
Molecular	
  Dynamics	
  Simula1ons	
  of	
  Nanopar1cle	
  
Organiza1on	
  in	
  Polymer/Solvent	
  Mixtures	
  

Shengfeng	
  Cheng,	
  Mark	
  J.	
  Stevens,	
  and	
  Gary	
  S.	
  Grest	
  
Sandia	
  Na8onal	
  Laboratories,	
  Albuquerque,	
  NM	
  87185	
  

	
  

All	
  simula8ons	
  were	
  done	
  with	
  LAMMPS	
  (hHp://lammps.sandia.gov)	
  on	
  computers	
  at	
  Na8onal	
  Energy	
  Research	
  Scien8fic	
  Compu8ng	
  Center	
  and	
  these	
  resources	
  were	
  obtained	
  through	
  the	
  ALCC	
  grant.	
  
Sandia	
  Na8onal	
  Laboratories	
  is	
  a	
  mul8-­‐program	
  laboratory	
  managed	
  and	
  operated	
  by	
  Sandia	
  Corpora8on,	
  a	
  wholly	
  owned	
  subsidiary	
  of	
  Lockheed	
  Mar8n	
  Corpora8on,	
  for	
  the	
  U.S.	
  Department	
  of	
  Energy's	
  Na8onal	
  Nuclear	
  Security	
  Administra8on	
  under	
  contract	
  DE-­‐AC04-­‐94AL85000.	
  

q Nanopar1cle	
  Distribu1on	
  with	
  Varying	
  GraBing	
  Density	
  	
  

q 	
  Mo1va1on	
  
−  Evapora8ng	
  solvent	
  is	
  a	
  widely	
  used	
  technique	
  to	
  disperse	
  

nanopar8cles	
  in	
  a	
  polymer	
  matrix	
  
− How	
  to	
  control	
  the	
  distribu8on	
  of	
  nanopar8cles?	
  
•  Interac8ons	
  (nanopar8cle/nanopar8cle,	
  nanopar8cle/solvent,	
  
nanopar8cle/polymer)	
  

•  Par8cle	
  size/shape/coa8ng/concentra8on	
  
•  State	
  of	
  polymers	
  (solu8on/brush)	
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q 	
  Evolu1on	
  of	
  Polymer/Nanopar1cle	
  Distribu1on	
  

q Mixtures	
  with	
  Dispersed	
  Polymers:	
  Strong	
  vs.	
  Weak	
  
Nanopar1cle/Polymer	
  Interac1on	
  

•  During	
  evapora8on	
  of	
  solvent,	
  density	
  of	
  polymer	
  chains	
  is	
  
enhanced	
  at	
  liquid/vapor	
  interface	
  in	
  both	
  cases	
  →	
  a	
  skin	
  layer	
  of	
  
polymers	
  forms	
  

•  Nanopar8cles	
  are	
  accumulated	
  (depleted)	
  in	
  this	
  skin	
  layer	
  of	
  
polymers	
  for	
  strong	
  (weak)	
  nanopar8cle/polymer	
  interac8on	
  

•  Strong	
  interac8on:	
  nanopar8cles	
  form	
  layers	
  near	
  interface	
  →	
  
alterna8ng	
  density	
  peaks	
  of	
  nanopar8cles	
  and	
  polymers	
  (see	
  
density	
  plots	
  below)	
  

•  Weak	
  interac8on:	
  a	
  few	
  nanopar8cles	
  penetrate	
  skin	
  layer	
  of	
  
polymers	
  and	
  straddle	
  interface;	
  most	
  nanopar8cles	
  are	
  trapped	
  
below	
  skin	
  layer	
  and	
  disorderly	
  distributed	
  

•  Brush	
  density	
  0.08	
  σ-­‐2	
  

•  Nanopar8cle	
  (2D)	
  density	
  0.75	
  σ-­‐2	
  

•  Reversible	
  nanopar8cle	
  capture/release	
  →	
  equilibrated	
  mixtures	
  

q Equilibrate	
  Nanopar1cle/Brush/Solvent	
  Mixtures	
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q 	
  Method	
  –	
  Large	
  Scale	
  Molecular	
  Dynamics	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
•  Mixtures	
  with	
  dispersed	
  polymers:	
  Lennard-­‐Jones	
  solvent	
  (~	
  3	
  
million	
  atoms)	
  +	
  100-­‐bead	
  polymer	
  chains	
  (~	
  3	
  million	
  beads)	
  +	
  
nanopar8cles	
  (200,	
  D=20σ)	
  

•  Mixtures	
  with	
  graced	
  polymers:	
  LJ	
  solvent	
  (~	
  1	
  million	
  atoms)	
  +	
  
brushes	
  (100-­‐bead	
  chains,	
  gracing	
  density	
  0.01~0.24σ-­‐2	
  over	
  100σ	
  
×	
  100σ	
  plane)	
  +	
  nanopar8cles	
  (20~100,	
  D=10σ)	
  

•  Integrated	
  LJ	
  poten8al	
  for	
  interac8ons	
  involving	
  nanopar8cles	
  and	
  
bead-­‐spring	
  model	
  for	
  polymer	
  chains	
  

•  Strong	
  nanopar8cle/solvent	
  interac8on	
  →	
  solvated	
  nanopar8cles	
  
•  Vary	
  nanopar8cle/polymer	
  interac8on	
  
•  Remove	
  vapor	
  of	
  solvent	
  →	
  evapora8on	
  
•  Monitor	
  nanopar8cle	
  distribu8on	
  in	
  polymer/brush	
  matrix	
  

Evapora1ng	
  Solvent	
  

Nanopar1cles/Polymers	
  

Evapora1ng	
  Solvent	
  

Nanopar1cles/Brushes	
  

weak	
  NP/polymer	
  
interac8on	
  

strong	
  NP/polymer	
  
interac8on	
  

increase	
  NP/polymer	
  interac8on	
  

q 	
  Contact	
  Angle	
  
•  Strong	
  (weak)	
  nanopar8cle/polymer	
  interac8on	
  →	
  small	
  (large)	
  
contact	
  angle	
  of	
  nanopar8cles	
  on	
  pure	
  polymer	
  melts	
  

t	
  =	
  0	
  

Strong:	
  Anp-­‐chain	
  =	
  200	
  ε	
  

2	
  ×	
  105	
  τ	
   4	
  ×	
  105	
  τ	
   8	
  ×	
  105	
  τ	
  

Weak:	
  Anp-­‐chain	
  =	
  80	
  ε	
  

t	
  =	
  0	
   1.25	
  ×	
  105	
  τ	
   2.5	
  ×	
  105	
  τ	
   5	
  ×	
  105	
  τ	
  

z/σ	

 z/σ	



Anp-­‐chain	
  =	
  200	
  ε	
   Anp-­‐chain	
  =	
  80	
  ε	
  

Reduce	
  
NP/brush	
  
interac1on	
  

	
  
NP	
  release	
  

Anb	
  =	
  100	
  ε	
   Anb	
  =	
  200	
  ε	
  Anb	
  =	
  200	
  ε	
  

solvent	
  not	
  shown	
  

Increase	
  
NP/brush	
  
interac1on	
  

	
  
NP	
  re-­‐entry	
  	
  

•  Nanopar8cle	
  (2D)	
  density	
  0.75	
  σ-­‐2	
  

•  Anb	
  =	
  120	
  ε	
  →	
  nanopar8cles	
  straddle	
  surface	
  of	
  pure	
  polymer	
  melt	
  
•  BeHer	
  nanopar8cle	
  adsorp8on	
  at	
  intermediate	
  brush	
  densi8es	
  

Brush	
  Density	
  0.01	
  σ-­‐2	
   0.04	
   0.08	
   0.16	
  

solvent	
  not	
  shown	
  

q Nanopar1cle	
  Organiza1on	
  aBer	
  Evapora1on	
  of	
  Solvent	
  

Brush	
  Density	
  0.01	
  σ-­‐2	
   0.04	
   0.08	
   0.16	
  

•  BeHer	
  nanopar8cle	
  arrays	
  are	
  formed	
  at:	
  
−  high	
  brush	
  density	
  with	
  weak	
  nanopar8cle/brush	
  interac8on	
  →	
  

nanopar8cles	
  form	
  one	
  layer	
  straddling	
  brush	
  surface	
  

−  finely	
  tuned	
  intermediate	
  brush	
  density	
  with	
  strong	
  nanopar8cle/brush	
  
interac8on	
  →	
  brush	
  accommodates	
  just	
  one	
  layer	
  of	
  nanopar8cles	
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