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About	
  the	
  course

The	
  ability	
  to	
  select	
  a	
  suitable	
  atomistic	
  approach	
  to	
  model	
  a	
  nanoscale	
  system,	
  and	
  to	
  employ	
  a	
  simulation	
  
package	
  to	
  compute	
  quantities	
  providing	
  a	
  theoretically	
  sound	
  explanation	
  of	
  a	
  given	
  experiment.	
    

This	
  includes	
  knowledge	
  of	
  empirical	
  force	
  Gields	
  and	
  insight	
  in	
  electronic	
  structure	
  theory,	
  in	
  particular	
  density	
  
functional	
  theory	
  (DFT).	
    

Understanding	
  the	
  advantages	
  of	
  Monte	
  Carlo	
  and	
  molecular	
  dynamics	
  (MD),	
  and	
  how	
  these	
  simulation	
  methods	
  
can	
  be	
  used	
  to	
  compute	
  various	
  static	
  and	
  dynamic	
  material	
  properties.	
    

Basic	
  understanding	
  on	
  how	
  to	
  simulate	
  different	
  spectroscopies	
  (IR,	
  STM,	
  X-­‐ray,	
  UV/VIS).	
  	
  

Performing	
  a	
  basic	
  computational	
  experiment:	
  interpreting	
  the	
  experimental	
  input,	
  choosing	
  theory	
  level	
  and	
  
model	
  approximations,	
  performing	
  the	
  calculations,	
  collecting	
  and	
  representing	
  the	
  results,	
  discussing	
  the	
  
comparison	
  to	
  the	
  experiment.
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Timetable

• Spring	
  semester	
  2017	
  

• Friday	
  14-­‐16	
  (Theory)	
  

• Friday	
  16-­‐18	
  (Exercises)	
  

• 4	
  KP	
  

• Oral	
  exam



Motivation	
  from	
  all	
  day’s	
  work



Sampling	
  conformational	
  space

•Next	
  lectures:	
  how	
  to	
  explore	
  the	
  conformational	
  space	
  in	
  an	
  efGicient	
  way	
  
•History	
  dependent	
  methods	
  (local	
  elevation,	
  metadynamics)	
  
•Accelerated	
  dynamics	
  methods	
  
•Replica	
  of	
  several	
  simulations	
  at	
  different	
  temperatures	
  (replica	
  exchange)	
  
•Monte	
  Carlo	
  simulation



More	
  simply...	
  classical	
  approach

•Electrons	
  are	
  treated	
  implicitely:	
  only	
  nuclei	
  are	
  considered	
  
•Classical	
  equations	
  of	
  motion	
  govern	
  the	
  dynamics	
  (e.g.,	
  Newton’s	
  equation)	
  
•No	
  solution	
  of	
  the	
  quantum	
  electronic	
  problem	
  at	
  each	
  dynamics	
  step	
  
•Electron	
  effect	
  is	
  embedded	
  in	
  the	
  interaction:	
  example,	
  a	
  C-­‐C	
  bond	
  
•This	
  is	
  valid	
  only	
  under	
  some	
  assumptions

Simulating	
  nuclei+electrons

•Solving	
  Schrödinger	
  equation	
  for	
  several	
  atoms	
  (see	
  next	
  lectures	
  for	
  DFT)	
  	
  
•Dynamics:	
  Discretizing	
  the	
  equation	
  of	
  motion	
  with	
  timesteps	
  of	
  the	
  order	
  of	
  fractions	
  
of	
  femtosecond;	
  expensive	
  wavefunction	
  optimizations	
  at	
  each	
  timestep	
  

•Explicit	
  solvent	
  effects	
  



Example:	
  forces	
  and	
  pressures

• Distinguishing	
  between	
  forces	
  and	
  pressures…



A	
  preliminary	
  view	
  of	
  intermolecular	
  forces



A	
  preliminary	
  view	
  of	
  intermolecular	
  forces

Picture	
  from:	
  J.	
  Israelachvili,	
  Intermolecular	
  and	
  Surface	
  Forces,	
  Academic	
  Press.

F(r) = F (r)r̂ F (r) = �dw(r)

dr

• w(r)	
  is	
  the	
  pair	
  potential	
  	
  

• The	
  force	
  is	
  obtained	
  by	
  differentiating	
  the	
  energy	
  
with	
  respect	
  to	
  distance

• The	
  stabilising	
  repulsive	
  “Pauli	
  exclusion”	
  
interactions	
  (not	
  shown)	
  usually	
  follow	
  an	
  
exponential	
  function

• For	
  simplicity	
  and	
  computational	
  convenience	
  Pauli	
  
exclusion	
  interactions	
  are	
  modeled	
  as	
  power	
  laws

wrep(r) / +
1

rn
(n = 9 . . . 12)

wrep(r) / e�
r
r0



Dispersion	
  forces

	
  1.	
  They	
  are	
  long-­‐range	
  forces	
  and,	
  depending	
  on	
  the	
  situation,	
  can	
  be	
  effective	
  from	
  large	
  distances	
  

(greater	
  than	
  10	
  nm)	
  down	
  to	
  interatomic	
  spacings	
  (about	
  0.2	
  nm).  

	
  2.	
  These	
  forces	
  may	
  be	
  repulsive	
  or	
  attractive,	
  and	
  in	
  general	
  the	
  dispersion	
  force	
  between	
  two	
  molecules	
  

or	
  large	
  particles	
  does	
  not	
  follow	
  a	
  simple	
  power	
  law. 

	
  3.	
  Dispersion	
  forces	
  not	
  only	
  bring	
  molecules	
  together	
  but	
  also	
  tend	
  to	
  mutually	
  align	
  or	
  orient	
  them,	
  

though	
  this	
  orienting	
  effect	
  is	
  usually	
  weaker	
  than	
  with	
  dipolar	
  interactions.  

	
  4.	
  Dispersion	
  forces	
  are	
  not	
  additive;	
  that	
  is	
  the	
  force	
  between	
  two	
  bodies	
  is	
  affected	
  by	
  the	
  presence	
  of	
  

other	
  bodies	
  nearby.	
  This	
  is	
  called	
  the	
  nonadditivity	
  of	
  an	
  interaction.



“Classical”	
  interpretation

Intuitive	
  origin	
  of	
  dispersion	
  forces:	
    
for	
  a	
  non-­‐polar	
  atom	
  such	
  as	
  He,	
  the	
  time	
  average	
  of	
  its	
  dipole	
  moment	
  is	
  
zero.	
  

	
  At	
  any	
  instant,	
  however,	
  there	
  exists	
  a	
  Ginite	
  dipole	
  moment	
  
(instantaneous	
  position	
  of	
  electrons).	
  

	
  This	
  generates	
  an	
  electric	
  Gield.	
  That	
  polarises	
  any	
  neutral	
  atom	
  around	
  ,	
  
giving	
  rise	
  to	
  a	
  dipole	
  moment.	
  	
  

The	
  resulting	
  interaction	
  leads	
  to	
  an	
  attractive	
  force	
  with	
  Ginite	
  time	
  
average.	
  

Picture from:  Averill, Bruce A. and Eldredge, Patricia, Chemistry: Principles, Patterns, and Applications, http://onlinebooks.library.upenn.edu/webbin/book/lookupid?key=olbp60283

http://onlinebooks.library.upenn.edu/webbin/book/lookupid?key=olbp60283


Does	
  it	
  come	
  close	
  to	
  the	
  truth?

• Consider	
  a	
  Bohr	
  model,	
  namely	
  one	
  electron	
  	
  orbiting	
  around	
  the	
  nucleus	
  at	
  the	
  Bohr	
  radius	
  a0	
  =	
  0.52918	
  Angstrom	
  
imposed	
  by	
  the	
  De	
  Broglie	
  condition,	
  namely	
  that	
  the	
  orbit	
  contains	
  an	
  integer	
  number	
  of	
  wavelengths	
  (quantum	
  
mechanics)	
  

• Compute	
  the	
  instantaneous	
  dipole	
  and	
  the	
  corresponding	
  interaction	
  with	
  the	
  induced	
  dipole	
  of	
  another	
  atom,	
  this	
  gives	
  (α	
  
is	
  the	
  polarizablity	
  of	
  the	
  second	
  atom)

• Using	
  quantum	
  mechanical	
  perturbation	
  theory,	
  London	
  found	
  in	
  1937:

• while	
  dispersion	
  forces	
  are	
  quantum	
  mechanical	
  (in	
  determining	
  the	
  instantaneous,	
  but	
  Gluctuating,	
  dipole	
  moments	
  of	
  
neutral	
  atoms),	
  the	
  ensuing	
  interaction	
  is	
  still	
  essentially	
  electrostatic—a	
  sort	
  of	
  quantum	
  mechanical	
  polarization	
  force.	
  
MORE	
  DETAILS	
  IN	
  A	
  FURTHER	
  LECTURE



Lennard-­‐Jones	
  potential

•van	
  der	
  Waals	
  interactions	
  stem	
  from	
  induced	
  dipole-­‐induced	
  dipole	
  interaction,	
  
and,	
  together	
  with	
  a	
  repulsive	
  part	
  originating	
  from	
  Pauli	
  repulsion,	
  represent	
  the	
  
nonelectrostatic	
  part	
  of	
  the	
  interaction	
  between	
  non-­‐bonded	
  atoms.	
  The	
  origin	
  is	
  
purely	
  quantum,	
  and	
  the	
  modelization	
  of	
  this	
  kind	
  of	
  interaction	
  is	
  a	
  very	
  active	
  Gield	
  
also	
  within	
  the	
  ab	
  initio	
  simulation	
  community.	
  

•Possible	
  forms	
  of	
  the	
  Lennard-­‐Jones	
  potential	
  are:	
  

•when	
  we	
  will	
  face	
  DFT	
  and	
  light	
  absorption,	
  we	
  will	
  discuss	
  operative	
  recipes	
  to	
  
compute	
  the	
  coefGicients
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Combination	
  rules	
  for	
  van	
  der	
  Waals

•When	
  dealing	
  with	
  pairs	
  of	
  atoms	
  of	
  different	
  kind,	
  different	
  combination	
  rules	
  can	
  be	
  
used,	
  for	
  example	
  (Lorentz	
  and	
  Berthelot,	
  XIX	
  century) 

•One	
  combination	
  rule	
  which	
  is	
  also	
  used	
  to	
  connect	
  to	
  measurable	
  properties	
  is	
  the	
  
Slater-­‐Kirkwood	
  expression,	
  where	
  N(i)	
  and	
  N(j)	
  are	
  the	
  effective	
  number	
  of	
  electrons	
  
in	
  valence	
  (outer)	
  shells	
  of	
  the	
  atom	
  

•Polarizabilities	
  α	
  can	
  be	
  measured	
  experimentally,	
  they	
  measure	
  the	
  ability	
  of	
  forming	
  
instantaneous	
  dipole	
  upon	
  application	
  of	
  an	
  external	
  electric	
  Gield.



Lennard-­‐Jones	
  potential:	
  a	
  worked	
  example	
  (Israelachvili)





Potential	
  energy	
  surface

It	
  is	
  the	
  graph	
  of	
  the	
  potential…	
  problem:	
  usually	
  the	
  number	
  of	
  variables	
  is	
  of	
  order	
  3N…	
  we	
  draw	
  cuts,	
  projections,	
  or	
  we	
  
deGine	
  global	
  variables	
  for	
  the	
  systems	
  (gyration	
  radius,	
  other	
  order	
  parameters…)	
  

This	
  is	
  a	
  simple	
  case	
  as	
  a	
  function	
  of	
  two	
  torsional	
  angles	
  of	
  this	
  molecule	
  (Müller	
  group,	
  Bochum).	
  All	
  other	
  coordinates	
  
are	
  optimised	
  to	
  their	
  equilibrium	
  value.	
  	
  

V (~r1,~r2, . . . ,~rN )



Locating	
  stationary	
  points

The	
  potential	
  energy	
  of	
  the	
  system	
  is	
  a	
  function	
  of	
  atomic	
  coordinates:

V (~r1,~r2, . . . ,~rN )

and	
  the	
  forces	
  can	
  be	
  obtained	
  by	
  derivation;	
  setting	
  them	
  to	
  zero	
  gives	
  us	
  maxima,	
  minima	
  and	
  transition	
  states.

Fi = �@V (~r1,~r2, . . . ,~rN )

@ri
= 0 8i



Potential	
  Energy	
  Surface:	
  minima	
  and	
  transition	
  states

Potential	
  Energy	
  Surface	
  describes	
  the	
  energy	
  of	
  the	
  system	
  as	
  a	
  function	
  of	
  the	
  coordinates.	
  It	
  is	
  in	
  principle	
  known	
  as	
  soon	
  
as	
  the	
  interaction	
  	
  model	
  is	
  deGined.	
  	
  Marked	
  are	
  the	
  points	
  of	
  zero	
  gradient	
  of	
  the	
  potential

H. B. Schlegel, Wayne State University

Fi = �@V (~r1,~r2, . . . ,~rN )

@ri
= 0 8i



Methods	
  to	
  locate	
  minima

• WITHOUT	
  gradients:	
  evaluate	
  V	
  on	
  a	
  grid	
  of	
  points,	
  maybe	
  in	
  a	
  clever	
  way,	
  and	
  then	
  locate	
  the	
  minimum	
  value	
  of	
  V.	
  Trivial	
  
but	
  computationally	
  intensive,	
  	
  

• WITH	
  gradients:	
  	
  

• Steepest	
  descent	
  

• Non-­‐linear	
  conjugate	
  gradient	
  

• Broyden-­‐Fletcher-­‐Goldfarb-­‐Shanno	
  (BFGS)	
  

• L-­‐BFGS	
  

• Such	
  methods	
  can	
  be	
  INSUFFICIENT	
  to	
  describe	
  the	
  thermodynamics	
  of	
  a	
  system,	
  for	
  example	
  if	
  we	
  are	
  in	
  a	
  situation	
  like	
  
(b),	
  typical	
  of	
  molecules	
  interacting	
  with	
  a	
  solvent…	
  next	
  lectures:	
  FREE	
  ENERGY	
  METHODS.



Non-­‐linear	
  conjugate	
  gradients



BFGS

In	
  quasi-­‐Newton	
  methods,	
  the	
  Hessian	
  matrix	
  of	
  second	
  derivatives	
  doesn't	
  need	
  to	
  be	
  evaluated	
  directly.	
  Instead,	
  the	
  Hessian	
  

matrix	
  is	
  approximated	
  using	
  updates	
  speciGied	
  by	
  gradient	
  evaluations	
  (or	
  approximate	
  gradient	
  evaluations).	
  Quasi-­‐Newton	
  

methods	
  are	
  generalizations	
  of	
  the	
  secant	
  method	
  to	
  Gind	
  the	
  root	
  of	
  the	
  Girst	
  derivative	
  for	
  multidimensional	
  problems.



Potential	
  energy	
  surfaces	
  in	
  a	
  complex	
  system

• As	
  a	
  function	
  of	
  the	
  coordinates,	
  the	
  interaction	
  potential	
  can	
  show	
  
several	
  local	
  minima	
  

• Such	
  local	
  minima	
  are	
  connected	
  by	
  transition	
  states	
  at	
  various	
  
energies.	
  Classically	
  such	
  transition	
  states	
  can	
  be	
  overcome	
  by	
  the	
  
system	
  only	
  if	
  the	
  total	
  energy	
  allows	
  that	
  

• Thus	
  it	
  makes	
  sense	
  to	
  draw	
  “disconnectivity	
  graphs”	
  for	
  energy	
  
landscapes	
  

• a,	
  The	
  'weeping	
  willow'	
  results	
  from	
  a	
  gentle	
  funnel	
  with	
  large	
  
barriers.	
    
b,	
  The	
  'palm	
  tree'	
  results	
  from	
  a	
  steeper	
  funnel	
  with	
  lower	
  barriers.	
  
c,	
  The	
  'banyan	
  tree'	
  results	
  from	
  a	
  rough	
  landscape.	
  

• Problem	
  of	
  how	
  to	
  reach	
  the	
  global	
  minimum	
  of	
  the	
  PES	
  

• Example	
  of	
  strategy:	
  basin	
  hopping	
  method	
  (Wales	
  and	
  Doye):	
  the	
  
exploration	
  of	
  the	
  PES	
  is	
  done	
  in	
  a	
  modiGied	
  energy	
  landscape,	
  
where	
  each	
  basin	
  of	
  attraction	
  has	
  the	
  constant	
  energy	
  of	
  the	
  
corresponding	
  local	
  minimum	
  

Local	
  minima	
  are	
  connected	
    
by	
  transition	
  states



Lennard-­‐Jones	
  clusters	
  (see	
  http://doye.chem.ox.ac.uk/research/clusters.html))

• Clusters	
  are	
  Ginite	
  aggregates	
  of	
  atoms	
  or	
  molecules,	
  which	
  can	
  contain	
  from	
  a	
  few	
  to	
  
tens	
  of	
  thousands	
  of	
  atoms	
  or	
  molecules,	
  and	
  so	
  they	
  provide	
  a	
  bridge	
  between	
  isolated	
  
atoms	
  and	
  molecules	
  and	
  bulk	
  matter.	
  	
  

• In	
  this	
  intermediate	
  size	
  regime	
  it	
  is	
  particularly	
  interesting	
  to	
  observe	
  the	
  emergence	
  of	
  
properties	
  that	
  involve	
  the	
  collective	
  behaviour	
  of	
  the	
  atoms	
  and	
  molecules	
  and	
  to	
  see	
  
how	
  these	
  properties	
  evolve	
  to	
  the	
  familiar	
  bulk-­‐like	
  behaviour.	
  

• LJ	
  clusters	
  are	
  clusters	
  of	
  atoms	
  interacting	
  only	
  via	
  dispersion	
  forces:	
  typically,	
  noble	
  
gas	
  atoms	
  (He)	
  Ar,	
  Ne,	
  Kr,	
  Xe,	
  Rn

• They	
  can	
  be	
  observed	
  experimentally,	
  and	
  they	
  are	
  IDEAL	
  for	
  testing	
  algorithms	
  for	
  exploring	
  energy	
  surfaces:	
  only	
  pairwise	
  
interaction,	
  growing	
  complexity	
  of	
  the	
  PES,	
  rich	
  thermodynamics….	
  

• Given	
  the	
  kind	
  interaction,	
  all	
  properties	
  of	
  (say)	
  Ar	
  clusters	
  are	
  basically	
  the	
  same	
  for	
  Ne,	
  Kr,	
  Xe…	
  upon	
  rescaling	
  of	
  lengths	
  
and	
  energies.	
  THIS	
  IS	
  AN	
  APPROXIMATION	
  (rather	
  valid	
  in	
  this	
  case).	
  	
  

• For	
  this	
  reason,	
  a	
  cluster	
  of	
  N	
  argon	
  atoms	
  is	
  called	
  in	
  the	
  computational	
  community:	
  LJ-­‐N	
  cluster.

http://atomsinmotion.com/

http://doye.chem.ox.ac.uk/research/clusters.html


Disconnectivity	
  graphs

๏ To	
  construct	
  a	
  potential	
  energy	
  disconnectivity	
  graph	
  from	
  a	
  
connected	
  set	
  of	
  local	
  minima,	
  we	
  Girst	
  choose	
  an	
  energy	
  spacing,	
  
ΔV	
  ,	
  and	
  then	
  determine	
  how	
  the	
  minima	
  are	
  partitioned	
  into	
  
subsets	
  (superbasins)	
  at	
  threshold	
  energies	
  V0,V0+ΔV,V0+2ΔV,….	
  	
  

๏ The	
  subsets	
  are	
  groups	
  of	
  minima,	
  which	
  can	
  interconvert	
  via	
  
transition	
  states	
  that	
  lie	
  below	
  the	
  potential	
  energy	
  threshold.	
  At	
  
sufGiciently	
  high	
  energy,	
  all	
  the	
  minima	
  can	
  interconvert	
  without	
  
exceeding	
  the	
  threshold	
  (unless	
  there	
  are	
  inGinite	
  barriers)	
  and	
  
there	
  is	
  a	
  single	
  superbasin.	
  

๏ 	
  As	
  we	
  lower	
  the	
  threshold	
  energy,	
  the	
  superbasins	
  progressively	
  
split	
  apart,	
  and	
  the	
  disconnectivity	
  graph	
  follows	
  this	
  splitting	
  by	
  
connecting	
  subgroups	
  to	
  the	
  parent	
  superbasin	
  at	
  the	
  threshold	
  
energy	
  above.	
  	
  

๏ Eventually,	
  the	
  superbasins	
  split	
  into	
  individual	
  local	
  minima,	
  
which	
  are	
  represented	
  by	
  points	
  at	
  the	
  corresponding	
  potential	
  
energy	
  on	
  a	
  vertical	
  scale,	
  connected	
  to	
  the	
  parent	
  superbasin	
  at	
  
the	
  closest	
  superbasin	
  energy	
  above.	
  

๏ Disconnectivity	
  graph	
  for	
  the	
  LJ13	
  cluster	
  including	
  1467	
  local	
  
minima	
  identiGied	
  for	
  this	
  system.	
  

๏ Inset:	
  examples	
  of	
  	
  transition	
  paths	
  connecting	
  adjacent	
  minima.	
  
The	
  height	
  of	
  the	
  barrier	
  can	
  be	
  connected	
  to	
  the	
  transition	
  rate	
  
that	
  determines	
  the	
  kinetics	
  of	
  phase	
  transformation:	
  here	
  MFPT=	
  
Mean	
  Girst	
  passage	
  time

D. J. Wales, Comparison of double-ended transition state search 
methods. The Journal of Chemical Physics 127, 134102 (2007).



Disconnectivity	
  graph	
  for	
  LJ38

•In	
  this	
  case,	
  there	
  are	
  two	
  competing	
  
morphologies	
  separated	
  by	
  a	
  high	
  
barrier,	
  corresponding	
  to	
  an	
  
incomplete	
  Mackay	
  icosahedron	
  and	
  a	
  
truncated	
  octahedron	
  (fcc).	
  

•Branches	
  of	
  the	
  graph	
  associated	
  with	
  
minima	
  based	
  on	
  the	
  octahedron	
  are	
  
coloured	
  red.

Wales, D. J. Decoding the energy landscape: extracting structure, 
dynamics and thermodynamics. Philosophical Transactions of the Royal 
Society of London A: Mathematical, Physical and Engineering Sciences 

370, 2877–2899 (2012).



How	
  to	
  identify	
  classes	
  of	
  structures:	
  Steinhardt	
  order	
  parameters
• Steinhardt	
  parameters	
  measure	
  the	
  local	
  order	
  in	
  the	
  

neighbourhood	
  of	
  an	
  atom	
  and	
  are	
  able	
  to	
  
distinguish	
  between	
  solid	
  and	
  liquid	
  structures	
  as	
  
well	
  as	
  between	
  different	
  symmetries	
  in	
  ordered	
  
structures.	
  	
  

• They	
  are	
  a	
  function	
  of	
  the	
  vectors	
  joining	
  
neighbouring	
  atoms	
  (bonds).	
  	
  

• They	
  use	
  spherical	
  harmonics,	
  that	
  have	
  maxima	
  in	
  
particular	
  directions	
  on	
  a	
  sphere	
  upon	
  varying	
  the	
  
index	
  l	
  

• q4	
  and	
  q6	
  are	
  useful	
  for	
  liquid-­‐solid	
  transitions

Wolfgang Lechner, University of Vienna 
https://homepage.univie.ac.at/wolfgang.lechner/nucleation.html

P. Steinhardt, D. Nelson, and M. Ronchetti, Phys. Rev. B 28, 784 (1983).



q4	
  in	
  the	
  LJ38	
  cluster

Along	
  a	
  transition	
  pathway	
  from	
  the	
  global	
  minimum	
  to	
  
an	
  icosaherdral	
  one,	
  the	
  q4	
  parameter	
  signals	
  the	
  change	
  
of	
  symmetry



Locating	
  transition	
  states:	
  for	
  today,	
  only	
  band	
  method…

In	
  chain-­‐of-­‐states	
  methods,	
  several	
  images	
  (or	
  `states')	
  of	
  the	
  system	
  are	
  connected	
  together	
  by	
  a	
  spring	
  of	
  a	
  certain	
  	
  spring	
  constant	
  
to	
  trace	
  out	
  a	
  path.	
  If	
  the	
  images	
  are	
  connected	
  with	
  springs	
  of	
  zero	
  natural	
  length	
  and	
  the	
  object	
  function	
  is	
  deGined	
  as	
  (Elber	
  and	
  
Karplus).	
  Such	
  function	
  is	
  minimized	
  iteratively,	
  until	
  at	
  convergence	
  (step	
  M),	
  should	
  pass	
  through	
  the	
  transition	
  state.	
  Not	
  only,	
  but	
  
the	
  path	
  will	
  be	
  called	
  “Minimum	
  energy	
  path”	
  (MEP)	
  being	
  the	
  the	
  lowest-­‐energy	
  path	
  connecting	
  two	
  minima	
  on	
  a	
  potential	
  
energy	
  surface.	
  

~RP�1(M)

~RP�1(0)

~R1(0)

~R1(M)
�~lj



Nudged	
  elastic	
  band	
  (Jonsson)
Band	
  methods	
  can	
  show	
  corner	
  cutting	
  and	
  other	
  problems.	
  	
  

The	
  problem	
  with	
  corner	
  cutting	
  results	
  from	
  the	
  component	
  of	
  the	
  spring	
  
force	
  which	
  is	
  perpendicular	
  to	
  the	
  path	
  and	
  tends	
  to	
  pull	
  images	
  off	
  the	
  
Minimum	
  Energy	
  Path.	
  	
  

In	
  the	
  NEB	
  method,	
  a	
  minimization	
  of	
  an	
  elastic	
  band	
  is	
  carried	
  out	
  where	
  
the	
  perpendicular	
  component	
  of	
  the	
  spring	
  force	
  and	
  the	
  parallel	
  
component	
  of	
  the	
  true	
  force	
  are	
  projected	
  out.	
  



Another	
  toy	
  model	
  to	
  test	
  the	
  NEB	
  (Jonsson	
  et	
  al.)

Heather Kulik, Assistant Professor at MIT



Classical	
  MD:	
  Force	
  Gields



Molecular	
  dynamics	
  and	
  its	
  evolution
P.H. Hünenberger and W.F. van Gunsteren 
Empirical classical interaction functions for molecular simulation 
In: "Computer Simulation of Biomolecular Systems, Theoretical and Experimental Applications", Vol. 3, W.F. van Gunsteren, P.K. 
Weiner, A.J. Wilkinson eds., Kluwer Academic Publishers, Dordrecht, The Netherlands, (1997), pp. 3-82 

http://link.springer.com/chapter/10.1007%2F978-94-017-1120-3_1#

HvG97

Germany 2013: (4.125*1012) particles on Garching’s 
SuperMUC, 146,016 cores used to reach an actual 

processing power of 591.2 teraFLOPS!!!!1997: 105-106 atoms
In liquid form, 4.125 trillion molecules of the noble gas krypton would occupy the volume of a 

cube whose edges are 6.3 micrometers long. Thus the simulation computation pushes forward into 
a domain in which it should soon be possible to directly compare the results of simulations with 

the results of measurements – an important advance on the way to reliable insights into 
properties of matter.

http://link.springer.com/chapter/10.1007%2F978-94-017-1120-3_1#


Why	
  simulation?	
  Which	
  choices?

•Hühnenberger	
  +	
  van	
  Gunsteren	
  1997: HvG97



Choice	
  of	
  the	
  explicit	
  degrees	
  of	
  freedom	
  of	
  the	
  model

The	
  choice	
  of	
  the	
  elementary	
  unit	
  is	
  the	
  Girst	
  step	
  in	
  the	
  design	
  of	
  an	
  empirical	
  force	
  
Gield.	
  This	
  choice	
  affects:	
  

• the	
  computational	
  effort	
  

• the	
  extent	
  of	
  conformational	
  space	
  that	
  can	
  be	
  searched	
  (timescale)	
  

•maximum	
  resolution	
  in	
  terms	
  of	
  particles	
  and	
  processes	
  

• the	
  energetical	
  accuracy	
  in	
  the	
  interactions	
  

• the	
  type	
  of	
  observables	
  that	
  can	
  be	
  accessible



Hierarchy	
  of	
  explicit	
  degrees	
  of	
  freedom



Kind	
  of	
  force	
  Gields

•Gas-­‐phase	
  force	
  aields	
  
•Condensed-­‐phase	
  force	
  aields:	
  	
  

A. Molecules	
  

B. Polymers	
  

C. Solids	
  

•Mean-­‐solvent	
  force	
  Gields	
  
•Low-­‐resolution	
  force	
  Gields	
  
•Hybrid	
  force	
  Gields



Need	
  of	
  a	
  classical	
  approximation

Length and time scale problems



Sampling	
  conformational	
  space

•Next	
  lectures:	
  how	
  to	
  explore	
  the	
  conformational	
  space	
  in	
  an	
  efGicient	
  way	
  
•History	
  dependent	
  methods	
  (local	
  elevation,	
  metadynamics)	
  
•Accelerated	
  dynamics	
  methods	
  
•Replica	
  of	
  several	
  simulations	
  at	
  different	
  temperatures	
  (replica	
  exchange)	
  
•Monte	
  Carlo	
  simulation



More	
  simply...	
  classical	
  approach

•Electrons	
  are	
  treated	
  implicitely:	
  only	
  nuclei	
  are	
  considered	
  
•Classical	
  equations	
  of	
  motion	
  govern	
  the	
  dynamics	
  (e.g.,	
  Newton’s	
  equation)	
  
•No	
  solution	
  of	
  the	
  quantum	
  electronic	
  problem	
  at	
  each	
  dynamics	
  step	
  
•Electron	
  effect	
  is	
  embedded	
  in	
  the	
  interaction:	
  example,	
  a	
  C-­‐C	
  bond	
  
•This	
  is	
  valid	
  only	
  under	
  some	
  assumptions

Simulating	
  nuclei+electrons

•Solving	
  Schrödinger	
  equation	
  for	
  several	
  atoms	
  (see	
  next	
  lectures	
  for	
  DFT)	
  	
  
•Dynamics:	
  Discretizing	
  the	
  equation	
  of	
  motion	
  with	
  timesteps	
  of	
  the	
  order	
  of	
  fractions	
  
of	
  femtosecond;	
  expensive	
  wavefunction	
  optimizations	
  at	
  each	
  timestep	
  

•Explicit	
  solvent	
  effects	
  



Possible	
  interaction	
  terms	
  (from	
  HvG97,	
  p.	
  37)



Assumptions	
  underlying	
  empirical	
  interaction	
  functions	
  (p.	
  25)

“The	
  only	
  justi>ication	
  of	
  empirical	
  force	
  >ields	
  resides	
  in	
  their	
  ability	
  to	
  reproduce	
  and	
  predict	
  a	
  
vast	
  amount	
  of	
  experimental	
  results…	
  It	
  is	
  useful	
  to	
  try	
  to	
  understand	
  the	
  reason	
  of	
  the	
  
agreement	
  (or	
  the	
  cause	
  of	
  discrepancies)	
  by	
  considering	
  the	
  relationship	
  between	
  the	
  energy	
  
terms	
  of	
  the	
  force	
  >ield	
  and	
  the	
  underlying	
  QM	
  reality”Important	
  assumptions	
  are:	
  

•Implicit	
  degrees	
  of	
  freedom	
  and	
  the	
  assumption	
  of	
  weak	
  correlation  
example:	
  >luctuations	
  of	
  implicit	
  electronic	
  degrees	
  of	
  freedom	
  can	
  be	
  neglected	
  at	
  >ixed	
  
nuclei	
  

•Energy	
  terms	
  and	
  the	
  assumption	
  of	
  transferability 
Functionally	
  simple	
  energy	
  terms	
  valid	
  in	
  several	
  “physical	
  situations”	
  and	
  not	
  around	
  a	
  
given	
  stable	
  con>iguration	
  of	
  a	
  molecule	
  

•Coordinate	
  redundancy	
  and	
  the	
  assumption	
  of	
  transferability 
There	
  are	
  more	
  than	
  3N-­‐6	
  energy	
  terms…	
  

•Choices	
  made	
  in	
  the	
  averaging	
  process 
A	
  certain	
  energy	
  term	
  is	
  resulting	
  on	
  averaging	
  different	
  molecular	
  situation	
  (all,	
  for	
  
example,	
  with	
  a	
  C-­‐C	
  single	
  bond)



Preparing	
  the	
  model	
  for	
  a	
  molecule

1.	
  Getting	
  the	
  coordinates	
  from	
  some	
  database	
  (e.g.,	
  pdb	
  Gile)

2.	
  DeGining	
  the	
  topology

3.	
  DeGining	
  the	
  interaction	
  parameters



The	
  Girst	
  step	
  is	
  always	
  the	
  atom	
  type	
  deGinition



Hybridization

Example:	
  carbon:	
  1s2	
  2s2	
  2p2
http://www.education.com/study-help/article/valence-bond-theory/

ethylene:	
  double	
  bond	
  

acetylene:	
  triple	
  bond	
  

four	
  valence	
  electrons	
  per	
  atom	
  

http://chemwiki.ucdavis.edu/

http://www.education.com/study-help/article/valence-bond-theory/
http://chemwiki.ucdavis.edu/


The	
  classical	
  Hamiltonian:	
  AMBER	
  force	
  Gield



A	
  visual	
  summary	
  from	
  a	
  commercial	
  software	
  (from	
  Accelerys)





Bond	
  energy	
  terms

•Assuming	
  that	
  the	
  system	
  will	
  not	
  deviate	
  “too	
  much”	
  from	
  equilibrium,	
  a	
  quadratic	
  
expansion	
  is	
  valid

Ub(r) = K (r � req)
2

U(d) = De

h
1� e�a(d�d0)

i2

•although	
  a	
  Morse	
  expansion	
  would	
  be	
  more	
  faithful	
  to	
  the	
  exact	
  result.



Typical	
  bond	
  parameter	
  values

Atom	
  pair	
  	
  	
   r_eq	
  in	
  Å K_r	
  in	
  kcal/
(molÅ2)

C	
  	
  =	
  O 1.229 570

C	
  	
  -­‐	
  C2 1.522 317

C	
  	
  -­‐	
  N	
  	
  	
  	
  	
   1.335 490

C2	
  -­‐	
  N 1.449 337

N	
  	
  -­‐	
  H 1.01 434



An example from real experiments 
(Jan Prinz, Empa)

Probing molecule-surface interactions 
using CO as a test molecule 

 
!What are the adsorption sites on the PdGa:B

(111)Pd3 and PdGa:B(111)Pd1 surfaces? 
!

Pd/Ga site?!
!

Hollow/bridge/top site? !

Adsorption of a small molecule on the surface 
of an intermetallic PdGa compound



!!

  

FTIR (Fourier Transform Infrared Spectroscopy)!
RAIRS (Reflection Absorption Infrared Spectroscopy)!

!-"
"
!+"

Wavelengths that coincide with vibrational 
modes of the molecular dipole are absorbed.!

The energy of a vibrational 
mode depends on the 
binding conformation of the 
molecule to the surface.!
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Extracting	
  bond	
  strength:	
  infrared	
  spectroscopy

The absorption wavenumber for a stretching vibration is related to both the force constant k 
between the two atoms  and the mass of the two atoms (m1 and m2) by Hooke's law:

From this relationship, two important trends in the wavenumber for stretching vibrations can 
be deduced.
1.As the bond strength increases, the wavenumber increases. For example:
 

2.As the mass of one of the two atoms in the bond increases, the wavenumber decreases 
(assuming the change in bond strength is relatively small). For example,
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IR absorption as a function of CO exposure at liquid nitrogen temperatures!

PdGa:B(111)Pd1 PdGa:B(111)Pd3 !

Molecule adsorbed on “Pd1”Molecule adsorbed on “Pd3”
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!
Comparison to CO/Pd(111) 
literature data !
!



Simula'on	
  with	
  CP2K
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High-performance computing Cluster HYPATIA
■ Established 2007 

■ 6 Terabyte RAM 

■ 90 TB storage 

■ 13 Teraflops  

■ 1500 CORES 
 

■ 80% occupation 24h/7d by 15 Empa laboratories and 3 Eawag groups. 
INDUSTRIAL NODES 

■ Simulations at all scales from atomistic through meso/continuum 
(multiscale, engineering) to worldwide (climate, agriculture, flight 
noise) 

■ Our lab: classical and ab initio MD, advanced methods for electronic 
properties, exploration of free energy landscapes: all atomistic  



High-throughput screening of nanomaterials 
■ Interplay with experiment/industry to define the problem 

■ Implement computer science-based workflows and data 
mining tools to automate calculations and inquiries 

■ Extract novel candidates for experiments and novel 
devices

60



Ma terials Sci ence & Technolog y

Zigzag Graphene Nanoribbons  
P. Ruffieux et al.    (in coll. with K. Müllen et al., MPI Mainz)

dI/dV

LDOS  
(DFT)

-0.3 eV 1 eV

NaCl
6-ZGNR

Au 12
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m
 x
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dI/dV 
DOS  
(DFT)

Edge state characterization: experiment and theory  
STM-based manipulation onto NaCl

Synthesis 
on Au(111)

T1

T2

P. Ruffieux, S. Wang, B. Yang, C. Sánchez-Sánchez, J. Liu, T. Dienel, L. Talirz, 
P. Shinde, C. A. Pignedoli, D. Passerone, T. Dumslaff, X. Feng, K. Müllen, R. Fasel 
Nature 531, 489 (2016)

nc-AFM

STM



What	
  is	
  CP2K?

CP2K	
  is	
  a	
  freely	
  available	
  (GPL)	
  program,	
  wriDen	
  in	
  Fortran	
  2003,	
  to	
  perform	
  atomis'c	
  and	
  
molecular	
  simula'ons	
  of	
  solid	
  state,	
  liquid,	
  molecular	
  and	
  biological	
  systems.	
  It	
  provides	
  a	
  
general	
  framework	
  for	
  different	
  methods:	
  density	
  func'onal	
  theory	
  (DFT)	
  using	
  a	
  mixed	
  
Gaussian	
  and	
  plane	
  waves	
  approach	
  (GPW)	
  using	
  LDA,	
  GGA,	
  MP2,	
  or	
  RPA	
  level	
  of	
  theory,	
  
classical	
  pair	
  and	
  many-­‐body	
  poten'als,	
  semi-­‐empirical	
  (AM1,	
  PM3,	
  MNDO,	
  MNDOd,	
  PM6)	
  
Hamiltonians,	
  Quantum	
  Mechanics/Molecular	
  Mechanics	
  (QM/MM)	
  hybrid	
  schemes	
  relying	
  on	
  
the	
  Gaussian	
  Expansion	
  of	
  the	
  Electrosta'c	
  Poten'al	
  (GEEP).

62

Science	
  with	
  CP2K



63



64


