
©2010	
  |	
  A.J.	
  Hart	
  |	
  1	
  

Nanomanufacturing	
  
University	
  of	
  Michigan	
  
ME599-­‐002	
  |	
  Winter	
  2010	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  
	
  

20:	
  From	
  2D	
  to	
  3D	
  –	
  	
  
layer-­‐by-­‐layer	
  assembly	
  and	
  

colloidal	
  crystals	
  
	
  

April	
  5,	
  2010	
  
	
  
	
  
	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
John	
  Hart	
  
ajohnh@umich.edu	
  
hCp://www.umich.edu/~ajohnh	
  



©2010	
  |	
  A.J.	
  Hart	
  |	
  2	
  

	
  Announcements	
  
§ Did	
  I	
  meet	
  with	
  all	
  the	
  project	
  teams?	
  
§ No	
  lecture	
  Wednesday	
  
§ PS4	
  due	
  next	
  Monday	
  (Apr/12)	
  

§ EXAM	
  
§  Mean	
  =	
  57/100	
  
§  Stdev	
  =	
  13	
  
§  High	
  =	
  84	
  

§ PS3	
  
§  Mean	
  =	
  3.2/4	
  
§  Stdev	
  =	
  0.5	
  
§  High	
  =	
  4	
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Upcoming	
  lectures	
  
§ M	
  Apr/12	
  
§  Self-­‐assembly	
  using	
  external	
  forces	
  

§ W	
  Apr/14	
  
§  Joining	
  nanostructures	
  and	
  network	
  proper]es	
  

§ Extra	
  (slides	
  only)	
  
§  Nanocomposites	
  and	
  yarns	
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Recap:	
  self-­‐assembled	
  monolayers	
  (SAMs)	
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Self-­‐straGfied	
  SAMs	
  on	
  Au	
  nanoparGcles	
  

OT	
  =	
  octanethiol,	
  CH3-­‐(CH2)7-­‐SH;	
  and	
  	
  
MPA	
  =	
  mercaptopropionic	
  acid,	
  HOOC-­‐(CH2)2-­‐SH	
  
à	
  Note	
  thiol	
  (S)	
  end	
  groups	
  

Jackson,	
  Myerson,	
  Stellacci,	
  Nature	
  Materials.	
  3:1-­‐7,	
  2004.	
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Domain	
  organizaGon	
  determined	
  by	
  
entropy	
  and	
  substrate	
  curvature	
  

	
  Increasing	
  chain	
  length	
  difference	
  

	
  Increasing	
  par]cle	
  diameter	
  

§  Chain	
  length	
  difference	
  =	
  chains	
  
want	
  more	
  room	
  to	
  maximize	
  
entropy	
  

§  Smaller	
  par]cle	
  =	
  more	
  room	
  due	
  to	
  
curvature	
  

Singh	
  et	
  al.,	
  Phys.	
  Rev	
  Le3.	
  99:226106,	
  2007.	
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Recap:	
  the	
  Langmuir-­‐BlodgeL	
  method	
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LB	
  of	
  Ag	
  nanowires	
  (like	
  logging)	
  

Tao	
  et	
  al.,	
  Nano	
  Le3.	
  3(9):1229,	
  2003.	
  
Whang	
  et	
  al.,	
  Nano	
  Le3.	
  3(9):1255,	
  2003	
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Surface	
  pressure	
  increases	
  as	
  monolayer	
  is	
  
compacted	
  

Tao	
  et	
  al.,	
  Nano	
  Le3.	
  3(9):1229,	
  2003.	
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  Tao	
  et	
  al.,	
  Nano	
  Le3.	
  3(9):1229,	
  2003.	
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LB	
  deposiGon	
  of	
  graphene	
  (oxide)	
  films	
  

Cote	
  et	
  al.,	
  JACS	
  131:1043-­‐1049,	
  2009.	
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  From	
  synthesis	
  to	
  assembly	
  	
  

2D	
  
§ 	
  Film	
  deposi]on	
  and	
  growth	
  (physical/chemical):	
  

§ 	
  growth	
  of	
  films	
  of	
  nanotubes/wires	
  
§ 	
  monolayer	
  self-­‐assembly	
  

3D	
  (all	
  effects	
  together)	
  
§ 	
  Colloidal	
  crystals,	
  superlagces	
  
§ 	
  Yarn	
  spinning,	
  networks,	
  aerogels,	
  composites,	
  etc.	
  

The	
  goal	
  is	
  to	
  maintain	
  order	
  as	
  we	
  scale	
  up!	
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Today’s	
  agenda	
  
§  Layer-­‐by-­‐layer	
  (LBL)	
  assembly	
  
§ Packing	
  of	
  micro-­‐	
  and	
  nanopar]cles	
  into	
  “colloidal	
  
crystals”	
  using	
  capillary	
  forces	
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Today’s	
  readings	
  
Nominal:	
  (ctools)	
  
§ Decher,	
  “Fuzzy	
  nanoassemblies:	
  toward	
  layered	
  polymeric	
  
mul]composites”	
  

§ Krogman	
  et	
  al.,	
  “Spraying	
  asymmetry	
  into	
  func]onal	
  membranes	
  
layer-­‐by-­‐layer”	
  

§ Chen	
  et	
  al.,	
  “Evapora]on-­‐induced	
  assembly	
  of	
  quantum	
  dots	
  into	
  
nanorings”	
  

Extras:	
  (ctools)	
  
§ Podsiadlo	
  et	
  al.,	
  “Ultrastrong	
  and	
  s]ff	
  layered	
  polymer	
  
nanocomposites”	
  

§ Rycenga	
  et	
  al.,	
  “Template-­‐assisted	
  self-­‐assembly:	
  a	
  versa]le	
  
approach	
  to	
  complex	
  micro-­‐	
  and	
  nanostructures”	
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Layer-­‐by-­‐layer	
  (LBL)	
  assembly	
  
Form	
  stacked	
  nanolayers	
  by	
  sequen]al	
  adsorp]on	
  of	
  
oppositely	
  charged	
  species	
  (e.g.,	
  polymers,	
  nanopar]cles)	
  

Decher,	
  Science	
  277:1232-­‐7,	
  1997.	
  

“Fuzzy”	
  layers,	
  nanometers	
  
thick	
  

	
  
Extends	
  versa]lity	
  beyond	
  
SAM	
  and	
  LB	
  

	
  
Dip,	
  spray,	
  roll,	
  …	
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  Decher	
  et	
  al.	
  

Layer	
  design	
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OscillaGon	
  of	
  surface	
  (zeta)	
  potenGal	
  

Decher.	
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  Decher,	
  Science	
  277:1232-­‐7,	
  1997.	
  

Interdiffusion	
  of	
  layers	
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LBL	
  can	
  involve	
  nearly	
  any	
  type	
  of	
  
macromolecule	
  

To	
  make	
  

§  	
  Nanopar]cles,	
  nanotubes,	
  nanowires	
  
§  	
  Nanoplatelets	
  (e.g.,	
  clay)	
  
§  	
  Dyes	
  
§  	
  Dendrimers	
  
§  	
  DNA,	
  proteins,	
  viruses	
  
§  	
  etc…	
  

§  Composites,	
  membranes	
  
§ An]reflec]ve,	
  superhydrophobic	
  surfaces	
  	
  
§  Controlled-­‐desorp]on	
  (e.g.,	
  drug	
  delivery)	
  or	
  an]-­‐absorp]on	
  
(e.g.,	
  an]bacterial)	
  coa]ngs	
  

§  Solar	
  cells,	
  baCeries	
  
§  	
  etc…	
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Lab-­‐scale	
  LBL	
  “robot”	
  

hCp://www.nanostrata.com	
  	
  

	
  PlaWorm	
  rotates	
  
and	
  elevates	
  

	
  Substrate	
  held	
  here	
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Polymer-­‐clay	
  nanocomposites	
  by	
  LBL	
  

Podsiadlo	
  et	
  al.,	
  Science	
  318:83,	
  2007.	
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PVA	
  
(polymer)	
  

	
  

covalent	
  to	
  	
  
	
  

MTM	
  
(clay)	
  

Podsiadlo	
  et	
  al.,	
  Science	
  318:83	
  2007.	
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GA	
  =	
  glutyaldrehyde	
  

Podsiadlo	
  et	
  al.,	
  Science	
  318:83	
  2007.	
  

MTM/PVA	
   PVA	
  

1	
  =	
  no	
  GA;	
  2	
  =	
  GA	
  (crosslinking)	
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LBL	
  film	
  growth	
  kineGcs	
  
Kine]cs	
  driven	
  by	
  adsorp]on	
  on	
  surface	
  and	
  diffusion	
  
through	
  previously	
  deposited	
  layers	
  

exponenGal	
  

linear	
  

Podsiadlo	
  et	
  al.,	
  Nano	
  Le3ers	
  8(6):1762-­‐1770,	
  2008.	
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Spray	
  LBL	
  on	
  fibers	
  
Top	
  view	
   SecGon	
  view	
  

Electrospinning	
  

Krogman	
  et	
  al.,	
  Nature	
  Materials	
  8:512-­‐518,	
  2009.	
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Spray	
  LBL	
  on	
  fibers	
  

Krogman	
  et	
  al.,	
  Nature	
  Materials	
  8:512-­‐518,	
  2009.	
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Conformal	
  vs.	
  separated	
  coaGngs	
  

ReD	
  =	
  6.5	
  
	
  
	
  
transi]on	
  at	
  ReD	
  ≈6	
  
	
  
	
  
ReD	
  =	
  1.7	
  

Re	
  for	
  a	
  packed	
  bed:	
  VS	
  =	
  superficial	
  velocity,	
  ν	
  =	
  viscosity,	
  ε	
  =	
  void	
  
frac]on	
  of	
  mat	
  

( )ευ −= 1Re S
D

DV

Krogman	
  et	
  al.,	
  Nature	
  Materials	
  8:512-­‐518,	
  2009.	
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LBL	
  on	
  spheres	
  

Decher.	
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Hollow	
  spheres	
  

hCp://www.capsula]on.com;	
  Decher.	
  

Fluorescent	
  imaging;	
  MRI	
  
imaging	
  (e.g.,	
  loaded	
  with	
  
metal	
  nanopar]cles	
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Roll-­‐to-­‐roll	
  LBL	
  

Fujimoto	
  et	
  al.,	
  JJAP	
  44(3):126,	
  2005.	
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  Decher.	
  



©2010	
  |	
  A.J.	
  Hart	
  |	
  33	
  Decher.	
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  Decher.	
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Assembly	
  of	
  packed	
  parGcle	
  layers	
  by	
  
capillary	
  forces	
  

BaeCler,	
  PhD.	
  thesis	
  ETH	
  Zurich.	
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  BaeCler,	
  PhD.	
  thesis	
  ETH	
  Zurich.	
  

Scaling	
  of	
  capillary	
  forces	
  

generally	
  scales	
  as	
  1/
separa]on	
  

Depends	
  on	
  contact	
  angles,	
  
surface	
  energies,	
  difference	
  
between	
  par]cle	
  and	
  fluid	
  

densi]es	
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DeposiGon	
  methods	
  

BaeCler,	
  PhD.	
  thesis	
  ETH	
  Zurich.	
  

Dip-­‐coaGng	
   Gravity-­‐guided	
  

Droplet	
  evaporaGon	
  Spin-­‐coaGng	
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  BaeCler,	
  PhD.	
  thesis	
  ETH	
  Zurich.	
  

Higher	
  spin	
  speed	
  

Lower	
  spin	
  speed	
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  BaeCler,	
  PhD.	
  thesis	
  ETH	
  Zurich.	
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Nanosphere	
  lithography	
  

Murray	
  and	
  Barnes,	
  Advanced	
  Materials	
  19:3771-­‐3782,	
  2007;	
  van	
  Duyne	
  et	
  al.,	
  Northwestern.	
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  Haynes	
  and	
  Van	
  Duyne,	
  J.	
  Physical	
  Chemistry	
  B	
  105:5599:5611,	
  2001.	
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Templated	
  sphere	
  packing	
  

Rycenga	
  et	
  al.,	
  So>	
  Ma3er	
  5:1129-­‐1136,	
  2009.	
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  Rycenga	
  et	
  al.,	
  So>	
  Ma3er	
  5:1129-­‐1136,	
  2009.	
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3D	
  colloidal	
  crystals	
  and	
  superla^ces	
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NanoparGcle	
  superla^ces	
  

Shevchenko	
  et	
  al.	
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Self-­‐assembled	
  nanoparGcle	
  rings	
  

Chen	
  et	
  al.,	
  ACS	
  Nano	
  3(1):173-­‐180,	
  2009.	
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  Chen	
  et	
  al.,	
  ACS	
  Nano	
  3(1):173-­‐180,	
  2009.	
  

Geometric	
  constraints	
  and	
  force	
  balance	
  

§  Surfactant/SAM	
  
gets	
  in	
  the	
  way	
  

§  Capillary	
  forces	
  
(aCrac]on)	
  

§  Adhesion	
  forces	
  
(aCrac]on)	
  

§  Electrosta]c	
  forces	
  
(repulsion)	
  


