mean absd Timings - MB-pol vs. DFT

 Periodic boundary conditions MB-Pol

~0.06 secs for a single point using 64 processors
e Molecular configurations from M

DFT
600 eV: ~170 secs for a single point using 64 processors
800 eV: ~280 secs for a single point using 64 processors

N
1 model
MAD = NZ‘(E _E

MAD (mHartree / molecule)

QMC: Morales, Gergely, McMinis, McMahon, Kim & Ceperley, J. Chem. Theory Comput. 10, 2355 (2014)

with Miguel Morales (LLNL)



Liquid: Structure

Oxygen-oxygen radial distribution function

30 | ! | ' | ' | ' | ' |

Soper (2000)

2.5 Soper & Benmore (2008) -
Skinner et al. (2013)

Medders, Babin & FP, J. Chem. Theory Comput. 10, 2906 (2014)



Liquid: Structure

Oxygen-oxygen radial distribution function

30 | ! | ' | ' | ' | ' |
Soper (2000)

2.5 | Soper & Benmore (2008) -
Skinner et al. (2013)

2.0 | MB-pol (PIMD) ]

Medders, Babin & FP, J. Chem. Theory Comput. 10, 2906 (2014)



Liquid: Structure

Oxygen-oxygen radial distribution function

Nuclear quantum effects and model dependence

4_0lllllllllllllllllllllllllllllll 4_0|||lll| [ r Tt 1 1 [ 1 1 1t [ T T T [ T T 11T
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BLYP & BLYP-D3: Wang, Ceriotti & Markland, J. Chem. Phys. 141, 104502 (2014)
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Liquid: Structure

Oxygen-oxygen radial distribution function

Nuclear quantum effects and model dependence
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PBE & PBEO: DiStasio, Santra, Li, Wu & Car, J. Chem. Phys. 141, 084502 (2014)
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Looking at Ice to Learn about Water
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Ice Phases: Binding Energies
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MB-MD for Molecular Simulations
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Conclusions

Potential energy functions and simulation approaches that:

e are easily computable and implementable v

 accurately represent both molecular interactions and dynamics ¢
« are transferable across different phases v/

e are predictive v/

e enable direct comparisons with molecular-level experiments ¢/

1) Can such a simulation approach exist?

Yes! MB-nrg provides a rigorous and systematically improvable framework.
Other approaches may exist as well.

http://paesanigroup.ucsd.edu
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Conclusions

Potential energy functions and simulation approaches that:

e are easily computable and implementable v

 accurately represent both molecular interactions and dynamics ¢
« are transferable across different phases v/

e are predictive v/

e enable direct comparisons with molecular-level experiments ¢/

1) Can such a simulation approach exist?

Yes! MB-nrg provides a rigorous and systematically improvable framework.
Other approaches may exist as well.

2) If it exists, what does it require?

An accurate description of many-body effects. Empirical potentials are likely too
simplistic. DFT needs to be systematically and rigorously benchmarked.

3) Can it be used for complex systems?

Yes! It will likely require a “community effort” and synergistic collaborations with
computer scientists and statisticians.

http://paesanigroup.ucsd.edu



Looking Forward...

ion solvation and pH:
bulk vs. interfaces
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MB-MD as a new framework
for molecular simulations
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mbpol is 8 p ilable on Github for the OpenMM toolkit for molecular simulations using the Toam
MB-pol, a ma | for water.
Downloads
We first carried out a detailed analysis of the two- and three-body water interactions evaluated at the Documents

produces errors with the OpeaMM Opentl

CCSD(T) level of theory was first carried out to quantitatively assess the accuracy of several force flelds, Wik
DFT models, and ab initio-based interaction potentials that are commonly used in molecular simulations
1

Publications

Based on this analysis and the results obtained with the HBB2-pol potential (2], MB-pol was developed

entirely from “first principles” building upon a many-body expansion of the interaction energy of water
molecules (3,4). Specifically, MB-pol explicitly treats the one-body (intramolecular distortion energy),
two-body, and three-body terms. Higher-order terms in the expansicn are modeled through many-body
polarizable electrostatic interactions. The short-range two- and three-body terms are described through
permutationally invariant polynomials. Long-range two-body Interactions are descrided through
electrostatic interactions and by dispersion energies.

Without including any empirical parameters, MB-pol has been found to correctly predict the dimer
vibration-rotation tunneling spectrum (3], the second and third virial coefficients [3,4), and both

RVIDIA.

with Zonca & Sinkovits (SDSC), work in progress

chemical reactions:
bulk vs. interfaces

Active region

Transition
region

with Riera-Riambau & Gotz
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