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What’s all the matter? Atoms and Molecules 
 !  Atom(s):%the%smallest%unit%of%maDer%that%has%the%chemical%proper:es.%

!  Molecule(s):%chemical%compounds%held%together%by%two%or%more%atoms.%

%
!  How%atoms%make%up%the%world?%
-  (Same%or%different)%atoms%arrange%in%different%ways%
%
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Types of interactions holding atoms together 
Depending on the arrangement and types of atoms 
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What is force field? 
Used for describing the interactions between atoms/molecules 

Biophysics%
!  AMBER%proteins%and%DNA%
!  CHARMM%small%molecules%and%

macromolecules%
!  OPLS%The%parameters%were%op:mized%

to%fit%experimental%proper:es%of%liquids%%
!  AMEOBA%Biomolecular%systems%

contain%polarizable%point%dioples%
Materials%
!  EAM%Alloys%and%metals%
!  REBO%e.g.,%such%as%semiconductors%
!  COMB%e.g.,%TiO2,%Cu,%ZnO,%etc%
!  REAXFF%Various%kinds%of%materials,%

highly%transferable%and%good%
parallelism%%

Water%
!  TIP3P,%TIP4P,%TIP5P%and%SPC%
CoarseRgrained%
!  MARTINI%Group%several%atoms%into%a%

CG%interac:on%site,%for%lipids,%proteins,%
carbonhydrates,%etc.%%
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Region%around%a%body%in%which%it%
behaviors%(experience%of%force)%due%
to%the%presence%of%another%body.%

In%molecular%mechanics%
simula1on:%sets%of%parameter%
and%func:onal%forms%used%in%
simula:ons%to%describe%the%
calculate%the%poten1al%energy%of%
the%atoms/molecules%



How to create a force field that is the best of our 
research project? (3 steps) 
!  Step%1:%Choose%the%force%field%func:onal%forms/pick%up%molecular%descriptors%
-  E.g.,%%

!  Step%2:%Choose%reference%data%sets%from%theore:cal%calcula:ons%or%experimental%
measurements.%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%or%%%%%%%
%
!  Step%3:%Op:mize%(minimize)%the%objec:ve%func:on,%which%measures%the%

disagreement%between%the%reference%data%and%the%corresponding%simula:on%result.%
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Esystem = E bond, angle, diahedral{ }+E vdWaals+Coulomb{ }
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Grid%
scan%

Deriva:ve%
guided%
search%

Heuris:c%
guided%
random%
search%%

Esystem = Eintermolecules +Eintramolecules



!  Electrolytes%of%baDery%allow%ions%to%move%between%electrodes%and%chemical%
terminals%"%current%to%flow%out%of%the%baDery%to%perform%work.%

%
%
%
%
%
%
%
%
%
%
%
!  Ini:al%focus:%interatomic%poten:al%for%electrolyte%dynamics%
!  Leading%problem:%nonRelectrosta1c%intermolecular%interac1on%in%organic%

systems%

Research motivation 
Large-scale molecular dynamics simulations of materials problem  
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Galvanic%cell%
Lithium%rocking%chair%baDery%

Electrolyte%of%
rechargeable%

baDery%ocen%is%
mixture%of%

organic%liquids.%%
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!  Form%#1:%Classical%12N6%LennardNJones%poten:al:%
(2%tunable%parameters)%

!  Form%#2:%Socer%Buffered%14N7%poten:al:%
%%%%%%%%(2%tunable%parameters)%

!  Form%#3:%Mie%nNm%poten:al:%%
%%%%%%%%(4%tunable%parameters)%

%

Step 1: Functional (physically meaningful) forms 
Binding energy: atomistic representation of non-electrostatic 
intermolecular interactions in organic systems 
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!  High%level%quantum%mechanics%calcula:ons%
!  ~1400%configura:ons%and%corresponding%intermolecular%binding%energies%for%

various%organic%molecules%
-  Organic%molecule%in%water:%

%
%

-  Pure%organic%molecules:%

Step 2: Reference data 
Big data: the more (accurate), the merrier 
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Ebinding = Esolution − Esolute +Esolvent( )

Benzene%in%water%%%%%%%Butane%in%water%%%%%%%%%%%Ethane%in%water%%%%%%%%%%Ethanol%in%water%%%%%%Methanol%in%water%

Benzene%%%%%%%%%%%%%%%%%Butane%%%%%%%%%%%%%%%%%%%%%%Ethane%%%%%%%%%%%%%%%%%%%%%Ethanol%%%%%%%%%%%%%%%%%%%Methanol%%%%%%%%%%%
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Reference%data%
QM%calcula:ons%to%
represent%the%reality%
(Structures,%energies,%

…%)%

Step 3: Optimization method: genetic algorithm 
GA is a heuristic search that mimics the process of natural selection. 
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Random%distributed%
parameters%sets%
(popula:ons)%of%

poten:al%func:onal%
forms%

Objec:ve%
func:ons%Gene:c%

opera:ons%%
•  Reproduc:on%
•  Crossover%
•  Muta:on%

Strategic%
selec:on%

BeDer%
popula:ons%

Converged�%

Op:mized%solu:on%(cross%valida:on,%
regulariza:on%…%)%

No%Yes%
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F(Xreference  data, Xpotential  functional
(better ) )

Xpotential  functional
better
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Parallel genetic algorithm (PGA) efficiency 
In order to make GA faster, parallel GA is implemented.  
 !  Objec:ve%func:ons%converge%quicker%with%larger%number%of%popula:ons%
-  Each%popula:on%runs%on%one%CPU%to%get%the%objec:ve%func:on%
-  Comparison%of%objec:ve%func:ons%on%128%~%4096%CPUs%on%Mira/Vesta%

%

!  With%more%complicated%objec:ve%func:ons%(such%as,%mul:objec:ve%func:ons)%and%
mul:dimensional%parameters,%the%requirement%of%parallelism%will%increase.%%
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%

!  BeVer:%accuracy%(mean%absolute%errors:%0.9524%"%0.946%"%0.776%"0.7124%kcal/
mole)%improves,%but%no%complexity%of%model%increases%

!  [1]%Yue%Shi,%Zhen%Xia,%Jiajing%Zhang,%Robert%Best,%Chuanjie%Wu,%Jay%W.%Ponder,%and%Pengyu%Ren%Polarizable%Atomic%Mul1poleRBased%AMOEBA%Force%Field%for%Proteins.%
Journal(of(Chemical(Theory(and(Computa5on%2013%9%(9),%4046R4063%DOI:%10.1021/ct4003702%

Form%#2%
(6%parameters)%

Form%#3%
(24%parameters)%
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Original%
Amoeba%[1]:%8%
explicit%atom%
types%(24%
parameters)%
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Form%#1%
(6%parameters)%

Better fitted results 



!  Computa:onal%challenges:%%
-  BeDer%algorithmic%solvers%
-  New%compu:ng%architectures%
-  Socware%plasorms%

!  Scien:fic%challenges:%%
-  More%(accurate)%reference%data%
-  More%complicated%func:onal%forms%%
-  Large%(109~1012%atoms)%and%long%
:me%(ms~s)%real%scale%simula:ons%
%

Challenges  
using leadership computing facility to solve materials problems 
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Molecular%Dynamics%simula:on%with%random%
pair%force%field:%electrolyte%salt%(LiPF6)%in%organic%
liquids%(ethylene%carbonate%((CH2O)2CO)%+%
methylene%carbonate%(OC(OCH3)2))%%%%
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