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	  Announcements	  
§ Peer	  reviews	  due	  Friday	  
§  Sign	  up	  for	  a	  15	  minute	  meeOng	  with	  John	  
§  Thursday	  4-‐6	  PM	  or	  Sunday	  1-‐3	  PM,	  2278	  GGB	  
§  hBp://bit.ly/cBNAxk	  	  
§  If	  you	  don’t	  have	  a	  team,	  list	  your	  name	  in	  “looking	  for	  a	  team”	  at	  the	  

link	  above,	  and	  contact	  others	  
§  MeeOng	  will	  focus	  on	  

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

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

§ No	  lecture	  next	  Wednesday	  (Apr/7)	  
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Recap:	  self-‐assembly	  of	  micelles	  

Israelachvili.	  

Monomers	  

CMC	  
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Block	  copolymers	  (BCPs)	  

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

Diblock	  

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

§ Chains	  oben	  must	  adopt	  extended	  configuraOons	  (i.e.,	  not	  
bunched)	  to	  keep	  dissimilar	  porOons	  apart	  

	  
§  e.g.,	  PS-‐b-‐PMMA	  =	  polystyrene-‐b-‐poly(methyl	  methacrylate)	  	  
§  usually	  made	  by	  first	  polymerizing	  styrene,	  and	  then	  subsequently	  polymerizing	  MMA	  
from	  the	  reacOve	  end	  of	  the	  polystyrene	  chains	  
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Self-‐assembly	  by	  phase	  separa;on	  

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

SEM	  images	  of	  diblock	  gyroid	  network	  
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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.	  

BCP	  (etched)	  
SiO2	  
W	  
Co	  
Si	  

BCP	  (etched)	  
SiO2	  	  (etched)	  

W	  
Co	  
Si	  

Co	  
Si	  

W	  (etched)	  
Co	  
Si	  
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-‐	  Micelle	  size	  =	  nanopar;cle	  size	  

-‐	  Homopolymer	  chain	  length	  =	  par;cle	  spacing	  

Like	  a	  	  
nanopar+cle-‐filled	  
photoresist	  

R.	  BenneB,	  R.	  Cohen,	  et	  al.	  

Ordered	  nanopar;cle	  arrays	  by	  self-‐
assembly:	  micellar	  solu;ons	  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	  prinOng:	  BenneB,	  Hart,	  et	  al.,	  Langmuir	  22:8273-‐8276,	  2006.	  	  

Q:	  What	  is	  the	  cri;cal	  catalyst	  density	  for	  ver;cally	  aligned	  growth?	  

Before	  	  
Growth	  
	  
Par;cle	  
diameter	  
16±2	  nm	  
	  

AYer	  
Growth	  
	  
CNT	  
diameter	  
12±2	  nm,	  
8	  walls	  

200	  nm	   200	  nm	   200	  nm	  

6109	  par;cles/cm2	   2.51010	  par;cles/cm2	   61010	  par;cles/cm2	  

100	  µm	  40	  µm	  20	  µm	  

Top	  view	   Top	  view	   Top	  view	  

Top	  view	   Oblique	  view	   Side	  view	  

but	  only	  ≈5%	  ac;vity!	  
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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	  separaOon	  and	  CNT-‐induced	  
crystallizaOon	  of	  polyethylene	  (PE)	  

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

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

Increasing	  concentra;on	  

Concentra;on	  
too	  high,	  not	  
enough	  ;me	  
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.	  
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Triblock	  morphologies	  

	  
Bates	  and	  Fredrickson,	  Physics	  Today	  February	  1999,	  p.	  32-‐38.	  
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	  From	  synthesis	  to	  assembly	  	  

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

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

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

The	  goal	  is	  to	  maintain	  order	  as	  we	  scale	  up!	  
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InteracOons	  
balance	  to	  give	  
an	  equilibrium	  

separaOon	  

Self-‐assembly	  	  
MoOon	  and	  
reversibility	  

=	  error-‐correcOon	  
=	  order 	  	  

Irreversible	  
process	  is	  	  

not	  self-‐assembly	  

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

	  Reversibility	  is	  key	  to	  self-‐assembly	  
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Monolayer:	  defini;on	  
	  A	  single	  (2D)	  layer	  of	  molecules	  on	  a	  surface	  

hBp://goldbook.iupac.org/M04015.html	  

	  	  *let’s	  define	  a	  2D	  layer	  as	  having	  <	  10	  nm	  thickness;	  typically	  a	  
monolayer	  is	  0.5-‐5	  nm	  thick	  
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Today’s	  agenda	  
§  FormaOon	  of	  self-‐assembled	  monolayers	  (SAMs)	  
§ DeposiOon	  of	  SAMs	  by	  Langmuir-‐BlodgeB	  methods	  
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Today’s	  readings	  
Nominal:	  (ctools)	  
§ Asemblon	  Inc.,	  “General	  introducOon	  to	  self-‐assembled	  
monolayers”	  

§ Cote	  et	  al.,	  “Langmuir-‐BlodgeB	  assembly	  of	  graphene	  oxide	  single	  
layers”	  

Extras:	  (ctools)	  
§ Ulman,	  “FormaOon	  and	  structure	  of	  self-‐assembled	  monolayers”	  
§ BlodgeB	  (1935),	  “Films	  built	  by	  deposiOng	  successive	  
monomolecular	  layers	  on	  a	  solid	  surface”	  
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Self-‐assembled	  monolayer	  
A	  monolayer	  formed	  by	  (chemi)sorpOon	  on	  a	  surface	  
submerged	  in	  a	  liquid	  

	  vs.	  physically-‐deposited	  films,	  SAMs	  are	  highly	  ordered	  and	  can	  
incorporate	  direct	  molecule	  design.	  	  We	  can	  control	  effecOve	  surface	  
properOes	  by	  choosing	  the	  head	  group.	  
Ulman,	  Chem.	  Rev.	  96:1533,	  1996.	  
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Chemisorbed	  vs.	  physisorbed	  
Chemisorp;on	  
§ Molecule	  forms	  a	  chemical	  bond	  to	  surface	  
§ High	  acOvaOon	  energy	  (strong)	  
§  Low	  reversibility:	  etching	  or	  high	  temperature	  needed,e.g.,	  
catalysis	  

	  
Physisorp;on	  
§ Molecule	  aBaches	  to	  substrate	  by	  VDW	  forces	  
§  Low	  acOvaOon	  energy	  
§ High	  reversibility:	  room	  temperature	  
à	  A	  dynamic	  process	  in	  kine?c	  equilibrium	  
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Molecule	  design	  

Hydrophobic	  

Hydrophilic	  

Alkanethiol	  on	  Au	  	  Amphiphile	  

Head	  =	  for	  funcOonality	  
Body	  =	  for	  rigidity,	  length	  

Tail	  =	  match	  to	  surface	  

hBp://www.asemblon.com	  
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Configura;on:	  balance	  between	  surface	  
bonding	  and	  chain-‐chain	  interac;ons	  

	  (faBy	  acid	  molecules)	  

Ulman,	  Chem.	  Rev.	  96:1533,	  1996.	  
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	  Siloxanes	  react	  with	  OH-‐terminaOons	  on	  metal	  and	  
semiconductor	  surfaces	  (e.g.,	  Si,	  SiO2,	  ZnSe,	  mica,	  Au)	  	  

	  

Pro:	  strong	  bonds	  
Con:	  low	  reversibility	  =	  poor	  long-‐range	  order	  

	  
Ulman,	  Chem.	  Rev.	  96:1533,	  1996.	  
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Kine;cs	  of	  SAM	  forma;on	  

“Annealing”	  
	  

1	  Mobile	  phase	  
	  

2	  Lying-‐down	  
	  

3	  Standing/lying	  
mixture	  
	  

4	  Complete	  
monolayer	  
	  

hBp://www.asemblon.com	  
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Langmuir	  isotherm	  
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Increasing	  ka/kd	  
à	  decreasing	  T	  
à	  decreasing	  binding	  energy	  
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Monolayer	  adsorp;on	  

	  For	  a	  sOcking	  coefficient	  of	  1,	  STP	  
	  (perfect	  adsorpOon	  and	  no	  desorpOon)	  

à	  e.g.,	  thin	  (naOve)	  oxide	  layers	  form	  immediately	  (see	  next	  slide)	  
à	  very	  difficult	  to	  keep	  clean	  metal	  surfaces	  in	  air	  

Pt /103 4−×=
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Commensurate	  monolayers,	  e.g.,	  
alkanethiols	  on	  Au	  

	  matching	  lalce	  constants	  

hBp://www.asemblon.com	  	  
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Mul;layer	  SAMs	  

Ulman,	  Chem.	  Rev.	  96:1533,	  1996.	  
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What	  determines	  the	  uniformity	  and	  order	  
of	  a	  SAM?	  

hBp://www.asemblon.com	  	  

Mixed	  monolayers	  	  
(vs.	  domain	  separaOon)	  

§ Cleanliness	  and	  purity	  of	  the	  original	  surface	  
§ Purity	  of	  the	  molecule	  and	  assembly	  soluOon	  
§  Length	  and	  composiOon	  of	  the	  spacer	  chain	  
§ Type	  of	  head	  group	  (size	  and	  properOes),	  and	  the	  strength	  of	  
its	  interacOon	  with	  surface	  (reversibility)	  

§ Amount	  of	  Ome	  the	  monolayer	  is	  allowed	  to	  assemble	  (e.g.,	  
“anneal”)	  
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Characterizing	  monolayers	  

Method	   Informa;on	  

Contact	  angle	  measurement	   Surface	  energy	  

Ellipsometry	   Thickness	  

STM	  (scanning	  tunneling	  microscopy)	  and	  
AFM	  (atomic	  force	  microscopy)	  

Imaging	  of	  monolayer	  texture,	  domain	  
segregaOon,	  mechanical	  property	  and	  
surface	  energy	  measurements	  

XPS	  (electron	  spectroscopy)	   Chemical	  composiOon	  of	  surface;	  bonding	  
configuraOon	  (hybridizaOon)	  

FTIR	  (infrared	  spectroscopy)	   Presence	  and	  order	  (orientaOon)	  of	  
funcOonal	  groups	  

SPR	  (surface	  plasmon	  resonance)	   Direct	  monitoring	  of	  adsorpOon	  (kineOcs)	  

Electron/X-‐ray	  diffracOon	   Geometric	  structure	  (packing,	  orientaOon)	  
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STM	  images	  show	  domain	  separa;on	  in	  a	  
mixed	  monolayers	  

from	  F.	  Stellacci	  
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Imaging	  SAMs	  on	  nanopar;cles	  
§ Using	  graphene	  as	  the	  TEM	  support	  

Citrate	  only	  (subtract	  Au	  
and	  graphene)	  

Lee	  et	  al.,	  Nano	  LeBers	  9(9):3365-‐3369,	  2009.	  
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Self-‐stra;fied	  SAMs	  on	  Au	  nanopar;cles	  

OT = octanethiol, CH3-(CH2)7-SH; and  
MPA = mercaptopropionic acid, HOOC-(CH2)2-SH, 

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

	  Increasing	  chain	  length	  difference	  

	  Increasing	  parOcle	  diameter	  

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

§  Smaller	  parOcle	  =	  more	  room	  due	  to	  
curvature	  

Singh	  et	  al.,	  Phys.	  Rev	  LeB.	  99:226106,	  2007.	  
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	  Interfacial	  toughening	  using	  a	  monolayer	  

Gandhi	  et	  al.,	  Nature	  447:299	  2007.	  

Quick	  calcula;on	  based	  on	  bond	  breakage	  
confirms	  measured	  result	  

Interconnect	  structure	  
tested	  in	  4-‐point	  bending	  
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XPS	  reveals	  Cu-‐S	  
s;ll	  bonded	  post-‐

fracture	  

Annealing	  creates	  Si-‐O	  
bonds	  (strong)	  

Cu	  layer	  prevents	  
detachment	  

Gandhi	  et	  al.,	  Nature	  447:299	  2007.	  
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Langmuir-‐Blodgen	  method	  
Organize	  a	  monolayer	  on	  a	  liquid	  surface	  and	  draw	  a	  
substrate	  verOcally	  through	  the	  interface	  

Hiemenz	  and	  Rajagopalan.	  

	  Developed	  at	  GE	  research	  laboratories,	  c.1915-‐1935	  
	  Irving	  Langmuir,	  Katharine	  BlodgeB	  
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Architectures	  of	  LB	  films	  
(for	  water	  surfaces)	  

Hydrophobic	  substrate	  
immerse-‐immerse	  

withdraw-‐withdraw	  

Hydrophilic	  substrate	  
withdraw-‐immerse	  
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Langmuir-‐Blodgen	  trough	  –	  controlled	  
deposi;on	  

Electrobalance	  senses	  surface	  pressure	  (tension)	  by	  moving	  
barrier	  as	  deposiOon	  substrate	  is	  drawn	  through	  the	  surface	  

Hiemenz	  and	  Rajagopalan.	  

(e.g.,	  teflon)	  

(Wilhelmy	  plate)	  
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The	  pioneer:	  Agnes	  Pockels	  (1891)	  

Pockels,	  Nature	  43:437,	  1891.	  
hBp://www.aps.org/programs/women/workshops/upload/helm.pdf	  	  

§  “Rectangular	  On	  trough,	  70	  cm	  long,	  5	  cm	  wide	  and	  2	  cm	  high	  
filled	  with	  water	  to	  the	  brim	  and	  a	  strip	  of	  On	  about	  1.5	  cm	  wide	  
laid	  across	  it	  perpendicular	  to	  its	  length,	  so	  that	  the	  underside	  of	  
the	  strip	  is	  in	  contact	  with	  the	  water.”	  

§ Vary	  of	  surface	  area	  by	  altering	  the	  strip	  posiOon.	  
§  Surface	  tension	  measured	  with	  an	  apothecary’s	  balance	  à	  weight	  
needed	  to	  lib	  a	  6	  mm	  diameter	  disk	  (i.e.,	  a	  buBon)	  from	  the	  water.	  
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Modern	  lab-‐scale	  LB	  trough	  

Ulman.	  

A	   B	  
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Molecular	  compa;bility	  

(e.g.,	  form	  
micelles)	  

Stearic	  acid	  
Hydrophilic	  end	  submerges	  part	  of	  chain	  

Ulman.	  
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Floa;ng	  monolayer	  as	  a	  “2D	  gas”	  

Ulman.	  

kTA =π
Surface	  tension	  x	  Area	  

collapse	  

Number	  of	  molecules	  per	  unit	  area	  known	  from	  iniOal	  droplet	  
concentraOon	  
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Process	  control	  windows	  

§  Longer	  chain	  (higher	  “viscosity”)	  à	  lower	  maximum	  
deposiOon	  speed	  

Ulman.	  
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LB	  processing	  considera;ons	  
§  Low	  vibraOon	  environment	  
§ No	  atmospheric	  contaminants	  	  
§  clean	  air,	  laminar	  flow	  hood	  

§ Clean	  subphase	  
§  e.g.,	  deionized	  and	  filtered	  water	  

§ Clean	  substrate	  	  
§  e.g.,	  piranha-‐cleaned	  Si,	  which	  then	  grows	  naOve	  SiO2	  

§  most	  oben	  hydrophilic	  for	  deposiOon	  in	  retracOon	  mode	  

§ High-‐purity	  amphiphiles	  and	  solvents	  
§ Wash	  bath	  using	  inorganic	  detergents	  

Ulman.	  
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Con;nuous	  LB	  deposi;on	  

Roberts.	  
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Surface	  prin;ng	  (Schaefer	  method)	  

Suminagashi	  (“floaOng	  ink”)	  
Spread	  carbon	  parOcles	  in	  protein	  

soluOon	  on	  a	  water	  surface	  
hBp://www.suminagashi.com	  	  

Ulman.	  
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LB	  of	  Ag	  nanowires	  (like	  logging)	  

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

Tao	  et	  al.,	  Nano	  LeB.	  3(9):1229,	  2003.	  



©2010	  |	  A.J.	  Hart	  |	  57	  Tao	  et	  al.,	  Nano	  LeB.	  3(9):1229,	  2003.	  
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LB	  deposi;on	  of	  graphene	  (oxide)	  films	  

Cote	  et	  al.,	  JACS	  131:1043-‐1049,	  2009.	  
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Extras	  
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Pockels,	  Nature	  43:437,	  1891.	  
hBp://www.aps.org/programs/women/workshops/upload/helm.pdf	  	  

“A	  water	  surface	  can	  exist	  in	  two	  states,	  a	  normal	  condi+on	  in	  which	  the	  surface	  
tension	  remains	  constant	  if	  the	  surface	  size	  is	  changed,	  and	  an	  anomalous	  condi+on,	  
where	  varying	  the	  surface	  size	  leads	  to	  a	  change	  in	  surface	  tension.”	  
	  
“The	  cleaner	  the	  surface,	  the	  more	  it	  can	  be	  compressed	  while	  the	  surface	  pressure	  
remains	  at	  its	  maximum	  value.”	  
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Wilhelmy	  plate	  

Roberts.	  


