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  Announcements	
  
§ Project	
  presentaJons	
  next	
  M,	
  6-­‐9pm,	
  165	
  CC	
  
§ Project	
  reports	
  due	
  Tues	
  (Apr/20)	
  5pm;	
  may	
  be	
  submiDed	
  
as	
  late	
  as	
  Fri	
  (Apr/23)	
  without	
  penalty	
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Recap:	
  networks	
  
§ Electrical	
  
§  PercolaJon	
  theory:	
  sudden	
  onset	
  of	
  conducJve	
  behavior	
  
§  Geometry	
  of	
  conductors	
  determines	
  percolaJon	
  threshold	
  
§  Geometry	
  and	
  conducJviJes	
  determine	
  scaling	
  behavior	
  

§ Thermal	
  
§  Phonon	
  scaDering	
  at	
  interfaces	
  dominates	
  

§ Mechanical	
  
§  Only	
  direct	
  contact	
  maDers	
  
§  Interfaces	
  determine	
  load	
  transfer	
  
§  Joints	
  and	
  defects	
  limit	
  strength	
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  Electrical	
  proper7es	
  of	
  CNT	
  assemblies	
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  Mechanical	
  proper7es	
  of	
  CNT	
  assemblies	
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Today’s	
  agenda	
  
§ By	
  way	
  of	
  case	
  studies,	
  explore	
  how	
  balances	
  among	
  
nanoscale	
  interacJons	
  are	
  exploited	
  for	
  self-­‐assembly	
  and	
  
nanomanufacturing	
  

§  See	
  papers	
  on	
  ctools	
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Self-­‐assembly	
  
1.   a$rac've	
  vs.	
  repulsive	
  

interacJons.	
  
2.   reversible	
  	
  associaJon.	
  

	
  The	
  magnitudes	
  of	
  
interac7ons	
  are	
  generally	
  
fixed	
  for	
  molecules	
  but	
  can	
  
be	
  engineered	
  by:	
  

-­‐  Crea7ng	
  supramolecular	
  
building	
  blocks	
  

-­‐  Tuning	
  the	
  environment	
  
-­‐  Applying	
  external	
  forces	
  

Whitesides	
  and	
  Boncheva,	
  PNAS	
  99(8):4769,	
  2002.	
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Terms	
  in	
  the	
  balance	
  
§ Non-­‐bonding	
  interacJons	
  

§  “Locally”	
  controlled	
  
§  Intermolecular	
  (VDW)	
  forces	
  
§  ElasJc	
  forces	
  
§  ElectrostaJc	
  forces	
  
§  Steric	
  hindrance	
  (entropic)	
  

§  “Remote	
  control”	
  means	
  
§  Electric	
  field	
  
§  MagneJc	
  field	
  
§  Fluid	
  flow	
  
§  Ultrasonic	
  agitaJon	
  
§  Thermal	
  field	
  

§ Bonding	
  interacJons	
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§ Generally,	
  weak	
  non-­‐covalent	
  interacJons	
  are	
  used	
  in	
  
self-­‐assembly	
  

Alberts	
  et	
  al.,	
  “Molecular	
  Biology	
  of	
  the	
  Cell,” 5th	
  edi:on.	
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  Sphere-­‐templated	
  nanopar7cle	
  rings	
  

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

§  PS	
  spheres:	
  1010/mL	
  
§  QDs:	
  1014/mL	
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QD:PS	
  
10000:1	
  
4000:1	
  
2000:1	
  
1000:1	
  
à	
  conform	
  to	
  sphere	
  

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

	
  Ring	
  thickness	
  control	
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  Ring	
  diameter	
  control	
  

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

( ) ( )22
QDMSQDMSring RRRRR −−+=
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Self-­‐assembled	
  nanopar7cle	
  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.	
  

Force	
  balance	
  
§  Capillary	
  forces	
  (aDracJon)	
  

§  calculated	
  Fcap	
  ≤	
  1.6	
  nN	
  (r	
  =	
  4	
  nm)	
  
§  total	
  interacJon	
  energy	
  ∼400	
  kT	
  

§  Adhesion	
  forces	
  (aDracJon)	
  
§  van	
  der	
  waals	
  sphere-­‐plane	
  
§  calculated	
  Fad	
  ∼0.3	
  nN	
  (r	
  =	
  4	
  nm)	
  

§  ElectrostaJc	
  forces	
  (repulsion)	
  
§  point	
  charge-­‐plane;	
  P	
  is	
  related	
  to	
  
surface	
  potenJal	
  (difficult	
  to	
  predict)	
  

§  calculated	
  Fdl	
  <	
  1	
  nN	
  	
  

θγπ cos2 rFcap =

⎟
⎟
⎠
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⎜
⎝

⎛
+= 2

0

2

2
06 z

aR
z
AFad

kd
dl PeRF −= 22π



©2010	
  |	
  A.J.	
  Hart	
  |	
  15	
  Chen	
  et	
  al.,	
  ACS	
  Nano	
  3(1):173-­‐180,	
  2009.	
  

Force	
  balance	
  
§  Vector	
  force	
  addiJon	
  predicts	
  
Fcap	
  >	
  Fdl	
  +	
  Fad	
  

§  Also	
  some	
  fricJon	
  (Ff)	
  

§  Note	
  scaling	
  
	
  
	
  
	
  
	
  
à	
  what	
  happens	
  as	
  parJcle	
  size	
  
increases?	
  

θγπ cos2 rFcap =
kd

dl PeRF −= 22π
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  Chen	
  et	
  al.,	
  ACS	
  Nano	
  3(1):173-­‐180,	
  2009.	
  

(A:	
  clean,	
  B:	
  acid-­‐
modified)	
  Too	
  many	
  
QDs	
  sJck	
  to	
  substrate	
  

(D)	
  Just	
  right	
  
(intermediate	
  
adhesion,	
  stable	
  
when	
  washed)	
  

(C)	
  Not	
  enough	
  
adhesion	
  (QDs	
  wash	
  

off	
  in	
  water)	
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Templated	
  par7cle	
  assembly	
  

Rycenga	
  et	
  al.,	
  SoE	
  MaGer	
  5:1129-­‐1136,	
  2009.	
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Templated	
  assembly	
  assisted	
  by	
  ultrasonic	
  
agita7on	
  

Jung	
  and	
  Livermore,	
  Nano	
  LeGers	
  5(11):2188-­‐2194	
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  Jung	
  and	
  Livermore,	
  Nano	
  LeGers	
  5(11):2188-­‐2194	
  

type	
  A	
  

type	
  D	
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  Jung	
  and	
  Livermore,	
  Nano	
  LeGers	
  5(11):2188-­‐2194	
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Isolated	
  CNTs:	
  bridging	
  

Jungen	
  et	
  al.,	
  J.	
  Micromech	
  Microeng.,	
  17:603-­‐608,	
  2007.	
  

Substrate/support

Growth

Nanostructure

Catalyst

AnBm
A

Precursor
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Electric	
  field-­‐directed	
  CNT	
  growth	
  

Zhang	
  et	
  al.,	
  Applied	
  Physics	
  LeGers	
  79(19):3155:3157,	
  2001	
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Electric	
  field-­‐directed	
  CNT	
  growth	
  

Zhang	
  et	
  al.,	
  Applied	
  Physics	
  LeGers	
  79(19):3155:3157,	
  2001	
  
Homma	
  et	
  al.,	
  Applied	
  Phys	
  LeGers	
  88,	
  2006	
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Zhang	
  et	
  al.,	
  Applied	
  Physics	
  LeGers	
  79(19):3155:3157,	
  2001	
  
Homma	
  et	
  al.,	
  Applied	
  Phys	
  LeGers	
  88,	
  2006	
  

For	
  a	
  CNT	
  at	
  900	
  °C	
  with	
  d	
  =	
  2	
  nm,	
  L	
  =	
  20	
  µm	
  
§ With	
  no	
  applied	
  field,	
  Jp	
  vibraJon	
  =	
  6.3	
  µm!	
  
§ With	
  1	
  V/µm,	
  Jp	
  vibraJon	
  =	
  0.6	
  µm	
  

§ Higher	
  field	
  needed	
  to	
  align	
  longer	
  CNTs	
  

Alignment	
  
force	
  

Thermal	
  
vibraJon	
  

LEFR /cossin2
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( )
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GdYdG
kTL
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No	
  field	
  alignment	
  when	
  CNTs	
  are	
  not	
  
suspended	
  

Zhang	
  et	
  al.,	
  Applied	
  Physics	
  LeGers	
  79(19):3155:3157,	
  2001	
  

§  See	
  methods	
  of	
  lateral	
  CNT	
  growth	
  on	
  single-­‐crystal	
  substrates	
  
(e.g.,	
  quartz	
  or	
  miscut	
  sapphire)	
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Electrophoresis:	
  placing	
  par7cles	
  in	
  gaps	
  

§ 	
  MoJon	
  is	
  diffusive	
  (Brownian)	
  far	
  from	
  gap	
  	
  
§ 	
  Substrate-­‐parJcle	
  repulsion	
  dominates	
  at	
  low	
  V	
  
§ 	
  “Spherical” DEP	
  region	
  grows	
  and	
  dominates	
  at	
  high	
  V	
  
§ 	
  EP-­‐induced	
  oscillaJon	
  only	
  important	
  at	
  low	
  frequencies	
  

Barsox	
  et	
  al.,	
  Small	
  3(3):488,	
  2007.	
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  Barsox	
  et	
  al.,	
  Small	
  3(3):488,	
  2007.	
  

V	
  =	
  1.5	
  V	
  à	
  2V	
  à	
  3V	
  

g	
  =	
  30	
  nm
	
  à

	
  80	
  nm
	
  à

	
  125	
  nm
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Silicon	
  nanopillar	
  arrays	
  

Krupenkin	
  et	
  al.,	
  Langmuir	
  20:3824-­‐3827,	
  2004.	
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Making	
  polymer	
  nanopillars	
  by	
  replica7on	
  

Pokroy	
  et	
  al.,	
  Advanced	
  Materials	
  21:463-­‐469,	
  2009.	
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Elastocapillary	
  coalescence	
  

Bico	
  et	
  al.,	
  Nature	
  432:690,	
  2004.	
  
Kim	
  and	
  Mahadevan,	
  J.	
  Fluid	
  Mech.	
  548:141,	
  2006.	
  



©2010	
  |	
  A.J.	
  Hart	
  |	
  31	
  

Hierarchical	
  grouping	
  of	
  polymer	
  nanopillars	
  

Pokroy	
  et	
  al.,	
  Science	
  323:237-­‐240,	
  2009.	
  

§  Bending	
  energy	
  (force)	
  

§  Capillary	
  force	
  

§  Adhesion	
  energy	
  (force)	
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  Pokroy	
  et	
  al.,	
  Science	
  323:237-­‐240,	
  2009.	
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  Aizenberg	
  group,	
  Harvard.	
  	
  First	
  Place,	
  MRS	
  Science	
  as	
  Art,	
  December	
  2008	
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Elastocapillary	
  densifica7on	
  of	
  CNT	
  forests	
  

De	
  Volder,	
  Tawfick,	
  Park,	
  Hart.	
  

No voids
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m
]

Voids

                                 D  

   L



©2010	
  |	
  A.J.	
  Hart	
  |	
  35	
  

Mechanical	
  proper7es	
  of	
  densified	
  CNTs	
  

De	
  Volder,	
  Tawfick,	
  Park,	
  Hart.	
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18	
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25	
  GPa	
  

CNT-­‐PMMA	
  

50	
  µm	
  

CNT-­‐	
  
as	
  grown	
  

50	
  µm	
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  DNA	
  (Deoxyribonucleic	
  acid)	
  

Alberts	
  et	
  al.,	
  “Molecular	
  Biology	
  of	
  the	
  Cell,” 5th	
  edi:on.	
  

Purine	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Pyrimidine	
  

Bases	
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DNA-­‐mediated	
  assembly	
  of	
  Au	
  NPs	
  

Nykypanchuk	
  et	
  al.,	
  Nature,	
  Vol.	
  451,	
  No.	
  31,	
  2008.	
  

§ ADracJve	
  potenJal	
  è	
  Constant	
  (15-­‐bp	
  linker)	
  
§  Repulsive	
  potenJal	
  è	
  Varied	
  (n-­‐b	
  spacer)	
  

(12	
  nm	
  diameter)	
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  Nykypanchuk	
  et	
  al.,	
  Nature,	
  Vol.	
  451,	
  No.	
  31,	
  2008.	
  

CCD	
  detector	
  

Beam	
  stop	
  

Highly	
  ordered	
  polycrystalline	
  BCC	
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DNA	
  origami	
  

Rothemund,	
  Nature	
  440(16):297-­‐302,	
  2008.	
  

§  Long	
  backbone	
  with	
  hairpin	
  turns	
  
§  Short	
  staples	
  bind	
  to	
  specific	
  “patches”	
  of	
  backbone	
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  Rothemund,	
  Nature	
  440(16):297-­‐302,	
  2008.	
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Docking	
  DNA	
  origami	
  

Kershner	
  et	
  al.,	
  Nature	
  Nanotechnology	
  2009.	
  


