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	  Announcements	  
§ Project	  proposals	  will	  be	  available	  tomorrow	  (Tuesday)	  
§ Peer	  reviews	  due	  Friday	  
§ Please	  idenQfy	  your	  teams	  and	  decide	  your	  project	  topic	  ASAP	  
§  Sign	  up	  for	  a	  15	  minute	  meeQng	  with	  John	  
§  Thursday	  4-‐6	  PM	  or	  Sunday	  1-‐3	  PM,	  2278	  GGB	  
§  hBp://bit.ly/cBNAxk	  	  
§  MeeQng	  will	  focus	  on	  

§  DefiniQon	  of	  key	  idea	  
§  Proposed	  details/feasibility	  of	  the	  idea	  
§  Expected	  analysis	  based	  on	  course	  material	  
§  Anything	  else..	  

§  If	  possible	  your	  enQre	  team	  should	  aBend	  
§  Off-‐campus	  by	  phone	  

§ No	  normal	  office	  hours	  this	  week	  (project	  meeQngs	  instead)	  
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Recap:	  post-‐processing	  
§ 	  PurificaCon	  
§ Remove	  impuriQes	  such	  as	  undesired	  byproducts,	  
unreacted	  catalyst	  

§ Anneal	  to	  improve	  crystallinity	  
§ Etch	  to	  control	  size	  

	  
	  
§ 	  StabilizaCon	  and	  funcConalizaCon	  
§  ABach/associate	  molecules	  with	  nanomaterial	  
surfaces	  to	  facilitate	  interacQon	  with	  other	  materials	  
and	  phases	  

§ 	  SeparaCon/sorCng	  
§  ParQQon	  elements	  by	  size,	  shape,	  	  
	  and/or	  electronic	  structure	  
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A	  combinaCon	  of	  methods	  usually	  seeks	  the	  
desired	  final	  result	  (e.g.,	  seed	  amplificaQon)	  	  

Smalley,	  Tour,	  et	  al.	  
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RestarCng	  CNT	  growth	  

Smalley,	  Tour,	  et	  al.	  

§ Chirality	  does	  not	  match	  

Original	  
+Fe	  at	  	  
end	  

Restart	  
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	  From	  synthesis	  to	  assembly	  	  

0D	  
§ 	  Cluster	  synthesis	  (chemical/physical)	  
§ 	  NanoparQcle	  synthesis	  (chemical/physical)	  
§ 	  “Short”	  molecule	  synthesis	  (chemical)	  

1D	  
§ 	  Nanotube/nanowire	  synthesis	  (chemical/physical)	  
§ 	  NanoparQcle	  assembly	  into	  chains	  (chemical)	  
§ 	  “Long”	  molecule	  synthesis	  (chemical/mechanical)	  
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	  From	  synthesis	  to	  assembly	  	  

2D	  
§ 	  Film	  deposiQon	  and	  growth	  (physical/chemical):	  

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

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

The	  goal	  is	  to	  maintain	  order	  as	  we	  scale	  up!	  
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Limits	  of	  “top	  down”	  paSerning	  

	  
Park	  et	  al.	  Polymer	  44:6725-‐6760,	  2003.	  

	  
∼10-‐100	  nm	  resoluQon	  limits;	  mainly	  2D	  
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InteracQons	  
balance	  to	  give	  
an	  equilibrium	  

separaQon	  

Self-‐assembly	  	  
MoQon	  and	  
reversibility	  

=	  error-‐correcQon	  
=	  order 	  	  

Whitesides	  and	  Boncheva,	  PNAS	  99(8):4769,	  2002.	  

	  Self-‐assembly	  
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More	  ways	  to	  create	  anisotropy	  

	  
Glotzer	  and	  Solomon.	  Nature	  Materials	  6:557-‐562,	  2007.	  
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Today’s	  agenda	  
§  Self-‐assembly	  of	  aggregates	  in	  soluQon	  
§ Micelle	  techniques	  for	  nanoparQcle	  synthesis	  
§ Block	  copolymers	  
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Today’s	  readings	  
Nominal:	  (ctools)	  
§  Israelachvili,	  “Thermodynamic	  principles	  of	  self-‐assembly”	  
§ Bates	  and	  Fredrickson,	  “Block	  copolymers	  –	  designer	  son	  
materials”	  

	  
Extras:	  (ctools)	  
§  Li	  et	  al.,	  “AlternaQng	  paBerns	  on	  single	  walled	  carbon	  nanotubes”	  
§ Park	  et	  al.,	  “Enabling	  nanotechnology	  with	  self	  assembled	  block	  
copolymer	  paBerns”	  
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Amphiphile	  

	  
Israelachvili.	  
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Structures	  made	  from	  amphiphiles	  

	  
Israelachvili.	  

§  Spontaneous	  self-‐
assembly	  due	  to	  non-‐
bonding	  interacQons	  

§ ConQnuous	  associaQon	  
and	  dissociaQon	  

§  Size	  distribuQons	  
§ Can	  change	  size/shape	  
with	  changing	  soluQon	  
condiQons	  (e.g.,	  
concentraQon,	  pH)	  



©2010	  |	  A.J.	  Hart	  |	  15	  

FormaCon	  of	  aggregates	  

	  
Israelachvili.	  

§ XN	  =	  dimensionless	  molar	  fracQon	  of	  monomers	  that	  are	  in	  
the	  Nth	  aggregaQon	  state	  	  
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Modeling	  aggregaCon	  kineCcs	  
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Ideal	  aggregate	  shapes	  –	  bond	  models	  

	  
Israelachvili.	  
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CriCcal	  micelle	  concentraCon	  (CMC)	  

	  
Israelachvili.	  

pN N
KTα

µµ += ∞
00 α	  =	  bonding;	  p	  =	  shape	  
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Real	  cases	  
§  If	  µN(N)	  is	  a	  smooth	  decay:	  
§  bulk	  aggregaQon	  occurs	  at	  the	  CMC	  
§  there	  is	  a	  distribuQon	  of	  micelles	  before	  the	  CMC,	  but	  monomers	  

dominate	  

§  If µN(N)	  has	  a	  local	  minimum	  
§  the	  	  concentraton	  of	  monomers	  is	  fixed	  above	  the	  CMC,	  and	  new	  

monomers	  go	  into	  aggregates	  of	  the	  stable	  size	  
§  there	  is	  always	  a	  size	  distribuQon	  about	  the	  criQcal	  size	  
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Size	  distribuCon	  

	  
Israelachvili.	  
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Normal	  versus	  reverse	  micelles	  

	  
Burda.	  

Normal	  
Closed	  “cage”	  
à 	  Limits	  diffusion	  and	  size	  
à	  Water	  droplets	  in	  oil	  

Reverse	  
Open	  
à 	  Limits	  size	  
à 	  Oil	  droplets	  in	  	  water	  
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Exemplary	  micelle	  phase	  diagram	  

	  à	  Many	  shapes/sizes	  are	  possible	  
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NP	  synthesis	  using	  reverse	  micelles	  

	  
Burda.	  

Approach	  I	  
§ Mix	  two	  sets	  of	  reverse	  micelles,	  which	  were	  prepared	  
separately	  

§ Mixing	  causes	  micelles	  (A	  +	  B)	  to	  interact,	  and	  exchange	  of	  
contents	  causes	  NP	  	  formaQon	  	  

Approach	  II	  
§ Prepare	  reverse	  micelles	  and	  mix	  this	  soluQon	  with	  a	  reactant	  
(e.g.,	  a	  metal	  salt)	  that	  is	  water-‐soluble	  

§ Reactant	  enters	  the	  micelle	  and	  is	  stored	  there	  
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-‐	  Micelle	  size	  =	  nanoparCcle	  size	  

-‐	  Homopolymer	  chain	  length	  =	  parCcle	  spacing	  

Like	  a	  	  
nanopar+cle-‐filled	  
photoresist	  

R.	  BenneB,	  R.	  Cohen,	  et	  al.	  

Ordered	  nanoparCcle	  arrays	  by	  self-‐
assembly:	  micellar	  soluCons	  and	  block	  
copolymer	  films	  
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Block	  copolymers	  (BCPs)	  

	  
Bates	  and	  Fredrickson,	  Physics	  Today	  February	  1999,	  p.	  32-‐38.	  

Diblock	  

§ Chain	  of	  two	  chemically	  disQnct	  polymer	  blocks,	  which	  are	  
thermodynamically	  incompaQble,	  e.g.,	  repel	  each	  other	  

§ Chains	  onen	  must	  adopt	  extended	  configuraQons	  (i.e.,	  not	  
bunched)	  to	  keep	  dissimilar	  porQons	  apart	  

§ Blocks	  give	  a	  combinaQon	  of	  properQes,	  e.g.,	  low-‐temperature	  
flexibility	  and	  high-‐temperature	  resilience	  

§ Used	  in	  upholstery	  foam,	  adhesive	  tape,	  bandages,	  asphalt,…	  

§  e.g.,	  PS-‐b-‐PMMA	  =	  polystyrene-‐b-‐poly
(methyl	  methacrylate)	  	  

§  usually	  made	  by	  first	  polymerizing	  styrene,	  
and	  then	  subsequently	  polymerizing	  MMA	  
from	  the	  reacQve	  end	  of	  the	  polystyrene	  
chains	  
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Self-‐assembly	  by	  phase	  separaCon	  

	  
Bates	  and	  Fredrickson,	  Physics	  Today	  February	  1999,	  p.	  32-‐38.	  
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Self-‐assembly	  by	  phase	  separaCon	  

	  
Bates	  and	  Fredrickson,	  Physics	  Today	  February	  1999,	  p.	  32-‐38.	  
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BCP	  designs:	  blocks,	  branches	  

	  
Bates	  and	  Fredrickson,	  Physics	  Today	  February	  1999,	  p.	  32-‐38.	  

Diblock	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Triblock	  	  
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Templated	  self-‐assembly	  of	  BCPs	  

	  
Cheng	  et	  al.,	  Nature	  Materials	  3:823-‐828,	  2004.	  
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BCP	  films	  as	  etch	  masks	  

	  
Park	  et	  al.	  Polymer	  44:6725-‐6760,	  2003.	  
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Triblock	  morphologies	  

	  
Bates	  and	  Fredrickson,	  Physics	  Today	  February	  1999,	  p.	  32-‐38.	  
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Park	  et	  al.	  Polymer	  44:6725-‐6760,	  2003.	  
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-‐	  Micelle	  size	  =	  nanoparCcle	  size	  

-‐	  Homopolymer	  chain	  length	  =	  parCcle	  spacing	  

Like	  a	  	  
nanopar+cle-‐filled	  
photoresist	  

R.	  BenneB,	  R.	  Cohen,	  et	  al.	  

Ordered	  nanoparCcle	  arrays	  by	  self-‐
assembly:	  micellar	  soluCons	  and	  block	  
copolymer	  films	  
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100 nm 

Si

d s
Fe/Al2O3

à	  Independent	  control	  of	  size	  
and	  spacing	  
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CNT	  film	  and	  forest	  growth	  from	  BCP-‐
templated	  catalyst	  films	  

Morphology	  control:	  BenneB,	  Hart,	  Cohen,	  Advanced	  Materials	  18:2274-‐9,	  2006.	  
Micro-‐contact	  prinQng:	  BenneB,	  Hart,	  et	  al.,	  Langmuir	  22:8273-‐8276,	  2006.	  	  

Q:	  What	  is	  the	  criCcal	  catalyst	  density	  for	  verCcally	  aligned	  growth?	  

Before	  	  
Growth	  
	  
ParCcle	  
diameter	  
16±2	  nm	  
	  

Aber	  
Growth	  
	  
CNT	  
diameter	  
12±2	  nm,	  
8	  walls	  

200	  nm	   200	  nm	   200	  nm	  

6109	  parCcles/cm2	   2.51010	  parCcles/cm2	   61010	  parCcles/cm2	  

100	  µm	  40	  µm	  20	  µm	  

Top	  view	   Top	  view	   Top	  view	  

Top	  view	   Oblique	  view	   Side	  view	  

but	  only	  ≈5%	  acCvity!	  
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BCP	  films	  as	  templates	  

	  
Park	  et	  al.	  Polymer	  44:6725-‐6760,	  2003.	  
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Assembly	  of	  BCPs	  on	  SWNTs	  
§  Interplay	  between	  BCP	  phase	  separaQon	  and	  CNT-‐induced	  
crystallizaQon	  of	  polyethylene	  (PE)	  

	  
Li	  et	  al.,	  Nature	  Nanotechnology	  4:358-‐362,	  2009.	  
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Mechanism	  and	  kineCcs	  

	  
Li	  et	  al.,	  Nature	  Nanotechnology	  4:358-‐362,	  2009.	  

Increasing	  concentraCon	  

ConcentraCon	  
too	  high,	  not	  
enough	  Cme	  
for	  full	  crystal	  
growth	  

Period	  	  =	  	  
11.9	  ±0.9	  

nm	  
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Anchoring	  Au	  NPs	  to	  BCPs	  on	  SWNTs	  

	  
Li	  et	  al.,	  Nature	  Nanotechnology	  4:358-‐362,	  2009.	  


