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  never	
  left.	
  	
  My	
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  me	
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the	
  University	
  of	
  New	
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  yeah	
  I	
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  it’s	
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  what	
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  I	
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lab	
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   chemistry,	
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   stuff	
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books,	
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   fire,	
   and	
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   fires,	
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   fume	
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  it	
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   There	
  remains	
  a	
  demand	
  for	
  inexpensive	
  and	
  reliable	
  explosive	
  sensors	
  to	
  

be	
  used	
   in	
  a	
   field	
  setting	
   for	
   identifying	
  specific	
  explosives.	
  High	
  explosives	
  are	
  

considered	
  to	
  be	
  organic	
  and	
  oxidizing,	
  a	
  relatively	
  rare	
  combination	
  that	
  makes	
  

them	
   tractable	
   for	
   molecular	
   recognition	
   event.	
   	
   	
   For	
   this	
   reason,	
   fluorescent	
  

polymers	
  have	
  had	
   favorable	
  success	
   in	
   their	
  use	
  as	
  sensors	
   for	
  high	
  explosive.	
  	
  

Here	
  we	
  report	
  the	
  use	
  of	
  fluorescent,	
  silicon	
  based	
  copolymers,	
  covalently	
  linked	
  

to	
  a	
   silica	
  TLC	
  support.	
   	
  A	
   thin	
   layer	
  of	
   the	
  polymer	
  allows	
   for	
  a	
  more	
  efficient	
  

interaction	
   with	
   an	
   analyte,	
   thus	
   yielding	
   enhanced	
   detection	
   sensitivity.	
   The	
  

attachment	
  of	
   the	
  sensing	
  polymers	
  onto	
  a	
  chromatographic	
  support	
  allows	
   for	
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the	
   separation	
   of	
   a	
  mixture,	
   as	
  well	
   as	
   the	
   identification	
   of	
  multiple	
   explosives	
  

through	
  the	
  use	
  of	
  multiple	
  sensing	
  polymers.	
  

Hollow	
  hard	
  shell	
  particles	
  of	
  200	
  nm	
  and	
  2	
  micron	
  diameter	
  with	
  a	
  10	
  nm	
  

thick	
  porous	
  silica	
  shell	
  have	
  also	
  been	
  synthesized	
  using	
  polystyrene	
  templates	
  

and	
   a	
   sol–gel	
   process.	
   The	
   template	
   ensures	
   that	
   the	
   hollow	
   particles	
   are	
  

monodisperse,	
   while	
   the	
   charged	
   silica	
   surface	
   ensures	
   that	
   they	
   remain	
  

suspended	
   in	
   solution	
   for	
   weeks.	
   When	
   filled	
   with	
   perfluorocarbon	
   gas,	
   the	
  

particles	
   behave	
   as	
   an	
   efficient	
   contrast	
   agent	
   for	
   color	
   Doppler	
   ultrasound	
  

imaging	
   in	
   human	
   breast	
   tissue.	
   The	
   silica	
   shell	
   provides	
   unique	
   properties	
  

compared	
   to	
   conventional	
   soft	
   shell	
   particles	
   employed	
   as	
   ultrasound	
   contrast	
  

agents:	
  uniform	
  size	
   control,	
   strong	
  adsorption	
   to	
   tissue	
  and	
  cells	
   immobilizing	
  

particles	
  at	
   the	
   tissue	
   injection	
  site,	
  a	
   long	
   imaging	
   lifetime,	
  and	
  a	
  silica	
  surface	
  

that	
  can	
  be	
  easily	
  modified	
  with	
  biotargeting	
  ligands	
  or	
  small	
  molecules	
  to	
  adjust	
  

the	
  surface	
  charge	
  and	
  polarity.	
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Chapter	
  1	
  
	
  
A	
  Brief	
  Introduction	
  on	
  Sensors	
  
	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  



	
  

	
  

2	
  

	
  General	
  Introduction	
  

Improvement	
  of	
  existing	
  sensor	
  platforms	
  along	
  with	
  development	
  of	
  new	
  

chemical	
   sensors	
   are	
   always	
   needed.1	
   	
   	
   As	
   with	
   all	
   physical	
   characterization	
  

techniques,	
   there	
   are	
   compromises	
  which	
  must	
   be	
   taken	
   into	
   account	
   such	
   as,	
  

resolution	
  versus	
   time	
  or	
  portability	
  versus	
   sensitivity:	
   for	
   sensors,	
   this	
   is	
  very	
  

evident.	
   	
  An	
  increase	
  in	
  portability	
  most	
  often	
  leads	
  to	
  a	
  decrease	
  in	
  sensitivity.	
  	
  

This	
   is	
   the	
   constant	
   struggle	
   for	
   sensors,	
   to	
   achieve	
   reliable	
   and	
   low	
   detection	
  

limits	
  while	
  remaining	
  cost	
  effective	
  and	
  portable.	
  	
  There	
  are	
  a	
  variety	
  of	
  types	
  or	
  

classes	
  of	
  chemosensors	
  such	
  as:	
  colorimetric,	
  ampiometric,	
  and	
  fluorometric	
  just	
  

to	
  name	
  few	
  types	
  being	
  utilized	
  today.	
  	
  

Ampiometric	
   sensors	
   have	
   a	
   large	
   reach	
   into	
   our	
   everyday	
   lives;	
   one	
  

example	
   would	
   be	
   the	
   ionizing	
   smoke	
   detector.	
   	
   These	
   work	
   by	
   using	
   their	
  

battery	
  to	
  charge	
  plates	
  in	
  the	
  ionizing	
  chamber,	
  where	
  a	
  small	
  piece	
  of	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  1	
  shows	
  a	
  schematic	
  representation	
  of	
  an	
  ionizing	
  smoke	
  detector	
  



	
  

	
  

3	
  

Americium-­‐241	
   resides.	
   	
   The	
   alpha	
   particles	
   emitted	
   by	
   the	
   americium-­‐241	
  

ionize	
   the	
   air,	
   thus	
   creating	
   a	
   stream	
   of	
   charged	
   particles	
   which	
   complete	
   a	
  

circuit	
   and	
   allows	
   current	
   to	
   flow.2	
   	
   When	
   smoke	
   enters	
   the	
   chamber,	
   it	
  

neutralizes	
   the	
   ionized	
   gas,	
   thus	
   breaking	
   the	
   circuit,	
   and	
   setting	
   off	
   an	
   alarm	
  

(shown	
   in	
   Fig.	
  1).	
   	
   Another	
   form	
  of	
   ampiometric	
   sensors	
   are	
   resistive	
   sensors,	
  

such	
  as	
   the	
  ones	
  developed	
  by	
  Bohrer	
  et	
  al.3	
   	
  Here	
  a	
  device	
  composed	
  of	
  metal	
  

and	
   metal	
   free	
   phthalocyanines	
   interact	
   with	
   gases	
   that	
   coordinate	
   to	
   the	
  

phthalocyanine.	
   	
   An	
   example	
   can	
   be	
   seen	
   below	
   in	
   Fig.	
  2.	
   	
   The	
  most	
   common	
  

commercial	
   example	
   of	
   resistive	
   gas	
   sensors	
   are	
   household	
   carbon	
   monoxide	
  

sensors,	
  which	
  employ	
  a	
  semiconducting	
  metal	
  oxide	
  film.	
  

	
  

	
  

	
  
	
  
Figure	
   2	
   shows	
   an	
   example	
   of	
   a	
   finished	
   device	
   and	
   a	
   schematic	
   of	
   a	
   ligand	
  
coordinating	
  to	
  the	
  phthalocyanine.3d	
  
	
  

The	
  majority	
   of	
   colorimetric	
   sensors	
   function	
   by	
   undergoing	
   a	
   chemical	
  

reaction	
   in	
   order	
   to	
   produce	
   a	
   distinguishable	
   color	
   change.	
   	
   At	
   times,	
   this	
  

process	
   can	
   be	
   slow	
   depending	
   on	
   the	
   reaction	
   kinetics,	
   and	
  may	
   not	
   produce	
  

trace	
   level	
   detection	
   limits.4	
   	
   When	
   optimized,	
   these	
   sensor	
   platforms	
   can	
   be	
  

reliable,	
  portable,	
   require	
  minimal	
   training,	
   and	
  are	
   cost	
   effective	
  enough	
   to	
  be	
  



	
  

	
  

4	
  

used	
   in	
   disposable	
   detection	
   systems.	
   	
   Some	
   examples	
   of	
   optimized	
   systems	
  

would	
  include	
  field	
  detection	
  kits	
  for	
  cocaine,	
  gunshot	
  residue,	
  or	
  explosives.	
   	
  A	
  

number	
   of	
   colorimetric	
   field	
   detection	
   kits	
   are	
   commercially	
   available.	
   	
   For	
  

example,	
  the	
  field	
  detection	
  kit	
  for	
  cocaine	
  uses	
  a	
  solution	
  of	
  cobalt	
  thiocyanate	
  in	
  

water	
   and	
   glycerine,	
   which	
   upon	
   reaction	
   with	
   the	
   cocaine	
   turns	
   an	
   easily	
  

distinguishable,	
   blue	
   colored	
   precipitate,	
   which	
   is	
   the	
   result	
   of	
   the	
   amine	
   of	
  

cocaine	
  displacing	
  the	
  thiocyanate	
  ligands.	
  	
  For	
  conformation,	
  a	
  few	
  drops	
  of	
  acid	
  

are	
   added	
   which	
   reforms	
   the	
   pink,	
   cobalt	
   thiocyanate.	
   	
   Last,	
   chloroform	
   is	
  

forming	
  a	
  blue	
  organic	
  layer	
  of	
  the	
  cocaine	
  base	
  (shown	
  in	
  Fig.	
  3).5	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  3	
   shows	
   (left)	
   cobalt	
   (II)	
   thiocyanate	
   and	
  an	
  example	
  of	
   the	
  Co	
   solution	
  
described	
  being	
  used	
  to	
  test	
  cocaine.	
  
	
  

	
  	
   Another	
  example	
  would	
  be	
  the	
  E.L.I.T.E.	
  explosives	
  detection	
  kit.	
  	
  This	
  kit	
  

functions	
  by	
  treating	
  the	
  nitrate	
  analyte	
  with	
  tetrabutylammonium	
  hydroxide	
  in	
  

ethanol,	
  reagent	
  A,	
  forming	
  a	
  colored	
  Meisenheimer	
  complex.	
  	
  This	
  reagent	
  works	
  

best	
   for	
   the	
   detection	
   of	
   nitroaromatic	
   compounds,	
   such	
   as:	
   trinitrotoluene	
  

(TNT),	
  tetryl,	
  or	
  trinitrobenzene	
  (shown	
  in	
  Fig.	
  4).	
  4a,	
  6	
  	
  	
  In	
  addition	
  to	
  the	
  reagent	
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Figure	
  4	
  shows	
  the	
  E.L.I.T.E.	
  field	
  explosives	
  test	
  kit	
  pre	
  (left)	
  and	
  post	
  (right).	
  	
  In	
  
this	
   case,	
   pink	
   color	
   would	
   indicate	
   a	
   positive	
   test	
   for	
   the	
   presence	
   of	
   nitro	
  
groups.	
  	
  	
  
	
  
A,	
   the	
  kit	
  also	
   includes	
   two	
  other	
  reagents,	
  one	
  being	
  diphenylamine	
   in	
  sulfuric	
  

acid	
   (H2SO4)	
   allows	
   for	
   the	
   detection	
   of	
   nitroamines,	
   nitro-­‐esters,	
   or	
  

triacetonetriperoxide	
   (TATP).	
   	
   Another	
   reagent	
   included	
   is	
   Nessler’s	
   reagent,	
  

which	
   consists	
   of	
   aqueous	
   mercury	
   iodide,	
   and	
   potassium	
   hydroxide	
   iodide,	
  

which	
   is	
  specific	
   for	
  ammonium	
  nitrate	
  (AN).	
   	
  This	
  colorimetric	
  system	
  reliably	
  

detects	
  a	
  variety	
  of	
  explosives	
  at	
  a	
  nanogram	
  level.	
  	
  Fig.	
  5	
  shows	
  the	
  reaction	
  that	
  

must	
  take	
  place	
  to	
  form	
  a	
  Meisenheimer	
  complex,	
  all	
  of	
  which	
  is	
  in	
  the	
  E.L.I.T.E.	
  

field	
  kit.	
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Figure	
  5	
   shows	
   the	
   chemical	
   reaction	
  needed	
   to	
   form	
  a	
  Meisenheimer	
   complex	
  

(A)	
  and	
  also	
  produce	
  a	
  positive	
   result	
   (B)	
  with	
  NO2−	
   liberated	
  by	
  base	
   reacting	
  

with	
  nitrate	
  explosives,	
  such	
  as	
  RDX	
  and	
  PETN,	
  using	
  the	
  E.L.I.T.E	
  field	
  test.	
  6b,	
  c	
  

	
  

Colorimetric	
  sensor	
  platforms	
  have	
  been	
  shown	
  to	
  be	
  reliable,	
  robust	
  field	
  

sensors,	
   but	
   they	
   can,	
   at	
   times,	
   lack	
   sensitivity	
   for	
   lower,	
   trace	
   level	
   detection.	
  	
  

For	
   these	
   instances,	
   it	
   has	
   been	
   shown	
   that	
   fluorometric	
   based	
   sensors	
   can	
  

achieve	
  the	
  necessary	
  sensitivity.	
  	
  Fluorometric	
  sensors	
  can	
  be	
  generally	
  broken	
  

into	
   two	
   groups:	
   fluorescent	
   vapor	
   sensor	
   and	
   fluorescent	
   particulate	
   sensors.	
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This	
   improved	
  detection	
  occurs	
  because	
   the	
   fluorometric	
   sensor	
   (“turn	
  off”)	
  do	
  

not	
   depend	
   upon	
   reaction	
   kinetics,	
   but	
   rather	
   on	
   electron	
   transfer	
  which	
   is	
   on	
  

average	
  an	
  order	
  of	
  magnitude	
  faster.	
  	
  It	
  should	
  be	
  noted	
  that	
  the	
  majority	
  of	
  

	
  	
  

	
  

Figure	
   6	
   is	
   the	
   modified	
   Jablonski	
   diagram	
   to	
   illustrate	
   the	
   fluorescence	
   and	
  
quenching	
  process.7	
  
	
  

	
  fluorescent	
   “turn-­‐on”	
   sensors	
   require	
   a	
   fluorophore	
   to	
   be	
   formed	
   either	
   by	
  

chemical	
  or	
  conformational	
  change.8	
   	
  These	
  types	
  of	
  changes	
  occur	
  on	
  a	
  similar	
  

time	
  scale	
  with	
  that	
  of	
  a	
  colorimetric	
  sensor.	
  	
  The	
  “turn-­‐off”	
  process	
  occurs	
  when	
  

a	
   fluorophore,	
   excited	
   by	
   some	
   UV/vis	
   radiation,	
   promotes	
   an	
   electron	
   into	
   a	
  

higher	
  energy	
  state.	
  	
  In	
  the	
  absence	
  of	
  an	
  analyte	
  quencher,	
  upon	
  relaxation	
  back	
  

to	
  the	
  ground	
  state	
  a	
  photon	
  is	
  ejected,	
  resulting	
  in	
  the	
  emission	
  of	
  light.	
   	
  When	
  

an	
   analyte	
   with	
   similar	
   HOMO-­‐LUMO	
   energy	
   levels	
   is	
   present,	
   the	
   relaxing	
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electron	
  can	
  be	
   transferred	
   to	
   the	
  analyte,	
   thus	
  ceasing	
   the	
   flux	
  of	
  photons	
  and	
  

halting	
  emission	
  of	
  the	
  fluorophore.9	
   	
  The	
  process	
  described	
  is	
  illustrated	
  above	
  

in	
   Fig.	
   6,	
   a	
   modified	
   Jablonski	
   diagram.	
   	
   This	
   mechanism	
   holds	
   true	
   for	
   both	
  

vapor	
  sensors	
  and	
  particulate	
  sensors.	
  

	
   Vapor	
  sensors	
  have	
  been	
  shown	
  to	
  be	
  extremely	
  reliable	
  and	
  detect	
  most	
  

target	
  analytes	
  at	
  low	
  levels.	
  	
  Their	
  effectiveness	
  can	
  sometimes	
  be	
  reduced	
  when	
  

attempting	
  to	
  detect	
  analytes	
  with	
  low	
  vapor	
  pressures.	
  	
  This	
  specifically	
  applies	
  

to	
   the	
   detection	
   of	
   high	
   explosives.	
   	
   The	
   low	
   vapor	
   pressure	
   of	
   nitro-­‐based	
  

explosives	
  makes	
   them	
  difficult	
   to	
  detect	
  with	
  gas	
  sensors.	
   	
   	
   In	
   fact,	
   it	
  has	
  been	
  

proposed	
  that	
  sensors	
  which	
  detect	
  TNT	
  are	
  actually	
  detecting	
  DNT,	
  a	
  byproduct	
  

always	
  present	
  in	
  TNT,	
  which	
  has	
  a	
  lower	
  vapor	
  pressure	
  and	
  similar	
  reactivity	
  of	
  

TNT.	
  	
  Fig.	
  7	
  shows	
  a	
  few	
  commonly	
  used	
  high	
  explosives	
  and	
  the	
  amounts	
  that	
  	
  

	
  

	
  

	
  

	
  
	
  
	
  
	
  
Figure	
  7	
  is	
  graphical	
  plot	
  of	
  the	
  vapor	
  pressures	
  and	
  molecular	
  weights	
  of	
  many	
  
common	
  explosives.	
  	
  Courtesy	
  of	
  Dr.	
  John	
  Parmeter,	
  Sandia	
  National	
  Laboratory	
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would	
  be	
  present	
  in	
  the	
  vapor	
  phase	
  at	
  25°C.	
  	
  If	
  we	
  look	
  at	
  TNT,	
  one	
  of	
  the	
  more	
  

ubiquitous	
   explosives	
   used,	
   we	
   see	
   that	
   at	
   room	
   temperature	
   there	
   is	
  

approximately	
  1ppb	
   in	
   the	
  vapor	
  phase.	
   	
  The	
  values	
  drop	
  even	
  more	
   for	
  PETN,	
  

RDX,	
  or	
  HMX	
  whose	
  vapor	
  concentration	
  would	
  be	
   in	
   the	
  parts	
  per	
   trillion	
  and	
  

parts	
  per	
  quadrillion	
  ranges.	
  	
  The	
  situation	
  is	
  further	
  exacerbated	
  by	
  the	
  fact	
  that	
  

most	
  explosives	
  are	
  produced	
  as	
  mixtures	
  such	
  as:	
  Semtex	
  which	
  is	
  a	
  mixture	
  of	
  

PETN	
  and	
  RDX,	
  Pentolite	
  a	
  mixture	
  of	
  TNT	
  and	
  PETN,	
  or	
  H6	
  which	
  is	
  a	
  mixture	
  of	
  

RDX	
  and	
  TNT,	
   just	
   to	
  name	
  a	
   few.	
   	
  There	
  are	
  many	
  explosives,	
  which	
  contain	
  a	
  

single	
  energetic	
   compound	
  such	
  as	
  C-­‐4,	
  but	
   in	
  order	
   to	
   increase	
   the	
   stability	
  of	
  

the	
  munitions	
  used	
  in	
  the	
  field	
  plasticizers,	
  waxes,	
  and	
  oils	
  are	
  all	
  used	
  as	
  fillers	
  

and	
   stabilizers.	
   	
   A	
   summary	
   of	
   some	
   of	
   the	
   common	
   mixtures	
   of	
   production	
  

explosives	
  can	
  be	
  seen	
  on	
  the	
  next	
  page	
  in	
  Table	
  1.	
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Table	
  1	
  is	
  list	
  of	
  the	
  mixtures	
  used	
  to	
  make	
  up	
  some	
  commercially	
  produced	
  high	
  
explosives.10	
  

	
  

	
  	
   While	
  the	
  detection	
  of	
  explosives	
  in	
  the	
  vapor	
  phase	
  can	
  be	
  a	
  difficult	
  task,	
  

it	
  must	
  be	
   said	
   that	
   there	
  are	
   some	
  very	
  good,	
   reliable	
   sensors	
   that	
  operate	
  by	
  

vapor	
   phase	
   detection.	
   	
   The	
   iptycene	
   based	
   polymer	
   sensor	
   developed	
   by	
   the	
  

Swager	
  group	
  is	
  an	
  example	
  of	
  a	
  very	
  sensitive	
  vapor	
  phase	
  sensor.11	
  	
  The	
  system	
  

has	
  been	
   commercialized	
   into	
   the	
  Fido®	
  portable	
   explosive	
   sensor	
   (seen	
   in	
  Fig.	
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8).12	
  	
  The	
  heart	
  of	
  the	
  Fido®	
  is	
  an	
  iptycene	
  polymer,	
  which	
  is	
  a	
  highly	
  conjugated,	
  

extremely	
   bright	
   fluorophore.	
   	
   Its	
   low	
   level	
   detection	
   is	
   a	
   result	
   of	
   amplified	
  

fluorescent	
  quenching	
  using	
  a	
  sensitive	
  waveguide.	
  	
  The	
  main,	
  if	
  any	
  detractor	
  of	
  

this	
   system	
   is	
   the	
   difficulty	
   required	
   in	
   synthesizing	
   the	
   fluorescent	
   polymer.	
  	
  

Because	
  it	
  requires	
  a	
  multi-­‐step	
  synthetic	
  process,	
  the	
  polymer	
  must	
  be	
  used	
  in	
  

conjunction	
  with	
   an	
   electronic	
   system	
   that	
   allows	
   the	
   polymer	
   to	
   be	
   reusable.	
  	
  

Along	
   with	
   the	
   aforementioned	
   associated	
   difficulties	
   that	
   come	
   with	
   the	
  

detection	
   of	
   compounds	
   with	
   low	
   vapor	
   pressures,	
   a	
   closer	
   look	
   at	
   the	
   Fig.	
   7	
  

illustrates	
  the	
  extremely	
  low	
  amounts	
  of	
  explosives	
  present	
  in	
  the	
  vapor	
  phase,	
  

	
  	
  

	
  

	
  

	
  

	
  

	
  

Figure	
   8	
   (left)	
   shows	
   a	
   general	
   representation	
   of	
   iptycene	
   polymers	
   that	
   are	
  
utilized	
  as	
  the	
  primary	
  fluorescent	
  sensors	
  that	
  powers	
  the	
  amplified	
  fluorescent	
  
quenching	
  of	
  the	
  Fido	
  portable	
  explosive	
  sensor	
  (right).11-­‐12	
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at	
   room	
  temperature.	
   	
   If	
  we	
   look	
  at	
  PETN,	
  RDX,	
  or	
  HMX	
  which	
  are	
  some	
  of	
   the	
  

more	
  common	
  high	
  explosives,	
   the	
  amount	
  present	
   in	
   the	
  vapor	
  phase	
  at	
   room	
  

temperature	
  are	
  in	
  the	
  ranges	
  of	
  parts	
  per	
  trillion	
  (ppt)	
  and	
  parts	
  per	
  quadrillion	
  

(ppq).	
   	
  This	
  assumes	
  equilibrium	
  between	
  the	
  vapor	
  phase	
  and	
  the	
  particulates,	
  

but	
   in	
  most	
  practical	
  cases	
  the	
  environmental	
  surfaces	
  present	
  will	
   further	
  trap	
  

vapor	
  when	
   collisions	
   occur.	
   	
   As	
   previously	
   stated,	
   the	
   fact	
   remains	
   that	
  most	
  

explosives	
  are	
  produced	
  as	
  mixtures	
  such	
  as:	
  Semtex	
  which	
  is	
  a	
  mixture	
  of	
  PETN	
  

and	
  RDX,	
  Pentolite	
  a	
  mixture	
  of	
  TNT	
  and	
  PETN,	
  or	
  H6	
  which	
  is	
  a	
  mixture	
  of	
  RDX	
  

and	
  TNT	
  just	
  to	
  name	
  a	
  few.	
  	
  There	
  are	
  many	
  explosives,	
  which	
  contain	
  a	
  single	
  

energetic	
   compound	
   such	
   as	
   C-­‐4,	
   but	
   in	
   order	
   to	
   increase	
   the	
   stability	
   of	
   the	
  

munitions	
  used	
  in	
  the	
  field	
  plasticizers,	
  waxes,	
  and	
  oils	
  are	
  all	
  used	
  as	
  fillers	
  and	
  

stabilizers.	
  10b	
  	
  

This	
   brings	
   us	
   to	
   particulate	
   fluorescent	
   sensors;	
   for	
   the	
  most	
   part,	
   this	
  

has	
  been	
  accomplished	
  through	
  the	
  use	
  of	
  the	
  polysilole	
  homo-­‐	
  and	
  co-­‐polymers.	
  	
  

The	
  silole	
  belongs	
  to	
  a	
  general	
  group	
  called	
  metalloles.	
  	
  A	
  metallole	
  is	
  composed	
  

of	
  a	
  cyclopentadienyl	
  fragment	
  with	
  any	
  element	
  from	
  group	
  14	
  at	
  the	
  1	
  position	
  

(seen	
   in	
   Fig.	
   9).	
   	
   This	
   accounts	
   for	
   siloles,	
   germoles,	
   and	
   stanoles.13	
   	
   The	
  

advantage	
  of	
  using	
  a	
  silole	
  over	
  a	
  cyclopentadiene	
  is	
  that	
  the	
  low	
  lying	
  σ*	
  orbitals	
  

of	
   the	
   silicon	
   atom	
   have	
   a	
   favorable	
   overlap	
  with	
   that	
   of	
   the	
   π*	
   orbital	
   of	
   the	
  

cyclopentadienyl	
  organic	
  framework,	
  as	
  seen	
  in	
  Fig.	
  9.	
  	
  This	
  favorable	
  interaction	
  

produces	
   fluorescence	
   with	
   relatively	
   low	
   energy	
   excitement.	
   	
   It	
   is	
   this	
  

fluorescence	
  that	
  makes	
  the	
  silole	
  group	
  an	
  attractive	
  moiety	
  to	
  use	
  for	
  sensing	
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applications.	
   	
   The	
   method	
   of	
   sensing	
   utilized	
   is	
   fluorescence	
   quenching;	
   the	
  

process	
   described	
   in	
   detail	
   earlier,	
   occurs	
   first	
   by	
   the	
   excitement	
   of	
   the	
  

fluorophore,	
  which	
  promotes	
  an	
  electron	
   into	
   the	
   lowest	
  unoccupied	
  molecular	
  

orbital	
  (LUMO)	
  of	
  the	
  fluorophore.	
  	
  In	
  the	
  presence	
  of	
  a	
  quencher,	
  rather	
  than	
  	
  

	
  

Figure	
  9	
  is	
  a	
  structural	
  representation	
  of	
  a	
  metallole	
  (left)	
  and	
  more	
  specifically	
  a	
  
silole	
  and	
  its	
  ability	
  to	
  interact	
  with	
  organic	
  framework.14	
  
	
  

producing	
  a	
  photon,	
  the	
  electron	
  is	
  transferred	
  to	
  the	
  quencher,	
  thereby	
  “turning-­‐

off”	
  the	
  fluorescence.	
  	
  In	
  order	
  for	
  this	
  process	
  to	
  occur	
  the	
  quencher	
  must	
  have	
  a	
  

high	
  affinity	
  for	
  or	
  be	
  in	
  close	
  proximity	
  to	
  the	
  fluorophore.	
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Figure	
  10	
  shows	
  the	
  sensing	
  transduction	
  mechanism	
  for	
  fluorescence,	
  as	
  well	
  as	
  
for	
  other	
  molecular	
  recognition	
  event	
  sensors.15	
  
	
  

As	
   seen	
   in	
   Fig.	
   10,	
   the	
   mechanism	
   for	
   any	
   detection,	
   whether	
   it	
   is	
   by	
  

fluorescence,	
   colorimetry,	
   or	
   conductance,	
   requires	
   the	
   analyte	
   to	
   have	
   some	
  

interaction	
  with	
  the	
  sensor	
  and	
  as	
  discussed	
  earlier,	
  the	
  detection	
  of	
  the	
  targeted	
  

analytes	
  or	
  explosives	
  can	
  be	
  challenging	
   in	
  the	
  vapor	
  phase.	
   	
  The	
  advantage	
  of	
  

their	
   detection	
   as	
   a	
   particulate	
   or	
   in	
   the	
   solid	
   state	
   is	
   that	
   the	
   affinity	
   for	
   the	
  

sensor	
  can	
  be	
  eliminated.	
  	
  Sohn	
  et	
  al	
  first	
  demonstrated	
  this;	
  a	
  polysilole	
  solution	
  

was	
  made	
  up	
  and	
  the	
  solution	
  was	
  delivered	
  as	
  an	
  aerosol	
  directly	
  to	
  the	
  analyte.	
  

7,	
  13-­‐16	
  	
  Specifically,	
  the	
  polymeric	
  solution	
  was	
  sprayed	
  onto	
  different	
  substrates	
  

with	
  analyte	
  previously	
  deposited	
  in	
  the	
  same	
  site.	
  	
  Once	
  the	
  solvent	
  evaporated,	
  

what	
   was	
   left	
   behind	
   was	
   a	
   thin	
   layer	
   of	
   the	
   polysilole,	
   which	
   was	
   in	
   direct	
  

contact	
   with	
   the	
   analyte.	
   	
   The	
   substrates	
   could	
   then	
   be	
   visualized	
   using	
   an	
  

ultraviolet	
  lamp	
  and	
  an	
  impartial	
  observer	
  could	
  easily	
  distinguish	
  the	
  quenched	
  

area	
  from	
  the	
  region	
  unaffected.	
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Figure	
  11	
  shows	
  examples	
  of	
  fluorescence	
  quenching	
  of	
  a	
  thin	
  film	
  of	
  polymer	
  5	
  
by	
  solid	
  particulates	
  of	
  various	
  explosives.	
  (A)	
  Detection	
  of	
  TNT	
  particulates	
  (a)	
  
64,	
  (b)	
  32,	
  (c)	
  16,	
  and	
  (d)	
  3	
  ng	
  cm-­‐2	
  on	
  filter	
  paper.	
  A	
  toluene	
  blank	
  was	
  spotted	
  
as	
  a	
  control.	
  (B)	
  Detection	
  of	
  tetryl	
  particulates	
  (a)	
  64,	
  (b)	
  32,	
  (c)	
  16,	
  and	
  (d)	
  3	
  ng	
  
cm-­‐2	
   on	
   a	
   porcelain	
   tray.	
   The	
   analyte	
  was	
   randomly	
   place	
   in	
   2	
   of	
   3	
  wells,	
   and	
  
observed	
  quenching	
  was	
  confirmed	
  by	
  an	
  independent	
  observer.	
  (C)	
  Detection	
  of	
  
five	
   successive	
   thumbprints	
   on	
   filter	
   paper	
   contaminated	
   with	
   production-­‐line	
  
PETN	
  particulates.	
   Successive	
  prints	
  were	
  placed	
   in	
   succession	
  without	
   further	
  
handling	
  of	
  the	
  explosive	
  material.10,	
  17	
  
	
  

This	
  improved	
  method	
  has	
  negated	
  the	
  vapor	
  pressure	
  issue	
  and	
  allowed	
  

for	
   the	
   detection	
   of	
   high	
   explosives	
   that	
   were	
   previously	
   not	
   attainable.	
   Some	
  

examples	
  of	
  this	
  method	
  can	
  be	
  seen	
  in	
  Fig.	
  11,	
  where	
  various	
  amount	
  of	
  TNT	
  (A)	
  

were	
  deposited	
  onto	
  filter	
  paper,	
  tetryl	
  (B)	
  was	
  deposited	
  in	
  ceramic	
  wells,	
  and	
  

PETN	
  (C)	
  successive	
  thumbprints	
  were	
  all	
  visible	
  after	
  a	
  polysilole	
  solution	
  was	
  

applied.	
   	
   Newer	
   generations	
   have	
   incorporated	
   diethynylbenzene	
   (DEB),	
   2,7-­‐

diethynylfluorene,	
  and	
  2,7-­‐diethynyl-­‐9,9’-­‐spirobi[fluorene].	
  	
  The	
  addition	
  of	
  these	
  

organic	
  co-­‐monomers	
  has	
  primarily	
  accomplished	
  two	
  things.	
  	
  First,	
  the	
  addition	
  

of	
  a	
  co-­‐monomer	
  has	
  added	
  a	
  vinyl	
  linkage	
  that	
  allows	
  the	
  co-­‐polymer	
  to	
  be	
  less	
  

sterically	
   hindered.	
   	
   Second,	
   their	
   incorporation,	
   along	
   with	
   the	
   use	
   of	
   fused	
  

silacycle,	
   silafluorene	
   has	
   increased	
   the	
   quantum	
  efficiency	
   of	
   the	
   co-­‐polymers.	
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The	
  outcome	
  of	
  the	
  both	
  of	
  these	
  effects	
  has	
  been	
  an	
  improved	
  detection	
  limit	
  for	
  

all	
  of	
  the	
  nitro-­‐based	
  high	
  explosives.18	
  

The	
   latest	
   innovation	
   in	
   this	
   sensor	
   platform	
   is	
   the	
   attachment	
   of	
   these	
  

silole	
   co-­‐polymers	
   onto	
   a	
   chromatographic	
   support,	
   specifically	
   a	
   thin	
   layer	
  

chromatography	
   plate.	
   	
   The	
   incorporation	
   of	
   a	
   chromatographic	
   support	
   has	
  

improved	
   detection	
   limits,	
   due	
   to	
   a	
   thinner	
   layer	
   of	
   sensory	
   material	
   being	
  

applied.	
   	
   This	
   reduces	
   the	
   amount	
   of	
   polymer-­‐polymer	
   self	
   quenching	
   and	
  

improved	
  the	
  efficiency	
  of	
  the	
  interaction	
  between	
  the	
  polymer	
  and	
  the	
  analyte.	
  	
  

Furthermore,	
  the	
  use	
  of	
  a	
  chromatographic	
  support	
  allows	
  for	
  the	
  separation	
  of	
  

explosive	
   mixtures.	
   	
   More	
   information	
   about	
   the	
   polymeric	
   attachment	
   to	
  

chromatographic	
  support	
  is	
  detailed	
  in	
  chapter	
  2.	
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Introduction	
  

There	
  remains	
  a	
  demand	
  for	
  inexpensive	
  and	
  reliable	
  explosive	
  sensors	
  to	
  

be	
  used	
  in	
  a	
  field	
  setting	
  for	
  identifying	
  specific	
  explosives.	
  	
  Explosives	
  detection	
  

in	
  diverse	
  field	
  settings	
  such	
  as	
  military	
  facilities,	
  minefields,	
  remediation	
  sites,	
  as	
  

well	
   as	
  mass	
   transit	
   areas	
   has	
   become	
   a	
   necessity	
   for	
   personal	
   safety	
   in	
  many	
  

parts	
  of	
  the	
  world.	
  

Many	
   chemical	
   sensors	
   are	
   based	
   on	
   small	
   synthetic	
   molecules	
   that	
  

produce	
   a	
   measurable	
   colorimetric	
   signal	
   by	
   reaction	
   or	
   interaction	
   with	
   a	
  

specific	
   analyte.1	
   	
   Chemosensors	
   can	
   offer	
   a	
   cost	
   effective	
   and	
   portable	
   sensor	
  

system	
  for	
  high	
  explosives.	
   	
  For	
  example,	
  modern	
  explosives	
  and	
  munitions	
  are	
  

encased	
   in	
   plastic	
   and	
   can	
   be	
   easily	
  missed	
   by	
  metal	
   detectors.	
   	
   Furthermore,	
  

many	
   explosives	
   are	
   mixed	
   with	
   filler,	
   such	
   as	
   waxes,	
   oils,	
   and	
   platsticizers.2	
  	
  

Trained	
   explosive	
   sniffing	
   dogs	
   are	
   effective,	
   but	
   require	
   extensive,	
   expensive	
  

training	
  and	
  can	
  be	
  difficult	
  to	
  maintain.3	
   	
  Other	
  detection	
  methods,	
  such	
  as	
  gas	
  

chromatography	
   coupled	
   with	
   mass	
   spectrometry,	
   surface-­‐enhanced	
   Raman,	
  

nuclear	
   quadrupole	
   resonance,	
   energy-­‐dispersive	
   X-­‐ray	
   diffraction,	
   neutron	
  

activation	
   analysis,	
   and	
   electron	
   capture	
   detection	
   are	
   highly	
   selective,	
   but	
   are	
  

expensive	
  and	
  require	
  trained	
  operators	
  and	
  maintenance	
  staff.4	
  	
  They	
  also	
  must	
  

be	
  ruggedized	
  for	
  use	
  in	
  a	
  field	
  setting.	
  	
  	
  

Commercially	
   available	
   chemical	
   sensors	
   function	
  very	
  well	
   under	
  many	
  

circumstances;	
  however,	
  all	
  have	
  limitations	
  in	
  scope.	
  	
  For	
  instance,	
  the	
  detection	
  

of	
  TNT	
  (2,4,6-­‐trinitrotoluene)	
  and	
  picric	
  acid	
  in	
  groundwater	
  or	
  seawater	
  can	
  be	
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critical	
   for	
   the	
   detection	
   of	
   unearthed,	
   undetonated	
   ordnances	
   or	
   in	
   locating	
  

underwater	
  mines.	
   	
  This	
  poses	
  problems	
  since	
  the	
  majority	
  of	
  chemical	
  sensing	
  

detection	
  methods	
  are	
  optimized	
  for	
  air	
  samples	
  and	
  struggle	
  with	
   interference	
  

problems	
   in	
   complex	
   aqueous	
   media.	
   	
   Conventional	
   fluorometric	
   chemical	
  

sensors,	
   such	
   as	
   highly	
   π-­‐conjugated,	
   porous	
   organic	
   polymers,	
   can	
   be	
   used	
   to	
  

detect	
   vapors	
  of	
   electron	
  deficient	
   chemicals	
  with	
  high	
   sensitivity,	
   but	
   the	
  high	
  

sensitivity	
   leads	
   to	
   a	
   limited	
   lifetime.5	
   Vapor	
   detection	
   is	
   problematic	
   for	
  

explosives	
   detection	
   using	
   ambient	
   air,	
   since	
   many	
   explosives	
   have	
   very	
   low	
  

vapor	
  pressures	
  (TNT	
  10-­‐6	
  torr,	
  RDX	
  10-­‐9	
  torr,	
  HMX	
  10-­‐11	
  torr,	
  etc.)	
  and	
  most	
  are	
  

compounded	
   with	
   waxes,	
   fillers,	
   and	
   plasticizers.	
   	
   All	
   these	
   aspects	
   make	
   the	
  

reliable	
   detection	
   of	
   explosives	
   in	
   the	
   field	
   difficult	
   and	
   thus,	
   the	
   need	
   for	
  

alternative	
  detection	
  methods	
  is	
  needed.	
  

Organic	
  and	
   silicon	
  metallole	
  hybrid	
  polymers	
  have	
   shown	
   the	
  ability	
   to	
  

detect	
  a	
  broad	
  range	
  of	
  explosives	
  by	
  way	
  of	
  fluorescent	
  quenching.6	
   	
  Most	
  high	
  

explosives	
  are	
  organic	
  nitrates,	
  nitroamines,	
  and	
  nitro-­‐based	
  compounds.7	
  	
  These	
  

explosives	
  may	
  be	
  sensed	
  using	
  a	
  molecular	
  recognition-­‐binding	
  event	
  involving	
  

hydrophobic	
   interactions,	
   followed	
   by	
   electron	
   transfer	
   quenching	
   of	
   a	
  

fluorophore.8	
   	
   The	
   Lewis	
   acidity	
   of	
   the	
   Si	
   atom	
   also	
   permits	
   coordination	
   of	
  

oxygen	
   lone	
   pairs	
   from	
   the	
   analyte,	
   providing	
   an	
   efficient	
   electron	
   transfer	
  

pathway	
  between	
  fluorophore	
  and	
  analyte.	
  8a,	
  9	
  	
  For	
  this	
  reason,	
  fluorescent	
  silole	
  

hybrid	
   polymers	
   have	
   potential	
   as	
   high	
   explosive	
   sensors.	
   	
  Here	
  we	
   report	
   the	
  

use	
   of	
   fluorescent,	
   silicon-­‐based	
   copolymers,	
   covalently	
   linked	
   to	
   a	
   silica	
   thin	
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layer	
   chromatographic	
   plate	
   (TLC)	
   support.	
   	
   A	
   thin	
   layer	
   of	
   the	
   fluorescent	
  

polymer	
   covalently	
   bonded	
   to	
   the	
   silica	
   surface	
   allows	
   for	
   a	
   more	
   efficient	
  

interaction	
  with	
   an	
   analyte,	
   thus	
   yielding	
   enhanced	
   detection	
   sensitivity.	
   	
   Thin	
  

surface	
  coatings	
  permit	
  more	
  complete	
  quenching	
  of	
  the	
  fluorophore	
  with	
  small	
  

amounts	
  of	
  explosive	
  analyte.10	
  	
  Another	
  benefit	
  of	
  the	
  chromatographic	
  support	
  

is	
  the	
  ability	
  to	
  separate	
  a	
  mixture	
  and	
  allow	
  identification	
  of	
  multiple	
  explosives	
  

through	
  the	
  use	
  of	
  multiple	
  sensing	
  polymers.	
   	
  Previously,	
  we	
  have	
  used	
  this	
  of	
  

class	
   polymers	
   to	
   detect	
   explosive	
   particulates	
   at	
   nanogram	
   levels	
   by	
   spraying	
  

polymer	
  solutions	
  with	
  the	
  use	
  of	
  an	
  air-­‐brush.8a,	
  9,	
  11	
  	
  The	
  present	
  work	
  explores	
  

using	
   near	
   monolayer	
   amounts	
   of	
   polymer	
   covalently	
   attached	
   to	
   the	
   porous	
  

surface	
   of	
   the	
   silica	
   gel,	
   which	
   should	
   minimize	
   self-­‐quenching	
   from	
   polymer-­‐

polymer	
   interactions,	
   thereby	
   allowing	
   for	
   better	
   analyte	
   interaction,	
   which	
   in	
  

turn	
  should	
  lead	
  to	
  lower	
  detection	
  limits.	
   	
  Furthermore,	
  since	
  the	
  silica	
  gel	
   is	
  a	
  

chromatographic	
   support,	
   mixtures	
   of	
   explosives	
   can	
   be	
   separated	
   into	
   their	
  

individual	
   components.	
   	
   The	
   polysilole	
   copolymer	
   can	
   be	
   made	
   in	
   fewer	
   than	
  

seven	
  steps	
  and	
  can	
  be	
  easily	
  produced.	
  	
  The	
  result	
  is	
  a	
  sensor	
  platform	
  that	
  can	
  

be	
   considered	
   disposable	
   and	
   since	
   the	
   sensor	
   needs	
   very	
   little	
   equipment,	
   it	
  

lends	
  itself	
  to	
  being	
  useful	
  as	
  a	
  portable	
  field	
  sensor.	
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Results	
  and	
  Discussion	
  

The	
  polymers	
  are	
  prepared	
  according	
  to	
  modified	
  literature	
  procedures,6a,	
  

b,	
  12	
  but	
  rather	
  than	
  capping	
  the	
  end	
  with	
  dimethylphenylsilane,	
  the	
  polymers	
  are	
  

capped	
  by	
  hydrosilation	
  with	
   trimethoxysilane.	
   	
  This	
  allows	
   the	
  polymers	
   to	
  be	
  

covalently	
   attached	
   to	
   a	
   silica	
   surface.	
   	
   The	
   polymers	
   are	
   characterized	
   as	
   the	
  

dimethylphenylsilane	
   capped	
   polymer,	
   since	
   the	
   reactive	
   trimethoxysilane	
   cap	
  

could	
  easily	
  react	
  with	
  glass	
  in	
  an	
  NMR	
  tube	
  or	
  silica	
  in	
  a	
  GPC	
  column.	
  

	
  

Scheme	
   1	
   	
   A	
   general	
   scheme	
   for	
   dihydrosilole	
   and	
   dihydrosilafluroene	
  
polymerization.	
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The	
   solution	
   and	
   solid-­‐state	
   luminescence	
   of	
   the	
  

polysilafluorenyldiethynylspirobifluorenyl	
   and	
  

polysilafluorenyldiethynylfluorenyl	
   copolymers	
   (PSFS	
   &PSFF)	
   are	
   unchanged	
  

from	
   the	
   previous	
   reported	
   values.	
   11b	
   	
   The	
   polysilolediethynylspirobifluorenyl	
  

(PSS)	
  polymer	
  is	
  a	
  new	
  polymer.	
  	
  It	
  emits	
  at	
  470nm	
  in	
  solution	
  and	
  485nm	
  in	
  the	
  

solid	
  state	
  (Fig.	
  1).	
  	
  	
  

	
  

	
  

	
  

Figure	
  1	
  shows	
  solid-­‐state	
  photoluminescence	
  spectra	
  of	
  polymers.	
  Spectra	
  were	
  
taken	
  of	
  drop	
  cast	
  films	
  on	
  quartz	
  slides.	
  

	
  

The	
  molecular	
  weight	
  (MW)	
  by	
  gel	
  permeation	
  chromatography	
  (GPC)	
   is	
  

26kDa,	
   with	
   a	
   polydispersity	
   index	
   (PDI)	
   of	
   1.3.	
   	
   It	
   exhibits	
   an	
   aggregation	
  

enhanced	
  emission	
  as	
  expected	
  for	
  compounds	
  that	
  contain	
  the	
  tetraphenylsilole	
  

moiety.13	
   	
   This	
   is	
   attributed	
   to	
   freezing	
   out	
   rotation	
   of	
   the	
   phenyl	
   rings	
   in	
   the	
  

solid	
   state,	
   since	
   this	
   motion	
   is	
   postulated	
   to	
   result	
   in	
   the	
   greatly	
   decreased	
  

photoluminescence	
  observed	
  in	
  fluid	
  solutions.	
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   For	
   this	
   reason,	
   the	
   solution	
   quantum	
   yield	
   of	
   12%	
   observed	
   for	
   PSS	
   is	
  

deceptive.	
   	
   Although	
   there	
   is	
   no	
   simple	
   way	
   to	
   quantify	
   the	
   solid-­‐state	
   (SS)	
  

emission,	
   it	
   is	
   significantly	
   brighter	
   than	
   the	
   solution	
   emission	
  would	
   indicate.	
  	
  

For	
   this	
   reason,	
   these	
   silole	
   polymers	
   are	
   excellent	
   candidates	
   for	
   solid-­‐state	
  

polymeric	
  chemosensors.	
   	
  The	
  polymers	
  shown	
  below	
  in	
  Fig.	
  2	
  were	
  all	
  used	
  in	
  

their	
  solid-­‐state	
  form	
  in	
  order	
  to	
  take	
  advantage	
  of	
  the	
  enhanced	
  aggregation-­‐	
  

	
  

Figure	
   2	
   shows	
   structural	
   representation	
   of	
   the	
   polymers	
   used	
   and	
   the	
  
corresponding	
  end	
  caps	
  used.	
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induced	
  emission.	
  

	
   Both	
  PSFS	
  and	
  PSS	
  were	
  covalently	
  linked	
  onto	
  non-­‐fluorescent	
  silica	
  TLC	
  

plates;	
   this	
  was	
   done	
  by	
   first	
   capping	
   the	
   silole	
   polymer	
  with	
   trimethoxysilane	
  

and	
  then	
  using	
  the	
  condensation	
  reaction	
  of	
  the	
  surface	
  hydroxides	
  of	
  the	
  silica	
  to	
  

the	
  trimethoxysilane	
  cap	
  of	
  the	
  polymer	
  (Fig.	
  3).	
  	
  The	
  use	
  of	
  a	
  silica	
  TLC	
  plate	
  as	
  a	
  

support	
  affords	
  the	
  sensor	
  the	
  ability	
  to	
  not	
  only	
  detect	
  explosives	
  at	
  a	
  low	
  level,	
  

but	
  to	
  also	
  be	
  able	
  to	
  separate	
  mixtures.	
   	
  Nitroaromatic	
  compounds	
  were	
  easily	
  

separated	
   into	
   individual	
   components	
  on	
   the	
   treated	
  TLC	
  plates	
  using	
   common	
  

organic	
  solvent	
  mixtures.	
  

	
  

Figure	
  3	
  shows	
  a	
  schematic	
  of	
  the	
  two	
  general	
  types	
  of	
  polymers	
  that	
  were	
  used	
  
to	
  functionalize	
  TLC	
  plates.	
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Surface	
  attachment	
  was	
  done	
  by	
  taking	
  a	
  solution	
  of	
  the	
  trimethoxysilane	
  

capped	
  polymers	
  (98%THF:	
  1%	
  methanol:	
  1%	
  toluene)	
  and	
  fully	
  submerging	
  the	
  

TLC	
   plate	
   into	
   the	
   solution.	
   	
   This	
   was	
   followed	
   by	
   washing	
   the	
   unreacted	
   or	
  

unattached	
   polymers	
   by	
   submerging	
   the	
   TLC	
   plate	
   into	
   a	
   solution	
   of	
   50:50	
  

THF/methanol.	
  	
  The	
  process	
  was	
  repeated	
  three	
  times,	
  the	
  TLC	
  plates	
  were	
  then	
  

stored	
  in	
  a	
  dessiccator	
  or	
  an	
  amber	
  bottle	
  until	
  their	
  use.	
  	
  The	
  surface	
  coating	
  is	
  

uniform	
  and	
  yields	
  an	
  even,	
  bright	
  surface	
  (Fig.	
  4).	
  	
  

	
  

	
  

Figure	
  4	
  is	
  (A)	
  PSS	
  coated	
  TLC	
  plate	
  and	
  (B)	
  PSFS	
  coated	
  TLC	
  plate	
  (the	
  dark	
  edge	
  
region	
  is	
  due	
  to	
  handling	
  with	
  a	
  forceps).	
  	
  

 

Due	
  to	
  the	
  manner	
  in	
  which	
  the	
  polymers	
  are	
  attached	
  to	
  the	
  support,	
  we	
  

hypothesized	
   that	
   a	
   monolayer	
   of	
   polymers	
   was	
   being	
   anchored	
   to	
   the	
   TLC	
  

surface.	
  	
  Initially,	
  a	
  direct	
  measurement	
  of	
  the	
  coated	
  silica	
  was	
  attempted.	
  	
  This	
  

was	
   done	
   by	
   coating	
   ten	
   1.9cm	
   x	
   4.5cm	
  TLC	
   plates,	
   followed	
   by	
   the	
   removal	
   a	
  

1cm	
  x	
  1cm	
  section	
  of	
  the	
  coated	
  silica.	
  	
  The	
  silica	
  was	
  weighed	
  and	
  suspended	
  in	
  

2ml	
  of	
  toluene.	
  	
  UV/vis	
  spectra	
  were	
  taken	
  of	
  all	
  the	
  samples.	
   	
  Due	
  to	
  scattering	
  

and	
  a	
   small	
   increase	
  of	
   solid-­‐state	
  absorbance	
   this	
  method	
  did	
  not	
  provide	
  any	
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reliable	
   data.	
   	
   The	
   method	
   that	
   did	
   yield	
   useful	
   results	
   was	
   accomplished	
   by	
  

coating	
   twenty	
  TLC	
  plates	
   in	
  a	
  0.025mg/ml	
  polymer	
  solution	
   in	
   toluene.	
   	
  Every	
  

four	
   TLC	
   coatings,	
   a	
   1ml	
   aliquot	
   was	
   removed	
   and	
   analyzed	
   by	
   UV/vis	
  

absorbance.	
  	
  The	
  spectra	
  shown	
  in	
  Fig.	
  5	
  shows	
  that	
  there	
  is	
  barely	
  a	
  detectable	
  

difference	
   in	
   the	
   absorbances	
   of	
   the	
   aliquots	
  measured	
   between	
   each	
   group	
   of	
  

coatings.	
  

	
  

Figure	
  5	
  shows	
  a	
  magnified	
  view	
  of	
  the	
  UV/vis	
  spectra	
  taken	
  of	
  the	
  aliquots	
  taken	
  
during	
  the	
  coating	
  process.	
  

	
  

The	
  slight	
  difference	
  between	
  the	
  non-­‐coated	
  TLC	
  solution	
  and	
  the	
  aliquot	
  

of	
   the	
   twentieth	
  TLC	
  group	
  was	
  used	
   to	
  estimate	
  an	
  upper	
   limit	
  on	
   the	
   surface	
  

coating.	
   	
   Using	
   the	
   average	
   difference	
   in	
   absorbance	
   at	
   311	
   and	
   325nm	
   a	
  

concentration	
   for	
   the	
   amount	
   of	
   polymer	
   removed	
   during	
   the	
   coating	
   of	
   the	
  

twenty	
  TLC	
  plates	
  could	
  be	
  calculated.	
   	
  The	
  values	
  are	
  shown	
  in	
  Table	
  1.	
   	
  From	
  



 

 

30 

these	
   calculated	
   values	
   it	
   was	
   remarkable	
   that	
   such	
   small	
   amount	
   of	
   polymer	
  	
  

was	
   sufficient	
   to	
   coat	
   the	
   entire	
   plate	
   and	
   provide	
   significant	
   fluorescence	
  

emission	
  that	
  was	
  seen	
  in	
  the	
  detection	
  studies.	
  

	
  

Table	
  1	
  is	
  a	
  summary	
  of	
  the	
  polymer	
  loading	
  for	
  twenty	
  and	
  a	
  single	
  TLC	
  plate.	
  

	
   Average	
   Concentration	
  
For	
  20	
  TLC	
  plates	
  

Average	
   Concentration	
  
For	
  1	
  TLC	
  plate	
  

Concentration	
   of	
  
Si	
  atoms	
  

	
  

6.71x10
-­‐7
	
  M	
  of	
  Si	
  atoms	
   3.36x10

-­‐8
	
  M	
  of	
  Si	
  atoms	
  

	
  

Moles	
  of	
  Si	
   1.22x10
-­‐8
	
   moles	
   of	
   Si	
  

atoms	
  
6.1x10

-­‐10
	
  moles	
  of	
  Si	
  atoms	
  

	
  

Moles	
  of	
  polymer	
   5.42x10
-­‐10
	
   moles	
   of	
  

polymer	
  
2.71x10

-­‐11
	
   moles	
   of	
  

polymer	
  

Mass	
  of	
  polymer	
   7.05x10
-­‐6
g/20	
  plates	
   3.53x10

-­‐7
g/	
  plate	
  

Number	
   of	
  
polymers	
  

3.26x10
14
molecules/20	
  

plates	
  

	
  

1.63x10
13
molecules/plate	
  

Number	
   of	
  
polymers/area	
  

6.88x10
-­‐6
	
  polymers/nm

2
	
   3.44x10

-­‐7
	
  polymers/nm

2
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   In	
  order	
  to	
  test	
  whether	
  the	
  calculated	
  353ng	
  of	
  polymer	
  would	
  produce	
  

adequate	
   fluorescence	
   emission,	
   a	
   solution	
   of	
   100μl	
   was	
   made	
   up	
   so	
   that	
   a	
  

similar	
  mass	
  of	
  polymer	
  could	
  be	
  delivered	
  onto	
  a	
  TLC	
  plate	
  by	
  multiple	
  spotting.	
  	
  

This	
  solution	
  was	
  then	
  spotted	
  onto	
  a	
  TLC	
  plate	
  in	
  an	
  attempt	
  to	
  coat	
  the	
  entire	
  

plate.	
   	
   The	
   results	
   are	
   shown	
   below	
   in	
   Fig.	
  5,	
   which	
   indeed	
   indicates	
   that	
   the	
  

polymer	
   mass	
   loading	
   calculated	
   from	
   the	
   absorbance	
   change	
   is	
   qualitatively	
  

reasonable	
  since	
  a	
  similar	
  mass	
   loaded	
  onto	
  a	
  TLC	
   is	
  easily	
  visible.	
   	
  The	
  reason	
  

that	
  a	
  TLC	
  was	
  not	
  coated	
  using	
  the	
  same	
  method	
  that	
  was	
  used	
  to	
  generate	
  the	
  

uniformly	
   coated	
   TLCs	
   used	
   in	
   the	
   explosives	
   detections	
   study,	
   was	
   that	
   a	
  

significantly	
  diluted	
  solution	
  (due	
  to	
  slow	
  kinetics	
  of	
  surface	
  coating)	
  needed	
  to	
  

have	
   the	
   appropriate	
   mass	
   did	
   not	
   yield	
   a	
   uniformly	
   coated	
   plate	
   without	
   a	
  

considerable	
   amount	
   of	
   agitation,	
   which	
   caused	
   the	
   removal	
   of	
   silica	
   from	
   the	
  

plate.	
  

	
  

	
  

	
  

	
  

Figure	
  6	
   is	
   350ng	
   of	
   polytetraphenylsilole-­‐diethynylspirobifluoene	
   dissolved	
   in	
  
100μl	
  of	
  solvent,	
  which	
  was	
   then	
  pipetted	
   in	
  numerous	
  5μl	
  aliquots	
  onto	
  a	
  TLC	
  
plate.	
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Figure	
   7	
   are	
   the	
   fluorescent	
   quenching	
   spectra	
   of	
   p-­‐silafluorenyl-­‐
diethynylspirobifluorene	
  with	
  added:	
  	
  RDX,	
  HMX,	
  CL-­‐20,	
  and	
  PETN.	
  

	
  

It	
   was	
   shown	
   by	
   Sanchez	
   et.al8a,	
   9,	
   11	
   that	
   in	
   solution	
   there	
   is	
   weak	
  

coordination	
  to	
  the	
  silicon	
  atom	
  of	
  the	
  metallole	
  fragment	
  with	
  that	
  of	
  the	
  nitro	
  

group	
  on	
  the	
  explosive.	
   	
  Further	
  evidence	
  of	
   this	
  can	
  be	
  seen	
   in	
   the	
   fluorescent	
  

quenching	
  spectra	
  seen	
   in	
  Fig.	
  7.	
  The	
  amount	
  of	
  quenching	
  seen	
   in	
  solution	
   for	
  

the	
   additions	
   of	
   RDX,	
   HMX,	
   CL-­‐20,	
   and	
   PETN	
   to	
   p-­‐silafluoreneyl-­‐

diethnylspirobifluoren	
  was	
  minimal.	
  	
  This	
  is	
  further	
  shown	
  when	
  plotting	
  out	
  the	
  

Stern-­‐Volmer	
  fits	
  for	
  these	
  curves,	
  as	
  seen	
  below	
  in	
  Fig.	
  8.	
  

PETN 

 
CL-20 

 

RDX 

 

HMX 
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Figure	
  8	
  shows	
  the	
  Stern-­‐volmer	
  quenching	
  plots	
  with	
  the	
  explosives:	
  	
  RDX,	
  HMX,	
  
CL-­‐20,	
  and	
  PETN	
  done	
  in	
  cyclohexanone	
  and	
  acetone	
  respectively.	
  

	
  

Using	
  the	
  fluorescence	
  data	
  from	
  Fig.	
  7	
  and	
  the	
  Stern-­‐Volmer	
  equation	
  the	
  

plots	
  in	
  Fig.	
  8	
  were	
  generated.	
  	
  The	
  KSV	
  constants	
  calculated	
  are	
  listed	
  in	
  Table	
  2	
  

along	
  with	
  some	
  KSV	
  constants	
  from	
  the	
  literature9	
  for	
  comparison.	
  	
  Furthermore,	
  

it	
   should	
   be	
   noted	
   that	
   concentrated	
   solutions	
   of	
   these	
   analytes	
   needed	
   to	
   be	
  

made	
   up	
   in	
   order	
   to	
   observe	
   quenching.	
   	
   All	
   the	
   experimentally	
   determined	
  

Stern-­‐Volmer	
  quenching	
  constants	
  are	
  orders	
  of	
  magnitude	
  lower	
  than	
  the	
  values	
  

for	
  TNT,	
  DNT,	
  and	
  PA	
  reported	
  by	
  Sanchez	
  et.al.8a,	
  9,	
  11	
  	
  Explosive	
  testing	
  was	
  done	
  

in	
  two	
  ways:	
  first,	
  for	
  the	
  nitroaromatic	
  compounds,	
  which	
  are	
  mobile	
  on	
  the	
  TLC	
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Table	
  2	
  is	
  a	
  summary	
  of	
  KSV	
  constants	
  from	
  Stern-­‐Volmer	
  plots.	
  

Explosives	
   Ksv(M-­‐1)	
  

RDX	
   11.2	
  

HMX	
   12.1	
  

PETN	
   32.3	
  

CL-­‐20	
   81.6	
  

TNT9	
   10,300	
  

DNT9	
   4,300	
  

Picric	
  Acid9	
   16,400	
  

	
  

	
  substrate	
  (i.e.	
  temporary	
  quenching),	
  can	
  be	
  spotted	
  at	
  the	
  bottom	
  of	
  the	
  plate	
  in	
  

a	
  similar	
  manner	
  as	
  standard	
  thin	
  layer	
  chromatographic	
  separation.	
  

	
  	
  	
   The	
  plate	
  is	
  then	
  developed	
  using	
  common	
  organic	
  solvents;	
  the	
  result	
  is	
  

the	
  separation	
  of	
  the	
  mixture.	
  	
  As	
  seen	
  in	
  Fig.	
  9,	
  a	
  mixture	
  of	
  nitroaromatics	
  can	
  

be	
  separated	
  to	
  reveal	
  the	
  individual	
  components.	
  	
  In	
  Fig.	
  9A	
  &	
  B,	
  DNT	
  a	
  common	
  

by	
  product	
  of	
  the	
  manufacturing	
  of	
  TNT,	
  is	
  separated	
  from	
  TNT	
  along	
  with	
  picric	
  

acid	
  and	
  tetryl	
  using	
  a	
  mixture	
  of	
  dichloromethane:	
  hexanes.	
  	
  In	
  9C	
  the	
  TLC	
  from	
  

9B	
  is	
  shown	
  without	
  UV	
  illumination	
  and	
  in	
  9D	
  the	
  separation	
  of	
  RDX	
  from	
  HMX	
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is	
  performed	
  using	
  a	
  mixture	
  of	
  15:1,	
   toluene	
   to	
   isopropanol.	
   	
  Both	
  compounds	
  

are	
  nitroamine	
  high	
  explosives	
  used	
  in	
  compound	
  explosives.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  9	
  shows	
  in	
  A	
  is	
  a	
  multi-­‐lane	
  separation	
  of	
  DNT	
  (1),	
  TNT	
  (2),	
  picric	
  acid	
  (3),	
  
and	
   tetryl	
   (4)	
   using	
   a	
   7:3	
   mixture	
   of	
   CH2Cl2:	
   hexanes.	
   	
   B	
   shows	
   the	
   same	
  
components	
  as	
  A,	
  but	
  in	
  a	
  single	
  lane.	
  	
  C	
  is	
  a	
  photo	
  of	
  B	
  without	
  UV	
  illumination.	
  
D	
   illustrates	
   separation	
   of	
   RDX	
   and	
   HMX	
   –	
   separation	
   used	
   a	
   15:1	
  mixture	
   of	
  
toluene:	
  isopropanol.	
  

	
  

Due	
   to	
   the	
   mobility	
   of	
   the	
   analyte	
   on	
   the	
   substrate,	
   and	
   the	
   use	
   of	
   a	
  

volatile	
  organic	
  solvent,	
   it	
   is	
  reasonable	
  that	
  analytes	
  in	
  low	
  concentrations	
  will	
  

appear	
  fainter	
  upon	
  development.	
  	
  Other	
  explosives	
  tested,	
  RDX,	
  HMX,	
  and	
  PETN,	
  

do	
  not	
  undergo	
   this	
  process.	
   	
  This	
   is	
  due	
   to	
  permanent	
   fluorescence	
  quenching	
  

that	
  occurs	
  with	
  these	
  explosives	
  rendering	
  them	
  immobile	
  on	
  the	
  TLC	
  substrate.	
  	
  

As	
   seen	
   in	
   Fig.	
  10A,	
   permanent	
   quenching	
   is	
   easily	
   seen	
   at	
   levels	
   of	
   50	
  µg	
   for	
  

RDX,	
  HMX,	
  PETN,	
  and	
  tetryl.	
  	
  Furthermore,	
  all	
  explosives	
  tests	
  were	
  detectable	
  in	
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the	
   picogram	
   range,	
   as	
   shown	
   in	
   Fig.	
  10B,	
  where	
   decreasing	
   amounts	
   of	
   tetryl	
  

was	
  laid	
  down,	
  beginning	
  at	
  50	
  µg	
  and	
  ending	
  at	
  50	
  pg.	
  	
  

	
  

Figure	
  10	
  A	
  is	
  a	
  photograph	
  of	
  quenching	
  by	
  50	
  ng	
  aliquots	
  of	
  tetryl	
  (T),	
  RDX	
  (R),	
  
HMX	
   (H),	
   and	
   PETN	
   (P).	
   	
   B	
   is	
   a	
   photograph	
   of	
   quenching	
   by	
   aliquots	
   in	
  
descending	
  order	
  of	
  PETN,	
  starting	
  from	
  500	
  ng	
  to	
  50pg.	
  

	
  

It	
   should	
   be	
   noted	
   that	
   although	
   some	
   spots	
   are	
   difficult	
   to	
   capture	
  

accurately	
   photographically,	
   all	
   visual	
   detection	
   limits	
   were	
   obtained	
   using	
   a	
  

double	
  blind,	
  unbiased	
  observer	
  after	
  random	
  spotting	
  on	
  a	
  substrate	
  by	
  a	
  second	
  

person.	
   	
  Table	
  3	
   shows	
  a	
   summary	
  of	
   the	
  detection	
   limits	
  observed	
  using	
  both	
  

PSS	
  and	
  PSFS	
   coated	
  TLC	
  plates.	
   	
  As	
   seen	
   in	
  previous	
  applications	
  of	
  polysilole	
  

polymers,	
  the	
  nitroaromatics	
  are	
  detected	
  at	
  the	
  lowest	
  levels.	
  	
  Nitroamines	
  and	
  

nitroester	
  detection	
  limits	
  are	
  often	
  an	
  order	
  of	
  magnitude	
  less	
  sensitive	
  (Table	
  

3).	
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Table	
  3	
  is	
  a	
  summary	
  of	
  the	
  explosives	
  detection	
  limits	
  achieved	
  for	
  the	
  each	
  of	
  
the	
  two	
  polymers	
  used	
  in	
  this	
  study.	
  	
  

	
  
PSS	
  TLC	
  plate	
  detection	
  limit	
  

	
   PSFS	
  TLC	
  plate	
  detection	
  limit	
  

Explosive	
   (Mass/area)	
   	
   Explosive	
   (Mass/area)	
  
TNT	
   4.5	
  pg/mm2	
   	
   TNT	
   4.5	
  pg/mm2	
  
DNT	
   4.5	
  pg/mm2	
   	
   DNT	
   4.5	
  pg/mm2	
  
PA	
   4	
  pg/mm2	
   	
   PA	
   4	
  pg/mm2	
  

Tetryl	
   45	
  pg/mm2	
   	
   Tetryl	
   450	
  pg/mm2	
  
HMX	
   25	
  pg/mm2	
   	
   HMX	
   45	
  pg/mm2	
  
RDX	
   45	
  pg/mm2	
   	
   RDX	
   450	
  pg/mm2	
  
PETN	
   450	
  pg/mm2	
   	
   PETN	
   450	
  pg/mm2	
  
CL-­‐20	
   750	
  pg/mm2	
   	
   CL-­‐20	
   1500	
  pg/mm2	
  

	
  

While	
  the	
  differences	
  in	
  the	
  detection	
  limits	
  between	
  the	
  PSS	
  and	
  PSFS	
  are	
  

similar	
   for	
  the	
  nitroaromatic	
  class,	
   they	
  can	
  differ	
  by	
  an	
  order	
  of	
  magnitude	
  for	
  

the	
   nitroamines.	
   	
   This	
   is	
   more	
   likely	
   due	
   to	
   PSS	
   being	
   a	
   more	
   efficient	
   green	
  

emitter,	
  which	
   is	
  more	
  easily	
  seen	
  by	
  a	
  human	
  observer	
  when	
  compared	
  to	
  the	
  

PSFS	
   blue	
   emitter.	
   	
   As	
   a	
  whole,	
   the	
   use	
   of	
   silica	
   TLC	
   plates	
   as	
   a	
   substrate	
   has	
  

proved	
  to	
  be	
  an	
  efficient	
  method	
  that	
  has	
  improved	
  detection	
  limits	
  by	
  at	
  least	
  an	
  

order	
  of	
  magnitude	
  over	
  spray	
  applications.	
  

	
  

Conclusions	
  

The	
   use	
   of	
   silica	
   thin	
   layer	
   chromatography	
   plates	
   as	
   a	
   substrate	
   has	
  

allowed	
  for	
  the	
  development	
  of	
  a	
  sensitive	
  system	
  for	
  detection	
  and	
  identification	
  

of	
  trace	
  explosive	
  residues.	
  	
  This	
  platform	
  allows	
  for	
  the	
  separation	
  and	
  detection	
  

of	
  nitroaromatics,	
  as	
  well	
  as	
  the	
  detection	
  of	
  nitroamines	
  and	
  nitroesters	
  at	
  low	
  

levels.	
   	
  The	
  major	
  benefit	
  of	
   this	
  platform	
   is	
   improved	
  detection	
   limits.	
   	
  Less	
  of	
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the	
  polymeric	
  sensor	
  material	
  is	
  needed,	
  the	
  method	
  can	
  separate	
  mixtures,	
  and	
  

it	
  is	
  a	
  simple	
  inexpensive	
  test.	
  	
  	
  

	
  

Experimental	
  	
  

General	
   Caution:	
   TNT	
   and	
   picric	
   acid	
   are	
   high	
   explosives	
   and	
   should	
   be	
  

handled	
  only	
  in	
  small	
  quantities.	
  Picric	
  acid	
  also	
  forms	
  shock	
  sensitive	
  compounds	
  

with	
  heavy	
  metals.	
  Purchased	
  explosive	
  standards	
  were	
  handled	
  as	
  dilute	
  solutions	
  

to	
  eliminate	
  their	
  explosion	
  hazard.	
  All	
  synthetic	
  manipulations	
  were	
  carried	
  out	
  

under	
  an	
  atmosphere	
  of	
  dry	
  argon	
  gas	
  using	
  standard	
  Schlenk	
   techniques.	
   	
  Dry	
  

solvents	
   were	
   purchased	
   from	
   Aldrich	
   Chemical	
   Co.	
   Inc.	
   and	
   used	
   after	
  

purification	
  with	
  an	
  MBraun	
  MB	
  Auto	
  Solvent	
  Purification	
  System.	
  Spectroscopic	
  

grade	
  THF	
   from	
  Fisher	
   Scientific	
  was	
   used	
   for	
   the	
   fluorescence	
  measurements.	
  	
  

All	
   other	
   reagents	
   were	
   purchased	
   from	
   Aldrich	
   Chemical	
   Co.	
   and	
   used	
   as	
  

received.	
   Picric	
   acid	
   and	
   DNT	
   were	
   purchased	
   from	
   Aldrich	
   Chemical	
   Co.	
   and	
  

recrystallized	
  from	
  ethanol	
  and	
  methanol,	
  respectively.	
  TNT	
  was	
  prepared	
  from	
  

DNT14	
   and	
   recrystallized	
   from	
   toluene.	
   RDX,	
  HMX,	
   Tetryl,	
   TNG	
   and	
  PETN	
  were	
  

purchased	
  as	
  1	
  mg/mL	
  analytical	
  standards	
  in	
  acetonitrile	
  from	
  Cerilliant®.	
  	
  

NMR	
  data	
  were	
  collected	
  with	
  Varian	
  Unity	
  400	
  or	
  500	
  MHz	
  spectrometers	
  (400	
  

MHz	
   for	
   1H,	
   100	
  MHz	
   for	
   13C,	
   and	
  99.4	
  MHz	
   for	
   29Si	
  NMR).	
   	
   	
   GPC-­‐RI	
   data	
  were	
  

obtained	
  with	
  the	
  use	
  of	
  a	
  Viscotek	
  GPCmax	
  VE	
  2001	
  GPC	
  and	
  a	
  Viscotek	
  VE	
  3580	
  

refractive	
   index	
   detector	
   calibrated	
   with	
   polystyrene	
   standards.	
   Fluorescence	
  

emission	
   and	
   excitation	
   spectra	
  were	
   recorded	
  with	
   the	
   use	
   of	
   a	
   Perkin-­‐Elmer	
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Luminescence	
  Spectrometer	
  LS	
  45.	
  	
  UV-­‐vis	
  spectra	
  were	
  obtained	
  with	
  the	
  use	
  of	
  

a	
  Perkin-­‐Elmer	
  Lamda35	
  UV/Vis	
  spectrometer.	
  	
  	
  

	
  

Synthesis	
  of	
  5H-­dibenzo[b,d]silole	
  -­‐	
  3.00g	
  (9.62mmol)	
  of	
  2,2'-­‐dibromobiphenyl	
  

was	
  dissolved	
  in	
  35	
  ml	
  of	
  freshly	
  distilled	
  THF.	
  	
  The	
  reaction	
  temp	
  was	
  reduced	
  to	
  

-­‐52°C	
   at	
   which	
   point	
   13.25	
  ml	
   of	
   1.6	
  M	
   n-­‐butyl	
   lithium	
   in	
   hexanes	
  was	
   added	
  

dropwise	
   and	
   slowly	
   warmed	
   to	
   room	
   temperature,	
   while	
   stirring	
   overnight	
  

under	
  Ar.	
   	
  The	
  reaction	
  was	
  cooled	
  again	
  to	
  -­‐52°C	
  and	
  12.l	
  ml	
  (28.8	
  mmol)	
  of	
  a	
  

25%(V/V)	
  solution	
  of	
  dichlorosilane	
  in	
  xylene	
  was	
  added	
  dropwise.	
  	
  The	
  reaction	
  

was	
  allowed	
   to	
   stir	
   for	
  1	
  hr,	
   then	
  warmed	
   to	
   room	
   temperature	
  and	
   stirred	
  an	
  

additional	
   hr	
   under	
   Ar.	
   	
   The	
   reaction	
   was	
   quenched	
   with	
   25	
   ml	
   of	
   10%	
  

ammonium	
   chloride	
   and	
   extracted	
   with	
   diethyl	
   ether.	
   	
   Purification	
   was	
  

accomplished	
  by	
  vacuum	
  distillation	
  at	
  100	
  C	
  at	
  10-­‐3	
  torr.	
  	
  If	
  further	
  purification	
  is	
  

needed,	
  distillation	
  can	
  be	
   repeated.	
   	
  This	
  yielded	
  a	
   clear,	
   colorless	
   liquid	
   (1.1g	
  

63%).	
   	
   1H	
  NMR	
   (400	
  MHz,	
   CDCl3):	
   δ7.85d	
   (2H),	
   δ7.30d	
   (2H),	
   δ7.46-­‐21m	
   (4H),	
  

δ4.72s	
  (2H).	
  

	
  

Synthesis	
   of	
   2,3,4,5-­tetraphenyl-­1H-­silole	
   -­‐9.00g	
   (50.5	
   mmol)	
   of	
  

diphenylacetylene	
  was	
   dissolved	
   in	
   75	
  ml	
   of	
   freshly	
   distilled	
   diethyl	
   ether.	
   	
   To	
  

this	
  was	
  added	
  0.88	
  g	
  (126.2	
  mmol)	
  of	
  Li	
  wire,	
  cut	
  into	
  2-­‐3	
  mm	
  pieces	
  and	
  stirred	
  

under	
  Ar	
  for	
  4	
  hr,	
  or	
  until	
  the	
  reaction	
  had	
  turned	
  a	
  reddish/brown	
  color	
  with	
  a	
  

significant	
  amount	
  of	
  precipitate.	
  	
  Under	
  a	
  heavy	
  Ar	
  flow	
  the	
  unreacted	
  pieces	
  of	
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lithium	
  were	
  removed	
  using	
  a	
  spatula.	
   	
  The	
  reaction	
  was	
  then	
  frozen	
  in	
  a	
  liquid	
  

N2	
  bath	
  for	
  30	
  mins.	
  	
  At	
  this	
  point	
  21	
  ml	
  (50.5	
  mmol)	
  of	
  a	
  25%(V/V)	
  solution	
  of	
  

dichlorosilane	
  in	
  xylene	
  was	
  added	
  dropwise.	
   	
  The	
  reaction	
  was	
  slowly	
  warmed	
  

to	
   room	
   temperature	
   and	
   stirred	
   under	
   an	
   argon	
   atmosphere	
   for	
   3	
   hrs.	
   	
   The	
  

solvent	
  was	
  removed	
  and	
  the	
  mixture	
  taken	
  up	
  into	
  toluene	
  and	
  extracted	
  three	
  

times	
  with	
  brine.	
   	
  The	
  combined	
  organic	
   layers	
  were	
  dried	
  over	
  MgSO4	
  and	
  the	
  

total	
  volume	
  reduced	
  and	
  left	
  to	
  crystallize.	
  	
  	
  This	
  yielded	
  bright,	
  yellow	
  crystals	
  

(5.9g	
  59%).	
   	
  Mp:	
  205-­‐206	
   °C	
   (lit.	
  209-­‐210	
   °C34).	
  1H	
  NMR	
  (400	
  MHz,	
  CDCl3):	
  δ	
  

6.80-­‐6.85	
   and	
   7.00-­‐7.24	
   (br	
  m,	
   20H,	
   Ph),	
   4.90	
   (s,	
   2H,	
   SiH2).	
   13C{H}	
  NMR	
   (100	
  

MHz,	
   CDCl3):	
   δ	
  157.50,	
   138.74,	
   135.20,	
   131.63,	
   129.62,129.36,	
   128.09,	
   127.72,	
  

126.63,	
  126.23.	
  IR	
  (KBr):	
  Si-­‐H	
  2140cm-­‐1	
  

	
  

Synthesis	
  of	
  Polysilafluorenyldiethynylspirobifluorene	
  -­‐	
  	
  

29mg(0.16mmol)	
  5H-­‐dibenzo[b,d]silole	
  and	
  58mg(0.16mmol)	
  2,7-­‐diethynyl-­‐9,9’-­‐

spirobi[fluorene]	
  were	
  put	
  into	
  a	
  clean,	
  dry	
  round	
  bottom	
  flask	
  equipped	
  with	
  a	
  

condenser.	
  To	
  these	
  solids	
  a	
  catalytic	
  amount	
  of	
  PtCl6H2	
  was	
  added	
  under	
  Ar.	
  	
  To	
  

this	
  mixture	
  1.5ml	
  of	
  dry	
  toluene	
  was	
  add.	
  	
  The	
  reaction	
  was	
  stirred	
  under	
  Ar	
  at	
  

60°C	
  for	
  36hr.	
  Then	
  the	
  temperature	
  was	
  reduced	
  to	
  35°C	
  and	
  an	
  excess	
  (50 µL)	
  

of	
  dimethylphenylsilane	
  was	
  added	
  under	
  Ar	
  and	
  stirring	
  continued	
  for	
  2hr.	
  	
  The	
  

PtCl6H2	
   was	
   removed	
   by	
   filtration	
   using	
   filter	
   paper	
   and	
   the	
   toluene	
   was	
  

removed	
  by	
  vacuum.	
  	
  The	
  yielded	
  a	
  brownish/yellow	
  oil.	
  	
  The	
  oil	
  was	
  taken	
  up	
  in	
  

1ml	
   of	
   tetrahydrofuran	
   and	
   added	
   to	
   10	
  ml	
   of	
   stirring	
  methanol	
   to	
   precipitate	
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polymer.	
   	
  This	
  process	
  was	
   repeated	
   two	
   times	
  and	
  gave	
  a	
   faintly	
  yellow	
  solid.	
  	
  

GPC:	
  13kDa,	
  PDI	
  1.3.	
  

	
  

Synthesis	
   of	
   Polytetraphenylsilolediethynylspirobifluorene	
   -­‐	
  

50mg(0.13mmol)	
   2,3,4,5-­‐tetraphenyl-­‐1H-­‐silole	
   and	
   48mg(0.13mmol)	
   2,7-­‐

diethynyl-­‐9,9’-­‐spirobi[fluorene]	
  were	
  put	
  into	
  a	
  clean,	
  dry	
  flask	
  equipped	
  with	
  a	
  

condenser.	
  To	
  these	
  solids	
  a	
  catalytic	
  amount	
  of	
  PtCl6H2	
  was	
  added	
  under	
  Ar.	
  	
  To	
  

this	
  mixture	
  1.5	
  ml	
  of	
  dry	
  toluene	
  was	
  added.	
  	
  The	
  reaction	
  was	
  stirred	
  under	
  Ar	
  

at	
   60°C	
   for	
   36	
   hr.	
   Then	
   the	
   temperature	
   was	
   reduced	
   to	
   35°C	
   and	
   an	
   excess	
  

(50µL)	
   of	
   dimethylphenylsilane	
  was	
   added	
   and	
   stirred	
   under	
  Ar	
   for	
   2	
   hr.	
   	
   The	
  

PtCl6H2	
  was	
  removed	
  by	
  filtration	
  and	
  the	
  toluene	
  was	
  removed	
  under	
  vacuum.	
  	
  

The	
   yielded	
   a	
   brownish/yellow	
   oil.	
   	
   The	
   oil	
   was	
   taken	
   up	
   in	
   1	
   ml	
   of	
  

tetrahydrofuran	
  and	
  added	
  to	
  10ml	
  of	
  stirring	
  methanol	
  to	
  precipitate	
  polymer.	
  	
  

This	
  was	
  repeated	
  two	
  times	
  and	
  yielded	
  a	
  faintly	
  yellow	
  solid.	
  	
  GPC:	
  26kDa,	
  PDI	
  

1.2.	
  

	
  

Preparation	
  of	
  Trimethoxysilane	
  capped	
  PSS	
  and	
  PSFS	
  	
  

	
  	
   Trimethoxysilane	
   capped	
  polymers	
  were	
   is	
  made	
   in	
   the	
   same	
   fashion	
  as	
  

the	
  dimethylphenylsilyl	
  capped	
  polymers.	
  	
  Trimethoxysilane	
  was	
  used	
  in	
  place	
  of	
  

the	
   dimethylphenylsilane	
   in	
   the	
   hydrosilation	
   steps	
   above,	
   and	
   the	
   polymers	
  

were	
  precipitated	
  using	
  a	
  1:10	
  chloroform:hexanes,	
  this	
  was	
  done	
  to	
  preserve	
  the	
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reactive	
   end	
   group	
   from	
   possibly	
   being	
   partly	
   hydrolyzed	
   when	
   the	
   THF:	
  

methanol	
  procedure	
  was	
  used	
  due	
  to	
  trace	
  moisture.	
  

	
  

TLC	
  surface	
  functionalization	
  	
  	
  

Standard	
  TLC	
  silica	
  gel	
  60	
  plates	
  on	
  aluminum	
  backing	
  were	
  used.	
  	
  Large	
  

plates	
  were	
   cut	
   into	
   slides	
   approximately	
  5cm(H)	
   x	
   1.5cm(W).	
   	
   The	
  TLC	
  plates	
  

were	
  soaked	
  in	
  the	
  polymer	
  solution	
  for	
  approximately	
  2mins.	
   	
  The	
  slides	
  were	
  

then	
   put	
   into	
   a	
   50/50	
   solution	
   of	
   THF/methanol	
   to	
   remove	
   the	
   non-­‐covalently	
  

adsorbed	
   polymer.	
   	
   This	
   process	
  was	
   repeated	
   two	
  more	
   times.	
   	
   After	
   the	
   last	
  

washing	
  step	
  the	
  TLC	
  plates	
  were	
  let	
  to	
  dry	
  in	
  a	
  dessiccator.	
  	
  The	
  TLC	
  plates	
  were	
  

stored	
  a	
  desiccator,	
  where	
  they	
  were	
  protected	
  from	
  oxygen	
  and	
  light	
  until	
  use.	
  

	
  

Explosive	
  testing	
  

	
  	
   Explosive	
  testing	
  was	
  accomplished	
  using	
  an	
  observer	
   independent	
   from	
  

the	
   random	
   spotter	
   in	
   order	
   to	
   have	
   a	
   double	
   blind	
   study.	
   	
   Known	
   amount	
   of	
  

analyte	
   deposited	
   onto	
   the	
   TLC	
   plate	
   in	
   multiple	
   lanes	
   using	
   a	
   standard	
  

micropipette.	
  Once	
  the	
  deposition	
  area	
  was	
  free	
  of	
  solvent,	
   the	
  TLC	
  plates	
  were	
  

illuminated	
   using	
   a	
   360nm	
   handheld	
   UV	
   lamp.	
   	
   An	
   observer	
   was	
   asked	
   to	
  

determine	
  the	
  presence	
  of	
  any	
  fluorescence	
  quenching.	
   	
  Detection	
  limits	
  are	
  the	
  

last	
  clearly	
  distinguishable	
  spot,	
  as	
  viewed	
  by	
  the	
  observer.	
  	
  All	
  tests	
  were	
  run	
  in	
  

triplicate.	
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Introduction	
  

Polysiloles	
   and	
   polysilole	
   copolymers	
   have	
   successfully	
   been	
   used	
   in	
  

explosives	
   detection	
   utilizing	
   fluorescence	
   quenching.1	
   	
   Silole	
   and	
   silafluorene	
  

containing	
   polymers	
   exhibit	
   strong	
   fluorescence	
   due	
   to	
   favorable	
   overlap	
  

between	
  the	
  σ*	
  of	
  the	
  Silicon	
  atom	
  and	
  the	
  π*	
  of	
  the	
  cyclopentadieneyl	
  fragment.	
  

This	
   leads	
   to	
   an	
   orbital	
   energy	
   match	
   between	
   the	
   fluorophore’s	
   excited-­‐state	
  

1SOMO	
  (singlet	
  singly	
  occupied	
  excited	
  donor	
  molecular	
  orbital)	
  and	
  the	
  acceptor	
  

LUMO	
  of	
  explosive	
  analytes.2	
  	
  Although	
  polysiloles	
  and	
  other	
  organic	
  fluorescent	
  

materials,	
   such	
   as	
   pentiptycene	
   polymers,3	
   show	
   excellent	
   sensitivity	
   toward	
  

quenching	
   of	
   their	
   fluorescence	
  by	
  TNT	
   in	
   organic	
   solution	
  or	
   solid-­‐state,	
   their	
  

poor	
   water	
   solubility	
   hampers	
   their	
   use	
   for	
   the	
   detection	
   of	
   explosives	
   in	
  

aqueous	
   environments.	
   	
   Fluorescent	
   anti-­‐TNT	
   antibodies	
   have	
   been	
   shown	
   to	
  

detect	
  aqueous	
  TNT	
  at	
  limits	
  as	
  low	
  as	
  0.5	
  ppb.	
   	
  While	
  this	
  method	
  detects	
  TNT	
  

efficiently	
  at	
  low	
  levels,	
  it	
  requires	
  monoclonal	
  antibodies	
  which	
  can	
  be	
  costly	
  to	
  

purchase	
  and	
  require	
  controlled	
  low	
  temperature	
  storage.4	
  

An	
   additional	
   benefit	
   to	
   polysiloles	
   is	
   the	
   enhanced	
   fluorescence	
   in	
   the	
  

solid	
  state,	
  which	
  is	
  attributed	
  to	
  aggregate-­‐induced	
  emission	
  (AIE).	
  	
  The	
  absence	
  

of	
  solvent	
  causes	
  restricted	
  intramolecular	
  rotation	
  (RIR).5	
   	
   	
  AIE	
  emitting	
  siloles	
  

have	
  been	
  broadly	
  adapted	
  in	
  biosensing	
  and	
  chemosensing.6	
   	
   	
  Siloles	
  and	
  their	
  

derivatives	
   	
   are	
   excellent	
   candidates	
   for	
   the	
  detection	
  of	
   explosives	
   in	
   aqueous	
  

media.	
   	
  This	
  would	
   fill	
   an	
   important	
  void	
   in	
   fluorescence	
  quenching,	
  explosives	
  

based	
   detection	
   due	
   to	
   the	
   current	
   demand	
   of	
   detecting	
   explosives	
   in	
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groundwater	
   or	
   seawater	
   as	
   a	
   result	
   of	
   undetonated	
   ordnances	
   or	
   military	
  

facilities.7	
   	
   Moreover	
   oligo(tetraphenyl)silole	
   nanoparticles,	
   produced	
   by	
   the	
  

precipitation	
  of	
  THF	
  solutions	
  of	
  the	
  oligomer	
  with	
  water,	
  were	
  shown	
  to	
  detect	
  

aqueous	
  TNT.8	
   	
  Suspensions	
  of	
  siloleamine	
  nanoparticles	
  prepared	
  by	
   the	
  same	
  

precipitation	
  method	
  have	
  demonstrated	
  the	
  ability	
  to	
  be	
  used	
  as	
  a	
  chemosensor	
  

for	
  CrO42-­‐	
  in	
  water.9	
  	
  The	
  size,	
  stability,	
  and	
  sensitivity	
  of	
  the	
  nanoparticles	
  sensor	
  

depends	
   on	
   the	
  polarity	
   of	
   the	
   fluorescent	
   compounds	
   and	
   the	
   ratio	
   of	
   organic	
  

solvent	
   and	
   water.10	
   	
   The	
   soft	
   nanoparticles	
   produced	
   by	
   this	
   precipitation	
  

method	
   remain	
   stable	
   for	
   several	
   hours	
   in	
   solution	
   before	
   succumbing	
   to	
  

coagulation	
   and	
   settling.	
   	
   The	
   organic	
   fluorophore,	
   9,10-­‐bis(phenylethynyl)-­‐

anthracene,	
  has	
  been	
  encapsulated	
  in	
  cyclodextrins	
  and	
  has	
  shown	
  recently	
  to	
  be	
  

a	
  promising	
  candidate	
  for	
  the	
  detection	
  of	
  aqueous	
  nitroaromatics	
  at	
  micromolar	
  

concentrations;	
  unfortunately,	
  nitroamines,	
  such	
  as	
  RDX,	
  are	
  not	
  detectable	
  using	
  

this	
  method.11	
   	
   Thus	
   far,	
   electrochemical	
  methods	
   have	
   proved	
   to	
   be	
   the	
  most	
  

convenient	
   general	
   method	
   for	
   the	
   simultaneous	
   detection	
   TNT	
   and	
   RDX	
  

explosives	
   in	
   aqueous	
   environments,12	
   but	
   improved	
   fluorescent	
  methods	
   offer	
  

an	
  orthogonal	
  detection	
  method	
  with	
  potentially	
  higher	
  sensitivity.	
  

	
  

	
  Results	
  and	
  Discussion	
  

This	
   study	
  describes	
   the	
   use	
   of	
   a	
   blue	
   emitting	
   silafluorene-­‐fluorene	
   co-­‐

polymer,	
   poly(silafluorene-­‐(9,9-­‐dimethyl-­‐9H-­‐fluorene)	
   divinylene)	
   (PSFF,	
   1),	
  

coated	
   on	
   hollow	
   silica	
   Nanoparticles	
   (Nps)	
   for	
   use	
   as	
   a	
   chemosensor	
   for	
   the	
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detection	
   of	
   aqueous	
   solutions	
   of	
   TNT	
   and	
   RDX.	
   	
   PSFF	
   is	
   an	
   alternating	
  

silafluorene-­‐fluorene	
   co-­‐polymer	
   conjugated	
   through	
   divinylphenylene	
   bridges.	
  

The	
   PSFF	
   was	
   prepared	
   via	
   the	
   literature	
   procedure.23	
   Solid-­‐state	
   emission	
   of	
  

PSFF	
  exhibits	
   a	
  high	
   solution	
   relative	
  quantum	
  yield	
   (0.22),	
  when	
   compared	
   to	
  

9,10-­‐diphenylanthracene,	
  and	
  blue	
  fluorescence	
  at	
  446	
  nm.	
  	
  It	
  has	
  been	
  shown	
  to	
  

detect	
   a	
   range	
   of	
   explosive	
   analytes	
   (TNT,	
   tetryl,	
   RDX,	
   HMX,	
   and	
   PETN)	
   in	
   the	
  

solid-­‐state	
  with	
  detection	
   limits	
  as	
   low	
  as	
  1	
  pg	
  cm-­‐2.13	
   	
  Hollow	
  silica	
  NPs	
  with	
  a	
  

diameter	
   of	
   100	
   nm	
  were	
   fabricated	
   by	
   the	
   sol-­‐gel	
   reaction	
   using	
   polystyrene	
  

microspheres	
   as	
   templates,	
   which	
   were	
   then	
   removed	
   by	
   calcination.14	
   The	
  

uniform	
  hollow	
  silica	
  Nanoparticles	
  produced	
  have	
  a	
  diameter	
  of	
  85	
  nm	
  diameter	
  

and	
  have	
   a	
   porous	
  wall	
   about	
   10	
  nm	
   thick,	
  which	
   exhibits	
   a	
   large	
   surface	
   area	
  

(400	
   m2/g	
   by	
   BET	
   measurement).	
   These	
   Nanoparticles	
   provide	
   an	
   excellent	
  

mesoporous	
  support	
  for	
  a	
  thin	
  layer	
  of	
  PSFF.	
  	
  

Three	
  methods	
  were	
  used	
   to	
   coat	
  PSFF	
   (1)	
  onto	
   the	
   silica	
  Nps.	
  The	
   first	
  

method	
   utilized	
  was	
   accomplished	
   by	
   stirring	
   the	
   Nps	
   in	
   a	
   toluene	
   solution	
   of	
  

PSFF	
   and	
   allowing	
   the	
   polymer	
   to	
   adsorb	
   to	
   the	
   mesoporous	
   silica	
   surface.	
  

Detailed	
   procedures	
   for	
   surface	
   modification	
   of	
   the	
   silica	
   NPs	
   are	
   provided	
   in	
  

experimental	
  section.	
  	
  Two	
  other	
  methods	
  were	
  used	
  to	
  alter	
  surface	
  properties	
  

of	
  the	
  NS.	
   	
  In	
  the	
  second	
  method	
  PSFF	
  was	
  covalently	
  attached	
  to	
  the	
  surface	
  of	
  

the	
   silica	
   NS.	
   	
   This	
   was	
   accomplished	
   by	
   the	
   utilization	
   of	
   a	
   trimethoxysilyl-­‐

capped	
  PSFF	
  (2)	
  and	
  silica	
  Nanoparticles	
  in	
  toluene.	
  	
  The	
  trimethoxysilyl	
  group	
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Figure	
   1	
   is	
   Poly(silafluorene-­‐(9,9-­‐dimethyl-­‐9H-­‐fluorene)divinylene)	
   (PSFF,	
   left)	
  
and	
  the	
  emission	
  spectrum	
  of	
  PSFF	
  in	
  toluene	
  (right).	
  
	
  

was	
   used	
   as	
   a	
   capping	
   group	
   at	
   the	
   end	
   of	
   the	
   polymer	
   chains	
   by	
   the	
   same	
  

catalytic	
  hydrosilation	
  in	
  which	
  the	
  polymer	
  was	
  synthesized.	
   	
  The	
  final	
  method	
  

of	
  NS	
  functionalization	
  employed	
  octadecyl	
  modified	
  silica	
  Nps	
  as	
  the	
  support	
  for	
  

adsorbed	
   PSFF.	
   	
   Octadecyl	
   groups	
   were	
   grafted	
   on	
   silica	
   Nps	
   by	
   reacting	
  

octadecyl(triethoxy)silane	
   and	
   the	
   hollow	
   silica	
   Nps	
   in	
   toluene	
   solution.	
   	
   Then	
  

PSFF	
  was	
   adsorbed	
   to	
   the	
  C18	
  modified	
   silica	
  Nps	
   in	
   toluene.	
   	
   The	
  PSFF	
   coated	
  

silica	
   Nps	
   from	
   the	
   three	
   coating	
   methods	
   were	
   isolated	
   by	
   centrifugation,	
  

washed	
  with	
  ethanol,	
  dried	
  under	
  vacuum,	
  and	
  resuspended	
  in	
  pH	
  7.4	
  PBS	
  with	
  

mild	
  sonication.	
  	
  The	
  loading	
  efficiency	
  of	
  PSFF	
  on	
  the	
  silica	
  Nps	
  was	
  determined	
  

from	
  the	
  UV/vis	
  absorption	
  spectra	
  of	
  PSFF	
  remaining	
  in	
  the	
  supernatant	
  toluene	
  

solution	
  as	
  compared	
  to	
  PSFF	
  in	
  the	
  original	
  toluene	
  solution	
  prior	
  to	
  the	
  surface	
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functionalization	
  of	
  the	
  Nanoparticles.	
  	
  The	
  mass	
  ratios	
  of	
  loaded	
  PSFF	
  and	
  silica	
  

Nps	
  are	
  51:1000,	
  35:1000	
  and	
  18:1000,	
  respectively,	
   for	
  PSFF,	
  silane-­‐PSFF,	
  and	
  

PSFF	
  coated	
  C18	
  modified	
  silica	
  Nps,	
  respectively.	
  	
  

	
  

Table	
  1	
  shows	
  the	
  sizing	
  and	
  zeta	
  potentials	
  of	
  the	
  coated	
  Nanoparticles.	
  

	
  
Plain	
  

NPs	
  

C18	
  	
  	
  

NPs	
  

PSFF	
  C18	
  	
  

	
  NPs	
  

PSFF	
  

coated	
  NPs	
  

Silane-­‐

PSFF	
  	
  NPs	
  

Size/nm	
  
185	
   ±	
  

45	
  
220	
  ±	
  65	
   255	
  ±	
  45	
   290	
  ±	
  50	
   275	
  ±	
  60	
  

Zeta-­‐potential	
  

/mV	
  
-­‐25.0	
   -­‐15.0	
   -­‐1.0	
   -­‐1.5	
   -­‐5.5	
  

	
  

The	
   PSFF	
   has	
   a	
   relatively	
   high	
   average	
   molecular	
   weight	
   of	
   26,000	
   Da	
  

(GPC	
  analysis	
  vs.	
  polystyrene	
  standards).	
   	
  In	
  the	
  first	
  coating	
  method,	
  it	
  is	
  likely	
  

that	
   the	
   PSFF	
   chains	
   are	
   physisorbed	
   from	
   solution	
   and	
   trapped	
   in	
   the	
   porous	
  

structure	
  of	
  the	
  naked	
  silica	
  NPs.	
  	
  It	
  is	
  also	
  probable	
  that	
  some	
  polymers	
  are	
  able	
  

to	
   penetrate	
   the	
   porous	
   wall	
   and	
   adsorb	
   to	
   the	
   inner	
   surface.	
   	
   When	
  

trimethoxysilane	
  capped	
  PSFF	
  was	
  coated	
  onto	
  silica	
  Nanoparticles	
  the	
  reaction	
  

with	
   surface	
   Si-­‐OH	
   groups	
   occurs	
   simultaneously	
   with	
   any	
   adsorption,	
   and	
  

appears	
   to	
   limit	
   the	
   amount	
   of	
   polymer	
   taken	
  up	
   by	
   the	
   porous	
  Nanoparticles.	
  

Furthermore,	
   the	
   covalent	
   surface	
   attachment	
   of	
   PSFF	
   appears	
   to	
   decrease	
   the	
  

porosity	
   of	
   the	
   silica	
   shell	
   and	
   partially	
   impede	
   the	
   absorption	
   of	
   additional	
  

polymer	
  within	
  the	
  pores	
  and	
  core	
  of	
  the	
  Nanoparticles.	
  	
  Similarly,	
  the	
  covalently	
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anchored	
   C18	
   layer	
   also	
   decreases	
   the	
   effective	
   pore	
   size	
   and	
   available	
   surface	
  

area	
  of	
  the	
  silica	
  shell,	
  which	
  also	
  explains	
  why	
  less	
  PSFF	
  could	
  be	
  physisorbed	
  on	
  

the	
  hydrophobic	
  C18	
  modified	
  Nanoparticles.	
   	
  The	
  zeta	
  potential	
  of	
  C18	
  modified	
  

NPs	
   decreases	
   dramatically	
   from-­‐25	
   mV	
   to	
   -­‐15	
   mV.	
   	
   This	
   is	
   a	
   result	
   of	
   the	
  

covalent	
  attachment	
  of	
  the	
  PSFF	
  onto	
  the	
  surface	
  hydroxide	
  groups,	
  which	
  impart	
  

the	
  Nanoparticles	
  with	
  a	
   reduced	
  negative	
   zeta	
  potential.	
   	
  The	
   reduction	
  of	
   the	
  

zeta	
   potential	
   of	
   C18	
  Nanoparticles	
   after	
   PSFF	
   coating	
   suggests	
   that	
   a	
   relatively	
  

large	
  amount	
  of	
  adsorbed	
  PSFF	
  further	
  shields	
  the	
  surface	
  charge.	
  	
  In	
  Fig.	
  2	
  SEM	
  	
  

Figure	
  2	
  shows	
  SEM	
  images	
  of	
  silica	
  NPs	
  (a),	
  PSFF	
  coated	
  NPs	
  (b),	
  PSFF	
  coated	
  
C18	
   modified	
   NPs	
   (c)	
   and	
   silane-­‐PSFF	
   coated	
   NPs	
   (d).	
   All	
   scale	
   bars	
   in	
   SEM	
  
pictures	
  are	
  500	
  nm.	
  Inserted	
  figure	
  in	
  a	
  is	
  TEM	
  image	
  of	
  hollow	
  silica	
  NPs,	
  scale	
  
bar	
  is	
  100	
  nm.	
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images	
  of	
  unfunctionalized	
  particles	
  (2a)	
  and	
  the	
  surface	
  functionalized	
  particles	
  

are	
  shown	
  (2c-­d).	
  	
  In	
  Fig.	
  2b	
  PSFF	
  is	
  adsorbed	
  to	
  the	
  surface	
  and	
  a	
  TEM	
  insert	
  of	
  

the	
  same	
  particles.	
   	
   In	
  Fig.	
  2c	
   the	
  particles	
  have	
  had	
  C18	
  covalently	
  anchored	
  to	
  

the	
  surface	
  and	
  PSFF	
  adsorbed.	
  	
  In	
  Fig.	
  2d	
  PSFF	
  has	
  been	
  covalently	
  anchored	
  to	
  

the	
  surface,	
  using	
  the	
  trimethoxysilane	
  capped	
  PSFF.	
  	
  	
  

Hollow	
  silica	
  Nanoparticles	
  posses	
  a	
  negatively	
  charged	
  surface	
  with	
  a	
  

zetapotential	
  of	
  -­‐25	
  mV	
  (Table	
  1).	
  	
  These	
  Nanoparticles	
  can	
  be	
  resuspended	
  in	
  

a	
  pH	
  7.4	
  PBS	
  (phosphate	
  buffered	
  saline)	
  and	
  dynamic	
  light	
  scattering	
  analysis	
  

(DLS)	
   shows	
   their	
   average	
   size	
   to	
  be	
  185±45nm.	
   	
  After	
   the	
  C18	
   coating,	
   their	
  

size	
  increases	
  slightly	
  (220±65nm)	
  and	
  the	
  zeta	
  potential	
  decreases	
  to	
  -­‐15	
  mV.	
  

Increased	
   aggregation	
   of	
   the	
   silica	
   Nanoparticles	
   in	
   solution	
   is	
   attributed	
   to	
  

the	
  hydrophobic	
  surface	
  coating	
  and	
  the	
  reduced	
  zeta	
  potential.	
   	
  Table	
  1	
  also	
  

shows	
  that	
  the	
  average	
  diameter	
  of	
  PSFF	
  coated	
  Nanoparticles	
  increases	
  with	
  

the	
   addition	
   of	
   the	
   hydrophobic	
   polymer.	
   	
   The	
   PSFF	
   coated	
   plain	
  

Nanoparticles	
  have	
   a	
   thicker	
  hydrophobic	
  polymer	
   layer	
  on	
   the	
   surface	
   than	
  

the	
   other	
   two	
   polymer	
   coated	
   Nanoparticles.	
   	
   Their	
   effective	
   size	
   from	
   DLS	
  

exceeds	
  that	
  of	
  the	
  naked	
  silica	
  Nanoparticles	
  and	
  C18	
  modified	
  Nanoparticles.	
  	
  

Surface	
  adsorption	
  of	
  the	
  hydrophobic	
  polymers	
  should	
  promote	
  aggregation	
  

of	
   Nanoparticles	
   in	
   water.	
   The	
   near	
   zero	
   zeta	
   potential	
   will	
   exacerbate	
   the	
  

tendency	
  of	
  the	
  colloidal	
  suspension	
  to	
  aggregate.	
  

Fig.	
  3	
  shows	
  the	
  absorption	
  and	
  emission	
  spectra	
  of	
  PSFF	
  coated	
  silica	
  NPs	
  

in	
  a	
  PBS	
  suspension.	
  	
  Free	
  PSFF	
  in	
  toluene	
  solution	
  has	
  a	
  maximal	
  absorption	
  at	
  



 54 

341	
  nm13	
  and	
  a	
  broad	
  emission	
  at	
  385	
  nm	
  (Fig.	
  1).	
  	
  PSFF	
  coated	
  silica	
  NPs	
  in	
  PBS	
  

have	
  a	
  similar	
  absorption	
  wavelength,	
  but	
  there	
  are	
  some	
  minor	
  differences.	
  	
  The	
  

increased	
  absorbance	
  at	
  higher	
  energy	
  (Fig.	
  3)	
  can	
  be	
  attributed	
  to	
  scattering	
  by	
  

silica	
  Nps.	
  	
  The	
  emission	
  of	
  the	
  Nps	
  are	
  red	
  shifted	
  and	
  broader	
  when	
  compared	
  

to	
  the	
  free	
  polymer	
  in	
  toluene;	
  this	
  resembles	
  the	
  PSFF	
  in	
  the	
  solid	
  state.13	
   	
  This	
  

could	
   be	
   due	
   to	
   the	
   C18	
   creating	
   a	
  more	
   hydrophobic	
   environment,	
  which	
  may	
  

predispose	
   the	
   NP	
   to	
   adsorb	
   longer	
   polymer	
   chains.	
   	
   Self-­‐aggregation	
   of	
   PSFF	
  

could	
  also	
  occur	
  on	
  the	
  silica	
  Nps.	
  	
  Aggregation	
  also	
  causes	
  the	
  polymer	
  emission	
  	
  

to	
  broaden	
  from	
  the	
  various	
  conformers	
  present	
  in	
  the	
  solid	
  state	
  as	
  well	
  as	
  from	
  

excimer	
  formation.10	
  

	
  

	
  

	
  

Figure	
  3	
  shows	
  the	
  absorption	
  (A)	
  and	
  photoemission	
  spectra	
  (B)	
  of	
  PSFF	
  coated	
  
silica	
  Nps	
  in	
  a	
  PBS	
  suspension.	
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Table	
  2	
  is	
  a	
  summary	
  of	
  the	
  optical	
  properties	
  and	
  Stern-­‐Volmer	
  constants	
  (Ksv)	
  
of	
  toluene	
  solution	
  of	
  PSFF	
  and	
  an	
  aqueous	
  PBS	
  suspension	
  of	
  PSFF	
  coated	
  silica	
  
NPs	
  	
  
Entry	
   λabs	
  

/nm	
  

εmax/L	
   mol-­‐1	
  

cm-­‐1a	
  

λflu/nm	
   KSV/ppm	
   Φflu/%	
  

PSFF	
  in	
  toluene	
   341	
   18,000	
   385	
   0.0028b	
   22	
  

PSFF	
  	
   336	
   15,000	
   443	
   0.025b	
   4	
  

PSFF	
  C18	
  	
   340	
   23,700	
   442	
   0.10b	
   10	
  

0.11b	
  Silane-­‐PSFF	
  	
  
336	
   46,100	
   443	
  

0.047c	
  
13	
  

a	
   absorptivities	
   are	
   calculated	
   per	
   mole	
   of	
   silicon.	
   b	
   TNT	
   detection.	
   Ksv	
   is	
  
calculated	
  from	
  the	
  emission	
  intensity	
  at	
  443	
  nm	
  except	
  Ksv	
  of	
  PSFF	
  in	
  toluene,	
  
which	
   is	
   calculated	
   from	
  emission	
   intensity	
   at	
   385	
  nm.	
   	
   c	
   RDX	
  detection.	
  Ksv	
   is	
  
calculated	
  from	
  the	
  emission	
  intensity	
  at	
  443	
  nm.	
  
	
  	
  	
  

Relative	
  quantum	
  yields	
  of	
  PSFF	
  coated	
  silica	
  Nps	
  in	
  PBS	
  suspension	
  were	
  

calculated	
  using	
  the	
  equation15	
  below:	
  

	
  

	
  

	
  

The	
  fluorophore	
  reference	
  used	
  was	
  9,10-­‐diphenylanthracene.	
  	
  The	
  emission	
  and	
  

absorbance	
   of	
   9,10-­‐diphenylanthracene	
   are	
   similar	
   to	
   PSFF,	
   thus	
   making	
   it	
   a	
  

reasonable	
   choice	
   as	
   a	
   reference.	
   	
   In	
   the	
   equation,	
  Ar	
   is	
   the	
   absorption	
   of	
   the	
  

reference	
  and	
  Ax	
  is	
  the	
  absorption	
  for	
  fluorophore.	
  	
  Emr	
  and	
  Emx	
  are	
  the	
  total	
  area	
  

under	
  the	
  emission	
  plot	
  of	
  the	
  reference(r)	
  and	
  fluorphore(x).	
   	
  nx	
  and	
  nr	
  are	
  the	
  

indices	
  of	
  refraction	
  for	
  the	
  solvents	
  being	
  used.	
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Table	
   2	
   shows	
   that	
   the	
   silane	
   capped	
   PSFF	
   coated	
   silica	
   Nanoparticles	
  

exhibit	
   the	
   highest	
   quantum	
   yield	
   of	
   0.13	
   and	
   the	
   coated	
   plain	
   NPs	
   have	
   a	
  

quantum	
  yield	
  as	
  low	
  as	
  0.044.	
  	
  The	
  values	
  inversely	
  correlate	
  with	
  the	
  amount	
  of	
  

polymer	
   loading.	
   	
   A	
   close	
   distance	
   between	
   polymer	
   chains	
   promotes	
   excimer	
  

formation	
   and	
   emission	
   quenching.	
   	
   The	
   data	
   suggests	
   that	
   the	
   covalently	
  

anchored	
  PSFF	
  coated	
  NPs	
  have	
  the	
  best	
  balance	
  of	
  AIE	
  due	
  to	
  restricted	
  rotation	
  

in	
  the	
  surface	
  constrained	
  polymer,	
  yet	
  providing	
  enough	
  separation	
  between	
  the	
  

polymer	
  chains	
  to	
  reduce	
  self-­‐quenching.	
  	
  All	
  the	
  PBS	
  suspensions	
  of	
  PSFF	
  coated	
  

silica	
  Nanoparticles	
  show	
  stable	
  optical	
  properties.	
   	
  After	
  3	
  weeks	
  of	
  storage	
   in	
  

the	
  dark,	
  no	
  measurable	
  decrease	
  of	
  fluorescence	
  occurred.	
  	
  

	
  	
   TNT	
   and	
   RDX	
   detection	
   was	
   quantified	
   by	
   adding	
   a	
   small	
   aliquot	
   of	
   an	
  

acetone	
   solution	
   of	
   TNT	
   or	
   an	
   acetonitrile	
   solution	
   of	
   RDX	
   into	
   a	
   pH	
   7.4	
   PBS	
  

suspension	
  of	
  Nanoparticles	
  while	
  monitoring	
   the	
   fluorescence	
  quenching.	
   	
  The	
  

Nanoparticles	
  were	
  made	
  up	
  at	
  concentrations	
  of:	
   	
  0.1	
  mg/mL	
  silica	
  particles	
  in	
  

PBS	
  for	
  PSFF	
  coated	
  plain	
  spheres	
  and	
  PSFF	
  coated	
  C18	
  modified	
  spheres	
  and	
  0.02	
  

mg/mL	
   silica	
   particles	
   in	
   PBS	
   for	
   silane-­‐PSFF	
   coated	
   spheres.	
   	
   The	
   quenching	
  

response	
  was	
  analyzed	
  by	
  fitting	
  the	
  data	
  to	
  the	
  Stern-­‐Volmer	
  equation:16	
  	
  

	
  

	
  

	
  

	
  

	
  



 57 

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
   4	
   shows	
   fluorescence	
   quenching	
   of	
   a	
   PBS	
   suspension	
   of	
   silane-­‐PSFF	
  
coated	
   plain	
   NPs	
   in	
   the	
   presence	
   of	
   TNT	
   (a)	
   and	
   RDX	
   (b).	
   	
   Initial	
   curves	
   are	
  
baselines	
  with	
  no	
  analyte	
  added.	
  	
  In	
  3a	
  each	
  aliquot	
  corresponds	
  to	
  the	
  addition	
  
of	
   0.2	
   ppm	
  TNT	
   and	
   in	
  3b	
   each	
   aliquot	
   corresponds	
   to	
   the	
   addition	
   of	
   0.8PPM	
  
RDX.	
  	
  The	
  mass	
  concentration	
  of	
  Nanoparticles	
  is	
  0.02	
  mg/mL.	
  
	
  

Fluorescence	
   quenching	
   is	
   dependent	
   upon	
   electron	
   transfer	
   from	
   the	
  

excited	
   state	
   of	
   the	
   conjugated	
   polymer	
   to	
   the	
   lowest	
   unoccupied	
   molecular	
  

orbital	
   of	
   the	
   explosive	
   analyte.	
   	
   Figure	
   4	
   shows	
   the	
   decrease	
   observed	
   in	
  

fluorescence	
   intensity	
   of	
   silane-­‐PSFF	
   coated	
   silica	
   Nanoparticles	
   with	
   the	
  

addition	
  of	
  TNT	
  and	
  RDX	
  at	
  low	
  concentrations.	
  	
  In	
  Fig.	
  4,	
  the	
  quenching	
  of	
  PSFF	
  

fluorescence	
  varied	
  with	
  the	
  analyte	
  used.	
   	
  Emission	
  quenching	
  by	
  TNT	
  led	
  to	
  a	
  

greater	
  decrease	
  at	
   the	
   low	
  energy	
  wavelength	
  side	
  of	
   the	
  emission	
  band	
  while	
  

emission	
   quenching	
  with	
   RDX	
   showed	
   a	
   greater	
   decrease	
   in	
   the	
   higher	
   energy	
  	
  	
  

region	
   of	
   the	
   emission	
   band.	
   	
   This	
   would	
   suggest	
   that	
   the	
   explosive	
   analytes	
  

could	
   be	
   co-­‐adsorbed	
   onto	
   the	
   silica	
   and	
   in	
   close	
   enough	
   proximity	
   to	
   the	
  

polymer	
  thus,	
  producing	
  a	
  better	
  energy	
  match	
  between	
  that	
  of	
  the	
  fluorophore	
  

A B 
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and	
  the	
  LUMO	
  of	
  RDX	
  or	
  TNT.	
  	
  This	
  yielded	
  enhanced	
  quenching	
  for	
  RDX	
  on	
  the	
  

high-­‐energy	
  side	
  of	
  the	
  emission	
  and	
  low	
  energy	
  quenching	
  for	
  TNT.	
  	
  The	
  LUMO	
  

of	
  TNT	
  is	
  known	
  to	
  be	
  significantly	
  below	
  that	
  of	
  RDX.2	
  

The	
   conservative	
   detection	
   limits	
   reported	
   are	
   the	
   first	
   significant	
  

observable	
  fluorescence	
  quenching	
  caused	
  by	
  the	
  addition	
  of	
  the	
  explosive.	
  	
  This	
  

can	
  be	
  seen	
  in	
  Fig.	
  4A,	
  for	
  addition	
  of	
  a	
  200	
  ppb	
  aliquot	
  of	
  TNT	
  into	
  silane-­‐PSFF	
  

coated	
  NPs	
  suspension.	
   	
  Since	
  the	
  concentrations	
  of	
  silica	
  Nps	
  in	
  PBS	
  buffer	
  are	
  

0.1	
   mg/mL	
   and	
   0.02	
   mg/mL,	
   respectively,	
   the	
   effective	
   concentrations	
   of	
   the	
  

active	
   fluorophore	
  PSFF	
  on	
   those	
   two	
  kinds	
  of	
  NPs	
  are	
  only	
  1.8	
  ug/mL	
  and	
  0.7	
  

ug/mL,	
   respectively.	
   	
   Stern-­‐Volmer	
   constants	
   in	
   Table	
  2	
   show	
   the	
   PSFF	
   coated	
  

silica	
  NPs	
  to	
  be	
  35	
  times	
  more	
  sensitive	
   for	
  aqueous	
  TNT	
  when	
  compared	
  with	
  

TNT	
  detection	
  in	
  toluene	
  by	
  soluble	
  PSFF.	
  	
  A	
  lower	
  sensitivity	
  was	
  obtained	
  with	
  

PSFF	
  adsorbed	
  plain	
  Nanoparticles,	
  since	
  the	
  detection	
   limit	
  of	
  TNT	
  was	
  1	
  ppm	
  

even	
  though	
  the	
  concentration	
  of	
  PSFF	
  in	
  suspension	
  is	
  5.1	
  ug/mL.	
  	
  In	
  this	
  case,	
  

the	
   high	
   density	
   of	
   PSFF	
   on	
   the	
   surface	
   of	
   silica	
   NPs	
   not	
   only	
   increases	
   the	
  

formation	
   of	
   excimers	
   and	
  decreases	
   the	
   quantum	
  yield,	
   as	
   noted	
   above,	
   but	
   it	
  

also	
   may	
   hinder	
   access	
   of	
   the	
   TNT	
   molecules	
   to	
   the	
   polymer	
   chains.	
   	
   The	
  

detection	
  limit	
  of	
  RDX	
  by	
  silane-­‐PSFF	
  coated	
  spheres	
  is	
  800	
  ppb.	
  	
  As	
  seen	
  in	
  the	
  

Stern-­‐Volmer	
  plots	
  the	
  Nanoparticles	
  coated	
  with	
  a	
  covalently	
  attached	
  PSFF	
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Figure 5 shows	
  the	
  Stern-­‐Volmer	
  plots	
  of	
  luminescence	
  quenching	
  of	
  PSFF	
  coated	
  
NPs	
  suspended	
  in	
  water	
  at	
  varying	
  percentages	
  (ppm	
  by	
  weight)	
  TNT	
  and	
  RDX.	
  
Legend:	
   (PSFF	
   adsorbed	
   plain	
   spheres	
   with	
   TNT▲, PSFF	
   coated	
   C18	
   modified	
  
spheres	
  with	
  TNT ●, silane-­‐PSFF	
  coated	
  plain	
  spheres	
  with	
  TNT ■,  
 ◆.) 
	
  

experience	
  the	
  most	
  significant	
  quenching,	
  followed	
  by	
  are	
  approximately	
  linear	
  

as	
  seen	
  in	
  Fig.	
  5.	
   	
   	
  All	
  of	
  the	
  plots	
  are	
   linear	
  the	
  Nanoparticles	
  with	
  only	
  a	
  PSFF	
  

coating	
  underwent	
  the	
  largest	
  quenching	
  of	
  all	
  three	
  surface	
  treatments.	
  

To	
   our	
   knowledge,	
   this	
   is	
   the	
   first	
   example	
   of	
   the	
   detection	
   of	
   aqueous	
  

RDX	
   by	
   fluorescence	
   quenching	
   with	
   a	
   luminescent	
   polymer.	
   	
   Compared	
   with	
  

other	
   methods	
   of	
   detecting	
   aqueous	
   explosives,	
   such	
   as	
   square-­‐wave	
  

voltammetry	
   sensing	
   whose	
   detection	
   limit	
   is	
   as	
   low	
   as	
   20	
   ppb	
   for	
   TNT	
   in	
  

seawater12	
   and	
   120	
   ppb	
   for	
   RDX	
   in	
   extractions	
   of	
   soil	
   samples,17	
   fluorescence	
  

quenching	
   of	
   PSFF	
   coated	
   silica	
   nanoparticles	
   is	
   a	
   simple,	
   fieldable	
   sensor	
   that	
  

has	
   the	
   potential	
   to	
   be	
   a	
   useful	
   fluorescent	
   assay	
   for	
   aqueous	
   explosives.	
   	
   The	
  



 60 

sensitivity	
   obtained	
   by	
   supporting	
   the	
   fluorophore	
   on	
   an	
   adsorptive	
   silica	
  

nanoparticle	
   exceeds	
   that	
   of	
   cyclodextrin	
   encapsulated	
   fluorophores.7a	
   	
   The	
  

adsorptive	
  nature	
  of	
  silica	
  may	
  assist	
  in	
  binding	
  the	
  explosive	
  serving	
  as	
  a	
  nano-­‐

extracting	
  sensor.	
  

	
  

Conclusions	
  

The	
   adsorptive	
   properties	
   of	
   hollow	
   silica	
   Nanoparticles,	
   in	
   conjunction	
  

with	
   	
   	
   	
   fluorescent	
  polymer	
   coatings	
  with	
  or	
  without	
   surface	
  modification	
  have	
  

been	
   shown	
   to	
   provide	
   a	
   new	
   method	
   for	
   the	
   detection	
   of	
   TNT	
   and	
   RDX	
   in	
  

aqueous	
  environments.	
  	
  	
  This	
  new	
  method	
  could	
  be	
  a	
  useful	
  orthogonal	
  technique	
  

to	
  work	
  in	
  parallel	
  with	
  the	
  very	
  successful	
  electrochemical	
  detection	
  techniques.	
  

	
  
	
  
Experimental	
  

Coating	
  of	
  octadecyl	
  group	
  and	
  PSFF	
  polymers	
  on	
  hollow	
  silica	
  Nps:	
  

	
  

Coating	
  of	
  PSFF	
  on	
  plain	
  hollow	
  silica	
  Nps.	
  3	
  mg	
  of	
  silica	
  Nps	
  were	
  suspended	
  in	
  

0.3	
  mL	
  toluene	
  and	
  0.3	
  mg	
  of	
  PSFF	
  was	
  added	
  the	
  suspension	
  and	
  mixture	
  was	
  

stirred	
   4	
   hours	
   before	
   spinning	
   down	
   the	
  Nps	
   and	
  washed	
   by	
   toluene,	
   ethanol	
  

and	
  water	
  successively.	
  The	
  PSFF	
  coated	
  Nps	
  were	
  resuspended	
  in	
  3	
  mL	
  of	
  pH7.4	
  

PBS	
  for	
  explosive	
  detection.	
  

	
  

Coating	
  of	
  silane-­PSFF.	
  	
  The	
  procedure	
  for	
  coating	
  silane-­‐PSFF	
  on	
  plain	
  silica	
  Nps	
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was	
  same	
  as	
  coating	
  of	
  PSFF	
  except	
  that	
  absorption	
  time	
  was	
  8	
  hours.	
  

	
  

Coating	
   of	
   octadecyl.	
   	
   Octadecyl	
   groups	
   coating	
   on	
   plain	
   hollow	
   silica	
   Nps	
  was	
  

accomplished	
  by	
  using	
  3	
  mg	
  of	
  silica	
  Nps,suspended	
  in	
  1	
  mL	
  of	
  toluene	
  followed	
  

by	
  the	
  addition	
  of	
  60	
  uL	
  of	
  octadecyl(triethoxy)silane	
  the	
  mixture	
  was	
  then	
  let	
  to	
  

stir	
   overnight	
   at	
   room	
   temperature.	
   After	
   washing	
   with	
   toluene	
   the	
   Nps	
   were	
  

coated	
  with	
  PSFF	
  with	
  the	
  same	
  procedure	
  of	
  coating	
  PSFF	
  on	
  plain	
  silica	
  Nps.	
  

	
  

Much	
   of	
   the	
   material	
   in	
   this	
   chapter	
   comes	
   directly	
   from	
   a	
   manuscript	
  

entitled	
  “Hollow	
  silica	
  nanosheres	
  containing	
  a	
  silafluorene-­‐fluorene	
  conjugated	
  

polymer	
  for	
  aqueous	
  TNT	
  and	
  RDX	
  detection,”	
  by	
  Yang,	
  J.;	
  Ashmeyer,	
  S.;	
  Martinez,	
  

H.P.;Trogler,	
   W.C.	
   	
   Chem.	
   Commun.,	
   2010,	
   46,	
   6804-­‐6804.	
   	
   Reproduced	
   by	
  

permission	
  of	
  The	
  Royal	
  Society	
  of	
  Chemistry	
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Introduction	
  

A	
   fluorophore	
   whose	
   emission	
   can	
   be	
   tuned	
   can	
   be	
   a	
   very	
   desirable	
  

commodity;	
   this	
   is	
   something	
   very	
   evident	
   in	
   biological	
   and	
   cellular	
   research	
  

where	
  the	
  right	
  combination	
  of	
  stains	
  or	
  fluorophores	
  is	
  vital	
  to	
  the	
  success	
  of	
  a	
  

study.	
  	
  Shown	
  in	
  Fig.	
  1	
  was	
  the	
  combination	
  of	
  Hoechst	
  stain	
  (blue),	
  a	
  nuclear	
  	
  

	
  

	
  

Figure	
  1	
  shows	
  images	
  of	
  endocytosis	
  of	
  100nm	
  hollow	
  silica	
  (A)	
  and	
  100nm	
  Fe-­‐
doped,	
  hollow	
  silica	
  (B)	
  nanoshells.	
  	
  Samples	
  (A)	
  and	
  (B)	
  were	
  coated	
  with	
  Alexa-­‐
647	
   and	
   both	
   were	
   administered	
   at	
   100	
   µg/mL	
   to	
   the	
   MDA-­‐MB-­‐231	
   cell	
   line	
  
(breast	
   cancer).	
   	
   As	
   can	
   be	
   seen	
   above,	
   uptake	
   of	
   the	
   Fe-­‐doped,	
   hollow	
   silica	
  
nanoshells	
   appears	
   to	
   be	
   favored.	
   	
   Images	
   provided	
   courtesy	
   of	
   Kristina	
   K.	
  
Pohaku	
  Mitchell.	
  
	
  

stain,	
   5-­‐chloromethylfluroscein	
   diacetate	
   (CMFDA-­‐green),	
   and	
   alexafluro-­‐647	
  

(red).	
   	
  The	
  dyes	
  were	
  used	
  to	
  outline	
  the	
  cell,	
  the	
  nucleus,	
  and	
  determine	
  if	
  any	
  

labeled	
   nanoparticles	
   had	
   successfully	
   entered	
   the	
   cell.	
   	
   This	
   combination	
   and	
  

many	
  other	
   combinations	
  of	
   fluorophores	
   are	
   a	
   common	
  occurrence	
   in	
   cellular	
  

biology	
  research.1	
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In	
  the	
  sensor	
  field,	
  the	
  emission	
  wavelength	
  has	
  never	
  been	
  an	
  issue.	
  	
  For	
  

sensor	
   applications,	
   while	
   still	
   very	
   important,	
   the	
   emission	
   choice	
   has	
   not	
  

always	
  been	
  a	
  highly	
  desirable	
  option.2	
   	
  This	
   is	
  because	
  most	
   fluorescent	
  based	
  

sensor	
   platforms	
   function	
   by	
   a	
   “turn-­‐off”	
   mechanism,	
   whereby	
   the	
   highest	
  

occupied	
  molecular	
  orbital	
  (HOMO)	
  must	
  have	
  the	
  correct	
  overlap	
  with	
  the	
  	
  

	
  

Figure	
   2	
   shows	
   a	
   DFT	
   calculations	
   of	
   the	
   HOMO-­‐LUMO	
   gap	
   between	
   the	
  
explosives	
  listed	
  and	
  two	
  polymeric	
  sensory	
  designed	
  to	
  detect	
  these	
  analytes3	
  
	
  

lowest	
  unoccupied	
  molecular	
  orbital	
  (LUMO)	
  in	
  order	
  for	
  the	
  sensor	
  to	
  function	
  

properly.4	
   	
   Emission	
   tuning	
   is	
   usually	
   done	
   by	
   the	
   addition	
   of	
   an	
   electron	
  

withdrawing	
  or	
  donating	
  groups	
  to	
  obtain	
  a	
  bathochromic	
  or	
  hypsochromic	
  shift	
  

of	
  the	
  emission.	
   	
  This	
  inductive	
  effect	
  shifts	
  the	
  emission	
  and	
  also	
  can	
  affect	
  the	
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HOMO-­‐LUMO	
   gap	
   with	
   the	
   targeted	
   analyte,	
   thus	
   possibly	
   improving	
   or	
  

worsening	
  the	
  detection	
  limits.	
  

As	
   seen	
   in	
   Fig.	
   2	
   the	
   balance	
   necessary	
   to	
   achieve	
   efficient	
   fluorescent	
  

detection	
  is	
  small.3	
  	
  A	
  closer	
  look	
  shows	
  why	
  triacetonetriperoxide	
  (TATP)	
  is	
  not	
  

readily	
  detected	
  using	
  this	
  fluorescent	
  platform.	
  	
  Therefore,	
  it	
  is	
  easy	
  to	
  see	
  why	
  

emission	
  tuning	
  is	
  less	
  of	
  a	
  luxury	
  and	
  more	
  of	
  a	
  necessity	
  when	
  targeting	
  specific	
  

analytes	
   for	
   fluorescent	
   detection.	
   	
   The	
   emission	
   tuning	
   for	
   polymeric	
   systems	
  

can	
  be	
  accomplished	
  by	
  utilizing	
  different	
  electron	
  withdrawing	
  or	
  donating	
  co-­‐

monomers.5	
   	
   A	
   general	
   effect	
   of	
   the	
   polymerization	
   of	
   conjugated	
   organic	
  

monomer	
   is	
   a	
   highly	
   conjugated	
   polymeric	
   system	
   that	
   due	
   to	
   an	
   extended	
  

conjugated	
  network	
   the	
  emission	
  of	
   the	
  polymer	
   is	
   red	
  shifted	
   from	
  that	
  of	
   the	
  

monomer.	
  	
  

While	
   the	
   emission	
   wavelength	
   may	
   not	
   be	
   a	
   significant	
   concern	
   for	
  

electronic	
   sensors,	
   where	
   a	
   photoavalanche	
   device	
   or	
   photomultiplier	
   tube	
  

determines	
  the	
  emission	
  output,	
  for	
  field	
  systems	
  that	
  rely	
  on	
  a	
  human	
  observer	
  

it	
   can	
   be	
   the	
   deciding	
   factor.6	
   	
   For	
   example,	
   the	
   prototype	
   versions	
   of	
   the	
  

polysilole	
   high	
   explosive	
   detection	
   system	
   rely	
   on	
   an	
   observer	
   distinguishing	
  

fluorescent	
   emission	
   from	
   quenching.7	
   	
   For	
   the	
   polysilole	
   and	
   its	
   co-­‐polymer	
  

variants,	
  emission	
  is	
  in	
  the	
  green	
  region	
  of	
  the	
  spectrum.	
  	
  The	
  silafluorene	
  and	
  its	
  

co-­‐polymer	
  variants	
   emit	
   in	
   the	
  ultra	
   violet-­‐blue	
   region	
  of	
   the	
   spectrum.8	
   	
  This	
  

region	
  can	
  be	
  difficult	
  for	
  the	
  human	
  eye	
  to	
  see	
  and	
  it	
  is	
  for	
  this	
  reason	
  that	
  the	
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functionalized	
  silafluroenes	
  were	
  synthesized	
  and	
  studied.	
  	
  The	
  functionalization	
  

of	
  the	
  fused-­‐ring	
  silole	
  will	
  allow	
  for	
  emission	
  tuning.	
  	
  

	
  

Results	
  and	
  Discussion	
  

Silafluorene	
   is	
   synthesized	
   from	
   1,2-­‐dibromobenzene,	
   but	
   in	
   order	
   to	
  

obtain	
   a	
   functionalized	
   version,	
   the	
   starting	
  materials	
   would	
   need	
   to	
   have	
   the	
  

desired	
  groups	
  prior	
  to	
  the	
  biphenyl	
  formation.9	
  	
  This	
  was	
  done	
  to	
  minimize	
  ring	
  

functionalization	
  because	
  it	
  has	
  been	
  reported	
  that	
  functionalization	
  of	
  fused	
  ring	
  

systems,	
   such	
   as	
   9,9’-­‐spirobi[fluorene]	
   functionalization,	
   can	
   lead	
   to	
   multiple	
  

isomers,	
   which	
   can	
  make	
   isolation	
   of	
   the	
   desired	
   product	
   difficult.	
   	
   Using	
   this	
  

strategy	
   the	
   synthesis	
   of	
   a	
   2,3,6,7-­‐tetramethylsiliafluroene	
   and	
   2,3,6,7-­‐

tetramethoxysilafluroene	
   was	
   accomplished	
   by	
   beginning	
   with	
   1,2-­‐

dimethylbenzene(o-­‐xylene)	
  and	
  1,2-­‐dimethoxybenzene	
  (veratrole).10	
  	
  In	
  order	
  to	
  

obtain	
   the	
   desired	
   biphenyl,	
   the	
   methyl	
   and	
   methoxy	
   variants	
   needed	
   to	
   be	
  

dibrominated	
  at	
  the	
  1,2	
  positions	
  (as	
  seen	
  in	
  Fig.	
  3).	
  

	
  

	
  

Figure	
  3	
  shows	
  the	
  synthetic	
  scheme	
  used	
  to	
  obtain	
  a	
  1,2	
  –dibrominated	
  benzene	
  
and	
  the	
  corresponding	
  biphenyls.	
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Both	
  brominations	
  were	
  carried	
  out	
  with	
  a	
  catalytic	
  amount	
  of	
  iodine	
  (I2)	
  

and	
   bromine	
   in	
   methylene	
   chloride.	
   	
   The	
   crude	
   products	
   were	
   colored	
   solids.	
  	
  

1,2-­‐dibromo-­‐4,5-­‐dimethyoxybenzene	
   was	
   recrystallized	
   from	
   2-­‐propanol	
   and	
  

1,2-­‐dibromo-­‐4,5-­‐dimethylbenzene	
   was	
   recrystallized	
   from	
   methanol.	
   	
   Both	
  

compounds	
  were	
  produced	
  on	
  the	
  gram	
  scale	
  with	
  a	
  purified	
  yield	
  of	
  75-­‐85%.	
  	
  A	
  

detailed	
   account	
   can	
   be	
   found	
   in	
   the	
   experimental	
   section.	
   	
   The	
   biphenyl	
  

derivatives	
   were	
   prepared	
   according	
   to	
   modified	
   literature3,	
   8-­‐9,	
   11	
   procedures.	
  	
  

The	
  dibromophenyls	
  were	
  dissolved	
  in	
  freshly	
  distilled	
  THF	
  and	
  cooled	
  to	
  -­‐72°C,	
  

at	
   this	
   time	
   n-­‐butyl-­‐lithium	
   was	
   added	
   dropwise	
   using	
   a	
   pressure	
   equalizing	
  

addition	
   funnel.	
   	
   Once	
   all	
   of	
   the	
   base	
   was	
   added,	
   the	
   reaction	
   mixtures	
   were	
  

allowed	
  to	
  return	
  to	
  room	
  temperature	
  and	
  stirred	
  for	
  an	
  additional	
  three	
  hours.	
  	
  

Following	
   standard	
   organic	
   work	
   up	
   procedures,	
   oils	
   were	
   obtained	
   for	
   both	
  

compounds.	
  	
  Both	
  compounds	
  were	
  purified	
  by	
  column	
  chromatography	
  using	
  a	
  

methylene	
  chloride:hexanes	
  gradient,	
  the	
  compounds	
  were	
  obtained	
  in	
  yields	
  of	
  

50-­‐60%.	
  

The	
   dihydrosilafluorenes	
   were	
   prepared	
   by	
   treatment	
   with	
   two	
  

equivalents	
  of	
  n-­‐butyl	
   lithium	
  at	
  -­‐72°C	
  to	
  the	
  functionalized	
  dibrombiphenyls	
   in	
  

freshly	
   distilled	
   THF.	
   	
   After	
   stirring	
   for	
   2	
   hours	
   at	
   -­‐72°C,	
   two	
   equivalents	
   of	
  

dichlorosilane	
  was	
   slowly	
   added	
   to	
   the	
   reaction	
  mixture.	
   	
   A	
   summary	
   of	
   these	
  

reactions	
  can	
  be	
  seen	
  in	
  Fig.	
  4	
  (note:	
  dichlorosilane	
  was	
  purchased	
  and	
  used	
  as	
  a	
  

25%	
  (w/w)	
  solution	
  in	
  xylenes).	
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Figure	
  4	
   is	
   a	
   synthetic	
   scheme	
   for	
   the	
   preparation	
   of	
   dihydrosilafluroenes	
   and	
  
their	
  diethynyl	
  co-­‐polymers.	
  
	
  

The	
   polymerization	
  was	
   done,	
   according	
   to	
   literature	
   procedures3,	
   8-­‐9,	
   11,	
  

under	
  argon	
  and	
  equal	
  molar	
  amounts	
  of	
  dihydrosilafluroene	
  and	
  diethynylaryl	
  

were	
   added	
   to	
   a	
   round	
   bottom	
   flask,	
   along	
   with	
   a	
   catalytic	
   amount	
   of	
  

chloroplatinic	
   acid	
   (PtCl6H2).	
   	
   To	
   this	
   1-­‐2	
   ml	
   of	
   dry	
   toluene	
   was	
   added,	
   the	
  

reaction	
  was	
  heated	
  to	
  60-­‐70°C	
  and	
  let	
  to	
  stir	
  under	
  argon	
  for	
  36	
  hours.	
  	
  After	
  36	
  

hours,	
  the	
  heat	
  was	
  removed	
  and	
  when	
  the	
  reaction	
  reached	
  room	
  temperature,	
  

dimethylphenylsilane	
   was	
   added	
   to	
   cap	
   the	
   co-­‐polymer.	
   	
   The	
   solvent	
   was	
  

removed	
  and	
  the	
  polymer	
  precipitated	
  by	
  dissolving	
  in	
  THF	
  and	
  adding	
  to	
  a	
  ten-­‐

fold	
   volume	
   of	
   stirring	
   methanol.	
   	
   The	
   precipitation	
   was	
   done	
   three	
   times	
   to	
  

remove	
  shorter	
  oligomers	
  .	
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Figure	
   5	
   shows	
   the	
   excitation	
   and	
   emission	
   curves	
   for	
   the	
   tetramethyl	
   and	
  
tetramethoxy	
  diethynyl	
  polymers,	
  taken	
  in	
  toluene.	
  
	
  

	
   As	
   seen	
   in	
   Fig.	
   5,	
   the	
   emission	
   curves	
   for	
   both	
   tetramethyl	
   and	
  

tetramethoxy	
  substituted	
  silafluroene	
  polymers	
  were	
  red	
  shifted	
  42	
  and	
  72	
  nm	
  to	
  

that	
  of	
  the	
  unfunctionalized	
  corresponding	
  polymer.	
  	
  The	
  images	
  of	
  the	
  solutions	
  

show	
  both	
  to	
  be	
  blue	
  emitting	
  polymers.	
  	
  The	
  solution	
  quantum	
  yields	
  were	
  3	
  and	
  

1%,	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  6	
  shows	
  the	
  solid-­‐state	
  excitation	
  and	
  emission	
  curves	
  for	
  the	
  tetramethyl	
  
(TMSF-­‐DEB)	
  and	
  tetramethoxy	
  (TMxSF-­‐DEB)	
  	
  diethynyl	
  polymer.	
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respectively;	
  both	
  significantly	
  lower	
  than	
  the	
  unfunctionalized	
  silafluorene.	
  	
  The	
  

solid-­‐state	
  excitation	
  and	
  emission	
  spectra	
  were	
   taken	
  by	
  coating	
   the	
  polymers	
  

onto	
  non-­‐fluorescent	
   thin	
   layer	
  chromatography	
  plates	
   (as	
   seen	
   in	
  Fig.	
  6).	
   	
  The	
  

solid-­‐state	
  emission	
  was	
  slightly	
  red	
  shifted	
  for	
  both	
  polymers;	
  this	
  is	
  most	
  likely	
  

due	
  to	
  the	
  restriction	
  of	
  molecular	
  motion.	
   	
  The	
  blue-­‐green	
  solid-­‐state	
  emission	
  

did	
   make	
   the	
   polymers	
   easier	
   to	
   visualize,	
   but	
   their	
   lower	
   intensity	
   was	
  

noticeable.	
  

Using	
   the	
  dihydrotetramethylsilafluorene	
   a	
   second	
   class	
   of	
   polymer	
  was	
  

synthesized.	
   	
   The	
   co-­‐monomer	
   chosen	
   was	
   a	
   3,6-­‐diethynyl-­‐9-­‐methylcarbazole;	
  

this	
  was	
  done	
  to	
  mimic	
  a	
  reported	
  macromolecule	
  composed	
  of	
  carbazole	
  which	
  

had	
  an	
  affinity	
  for	
  TNT	
  (seen	
  below	
  in	
  Fig.	
  7).	
  	
  Following	
  similar	
  procedures	
  as	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  7	
   shows	
  a	
  macromolecule,	
  which	
  was	
   reported	
   to	
  have	
  a	
  propensity	
   for	
  
the	
  detection	
  of	
  TNT.12	
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previously	
   described	
   a	
   poly-­‐tetramethylsilafluroenyl-­‐diethynylcarbazole	
   was	
  

prepared.	
  	
  Although	
  the	
  reported	
  carbazole	
  used	
  was	
  2,7	
  functionalized,	
  because	
  

it	
  was	
  not	
  easily	
  synthetically	
  accessible,	
  a	
  3,6	
  substituted	
  variant	
  was	
  studied.12	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  
	
  
Figure	
  8	
  shows	
  the	
  solution	
  and	
  solid-­‐state	
  excitation	
  and	
  emission	
  spectra	
  for	
  p-­‐
tetramethylsilafluroenyl-­‐diethynylcarbazole.	
  
	
  

As	
   seen	
   in	
  Fig.	
  8,	
   the	
   emission	
  of	
   the	
  p-­‐silafluorenyl-­‐carbazole	
   (TMSF-­‐Car)	
  was	
  

slightly	
   blue	
   shifted	
   compared	
   to	
   the	
   corresponding	
   diethynylbenzene.	
   	
   The	
  

quantum	
  yield	
  was	
   significantly	
   lower	
   still;	
   all	
   of	
   the	
  values	
  are	
   summarized	
   in	
  

Table	
  1.	
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Table	
  1	
  is	
  a	
  summary	
  of	
  the	
  previously	
  mentioned	
  polymers.	
  

	
   TMSF-­‐DEB	
   TMxSF-­‐DEB	
   TMSF-­‐Car	
  

Φ	
   3	
  %	
   1	
  %	
   0.1	
  %	
  

Mw	
  	
  GPC	
  data	
   4600	
   5100	
   8900	
  

Mw/Mn	
  	
  	
  GPC	
  data	
   1.5	
   1.4	
   1.3	
  

λabs	
   298	
  nm	
   305	
  nm	
   300	
  nm	
  

λFl	
  Sol	
   442	
  nm	
   472	
  nm	
   420	
  nm	
  

λFl	
  Thin	
  Film	
   451	
  nm	
   458	
  nm	
   435	
  nm	
  

	
  

All	
  of	
  the	
  functionalized	
  silafluorene	
  polymers	
  synthesized	
  emitted	
  within	
  

a	
   50nm	
   range	
   of	
   each	
   other.	
   	
   The	
   two	
   diethynylbenzene	
   polymers	
   exhibited	
  

quantum	
   yields	
   slightly	
   lower	
   than	
   the	
   unfunctionalized	
   counterparts.	
   	
   This	
   is	
  

attributed	
  to	
  the	
  tetra-­‐substitution.	
  	
  The	
  added	
  molecular	
  motion	
  directly	
  affects	
  

the	
  quantum	
  efficiency.	
  	
  This	
  is	
  most	
  likely	
  why	
  the	
  poly-­‐tetrmethoxysilafluorene	
  

exhibits	
  an	
  even	
  lower	
  quantum	
  yield.	
  	
  An	
  interesting	
  observation	
  to	
  note	
  about	
  

the	
   poly-­‐tetrmethoxysilafluorene	
   is	
   that	
   when	
   dissolved	
   in	
   chloroform,	
  

bromoform,	
   or	
   iodoform	
   and	
   exposed	
   to	
   ultraviolet	
   excitation,	
   the	
   solution	
  

quickly	
   becomes	
   a	
   bright	
   pink	
   color.	
   	
   This	
   process	
   is	
   reversible	
   and	
   it	
   takes	
  

approximately	
  an	
  hour	
  or	
  so	
  to	
  return	
  to	
  a	
  clear,	
  colorless	
  solution.	
  	
  After	
  several	
  

excitations,	
   the	
   solution	
   becomes	
   colored	
   and	
   the	
   fluorescence	
   intensity	
   is	
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diminished.	
   	
   This	
   is	
   thought	
   to	
   be	
   a	
   charge	
   transfer	
   complex	
   formed	
   with	
   the	
  

excited	
  fluorophore	
  and	
  the	
  haloform	
  solvents.	
  	
  The	
  colored	
  solution	
  was	
  studied	
  

by	
  NMR	
  and	
  fluorescence	
  spectroscopy,	
  but	
  no	
  significant	
  data	
  was	
  produced.	
  	
  It	
  

was	
  also	
  hypothesized	
  that	
  the	
  source	
  of	
  the	
  yellow	
  color	
  in	
  the	
  solution	
  and	
  the	
  

weakened	
   fluorescence	
   intensity	
   could	
   be	
   due	
   to	
   the	
   degradation	
   of	
   the	
  

fluorophore	
   due	
   to	
   photobleaching.	
   	
   The	
   four	
   methoxy	
   groups	
   make	
   the	
   ring	
  

system	
  more	
  electron	
  rich	
  and	
  thus	
  more	
  susceptible	
  to	
  oxidation.	
  

The	
   application	
   for	
   all	
   of	
   the	
   aforementioned	
   polymers	
   is	
   particulate	
  

explosive	
   detection.	
   	
   This	
   is	
   accomplished	
   by	
   depositing	
   known	
   amount	
   of	
  

explosives	
  to	
  surfaces;	
   filter	
  paper,	
  which	
  is	
  porous	
  and	
  absorbent,	
  and	
  ceramic	
  

wells,	
  which	
  are	
  non-­‐porous	
  and	
  have	
  no	
  substantial	
  absorptive	
  properties.	
  	
  	
  The	
  

use	
  of	
   these	
   two	
  surfaces	
  should	
  encompass	
   the	
   two	
  extremes	
   for	
  solid	
  surface	
  

absorption.	
   	
   Once	
   the	
   deposited	
   analyte’s	
   solvent	
   has	
   evaporated,	
   a	
   polymeric	
  

solution	
  was	
   applied	
   as	
   an	
   aerosol.	
   	
   The	
   aerosol	
   application	
  was	
   done	
   using	
   a	
  

hobby	
   airbrush.	
   	
   The	
   amount	
   of	
   air	
   pressure	
   allowed	
   the	
   user	
   to	
   qualitatively	
  

control	
  the	
  amount	
  or	
  thickness	
  of	
  the	
  film.	
  	
  Once	
  the	
  film	
  was	
  dry,	
  an	
  impartial	
  

observer	
  viewed	
   the	
   surfaces	
  under	
  an	
  ultraviolet	
   lamp	
  and	
  determined	
  where	
  

quenching	
  was	
  present.	
  	
  An	
  example	
  of	
  what	
  an	
  observer	
  would	
  see	
  is	
  shown	
  in	
  

Fig.	
  9.	
   	
   These	
   are	
   images	
   taken	
  of	
  Tetryl	
   and	
   trinitroglycerine	
   (TNG)	
  deposited	
  

onto	
  filter	
  paper	
  and	
  in	
  ceramic	
  wells.	
  	
  The	
  images	
  are	
  not	
  the	
  best	
  quality	
  due	
  to	
  

the	
  low	
  light	
  needed	
  to	
  observe	
  the	
  fluorescence	
  quenching.	
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Figure	
  9	
  shows	
  an	
  example	
  of	
  the	
  explosives	
  particulate,	
  (top)	
  on	
  filter	
  paper	
  and	
  
(bottom)	
  in	
  ceramic	
  wells.	
  
	
  

While	
   the	
   detection	
   examples	
   do	
   not	
   photograph	
   well,	
   the	
   impartial	
  

observer	
  had	
  no	
  trouble	
  determining	
  where	
  quenching	
  had	
  occurred.	
   	
  The	
  filter	
  

paper	
  surface	
  is	
  always	
  easier	
  to	
  determine,	
  this	
  is	
  not	
  solely	
  due	
  to	
  its	
  absorptive	
  

nature,	
  but	
  its	
  lack	
  of	
  glare	
  when	
  viewed	
  under	
  the	
  excitation	
  of	
  a	
  UV	
  lamp.	
  	
  A	
  full	
  

summary	
   of	
   the	
   detection	
   limits	
   can	
   be	
   seen	
   in	
   Table	
  2.	
   	
   The	
   detection	
   limits	
  

achieved	
  for	
  these	
  systems	
  were	
  similar	
  to	
  the	
  unfunctionalized	
  systems	
  while	
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Table	
   2	
   is	
   a	
   summary	
   of	
   the	
   detection	
   limits	
  
achieved.

	
  
	
  

the	
   p-­‐TMSF-­‐Car	
   performed	
   better	
   than	
   its	
   diethynyl	
   counterparts.	
   	
   Its	
   lack	
   of	
  

fluorescent	
  efficiency	
  impacted	
  its	
  detection	
  limits.	
  

	
  

Conclusions	
  

While	
   all	
   of	
   the	
   substituted	
   silafluorene	
   polymers	
   were	
   no	
   better	
   than	
  

their	
   unfunctionalized	
   counterparts,	
   the	
   emission	
   tuning	
   was	
   a	
   success.	
   	
   The	
  

addition	
  of	
  varying	
  degrees	
  of	
  electron	
  donating	
  group	
  allowed	
  the	
  emission	
  peak	
  

maximum	
  to	
  be	
  shifted	
  without	
  greatly	
  impacting	
  the	
  detection	
  capabilities.	
  	
  The	
  

use	
   of	
   a	
   carbazole	
   co-­‐monomer	
   did	
   seem	
   to	
   improve	
   the	
   detection.	
   	
  While	
   the	
  

most	
   significant	
   issue	
   is	
   the	
   diminished	
   fluorescence	
   intensity,	
   there	
   are	
   still	
  

possible	
   routes	
   to	
  overcome	
   the	
  shortcomings	
  of	
   this	
   system.	
   	
  The	
  use	
  of	
  more	
  

efficient	
   fluorescent	
   co-­‐monomers	
   would	
   greatly	
   aid	
   the	
   TMSF	
   and	
   TMxSF	
  

materials.	
   	
   The	
   use	
   of	
   a	
   fluorescent	
   protecting	
   group	
   such	
   as,	
   fluorene	
   or	
   9,9’	
  

spirobi[fluorene],	
   for	
   the	
   amine	
   of	
   the	
   carbazole	
   would	
   greatly	
   bolster	
   the	
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fluorescent	
  intensity	
  or	
  the	
  use	
  of	
  the	
  2,7-­‐substituted	
  carbazole,	
  which	
  is	
  said	
  to	
  

be	
  more	
  fluorescently	
  efficient,	
  improving	
  the	
  detection	
  limits	
  for	
  this	
  system.	
  

	
  

Experimental	
  	
  

General.	
   Caution:	
   TNT	
   and	
   picric	
   acid	
   are	
   high	
   explosives	
   and	
   should	
   be	
  

handled	
  only	
  in	
  small	
  quantities.	
  Picric	
  acid	
  also	
  forms	
  shock	
  sensitive	
  compounds	
  

with	
  heavy	
  metals.	
  Purchased	
  explosive	
  standards	
  were	
  handled	
  as	
  dilute	
  solutions	
  

to	
  eliminate	
  their	
  explosion	
  hazard.	
  All	
  synthetic	
  manipulations	
  were	
  carried	
  out	
  

under	
   an	
   atmosphere	
   of	
   dry	
   argon	
   gas	
   using	
   standard	
   Schlenk	
   techniques.	
  Dry	
  

solvents	
   were	
   purchased	
   from	
   Aldrich	
   Chemical	
   Co.	
   Inc.	
   and	
   used	
   after	
  

purification	
  with	
  an	
  MBraun	
  MB	
  Auto	
  Solvent	
  Purification	
  System.	
  Spectroscopic	
  

grade	
   THF	
   and	
   toluene	
   from	
   Fisher	
   Scientific	
   was	
   used	
   for	
   the	
   fluorescence	
  

measurements.	
   	
   All	
   other	
   reagents	
   were	
   purchased	
   from	
   Aldrich	
   Chemical	
   Co.	
  

and	
  used	
  as	
  received.	
  Picric	
  acid	
  and	
  DNT	
  were	
  purchased	
  from	
  Aldrich	
  Chemical	
  

Co.	
   and	
   recrystallized	
   from	
   ethanol	
   and	
   methanol,	
   respectively.	
   TNT	
   was	
  

prepared	
  from	
  DNT13	
  and	
  recrystallized	
  from	
  toluene.	
  RDX,	
  HMX,	
  Tetryl,	
  TNG	
  and	
  

PETN	
   were	
   purchased	
   as	
   1	
   mg/mL	
   analytical	
   standards	
   in	
   acetonitrile	
   from	
  

Cerilliant®.	
  	
  

NMR	
   data	
   were	
   collected	
   with	
   a	
   Varian	
   Unity	
   400	
   or	
   500	
   MHz	
  

spectrometers	
  (300.1	
  MHz	
  for	
  1H,	
  77.5	
  MHz	
  for	
  13C,	
  and	
  99.4	
  MHz	
  for	
  29Si	
  NMR).	
  	
  

Infrared	
   spectra	
   were	
   obtained	
   with	
   the	
   use	
   of	
   a	
   Nicolet	
   Magna-­‐IRTM	
  

Spectrometer	
  550.	
  GPC-­‐RI	
  data	
  were	
  obtained	
  with	
  the	
  use	
  of	
  a	
  Viscotek	
  GPCmax	
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VE	
  2001	
  GPC	
  and	
   a	
  Viscotek	
  VE	
  3580	
   refractive	
   index	
  detector	
   calibrated	
  with	
  

polystyrene	
   standards.	
   Fluorescence	
   emission	
   and	
   excitation	
   spectra	
   were	
  

recorded	
  with	
  the	
  use	
  of	
  a	
  Perkin-­‐Elmer	
  Luminescence	
  Spectrometer	
  LS	
  45.	
  	
  UV-­‐

vis	
   spectra	
   were	
   obtained	
   with	
   the	
   use	
   of	
   a	
   Perkin-­‐Elmer	
   Lamda35	
   UV/Vis	
  

spectrometer.	
  

	
  

1,2-­Dibromo-­4,5-­dimethoxybenzene.	
   	
   In	
   a	
   500-­‐ml	
   three	
   neck	
   round	
   bottom	
  

flask	
  15ml	
  (117mmol)	
  of	
  veratrole	
   (1,2-­‐dimethoxybenzene)	
  was	
  added	
   to	
  25ml	
  

of	
  CH2Cl2.	
  	
  To	
  this	
  0.65g	
  (2.5mmol)	
  of	
  iodine	
  (I2)	
  was	
  added	
  turning	
  the	
  solution	
  a	
  

dark	
  deep	
  purple.	
   	
  The	
  round	
  bottom	
  flask	
  was	
  now	
  equipped	
  with	
  an	
  addition	
  

funnel,	
   into	
   the	
   addition	
   funnel	
   20ml	
   (388	
  mmol)	
   of	
   bromine	
   (Br2)	
  was	
   added.	
  	
  

The	
  Br2	
  was	
  slowly	
  added	
  to	
  the	
  stirring	
  veratrole	
  and	
  I2	
  solution.	
  	
  The	
  addition	
  

was	
  done	
  over	
  1	
  hour,	
  after	
  stirring	
  for	
  3	
  more	
  hours	
  all	
  of	
  the	
  volatiles	
  (I2,	
  Br2,	
  

and	
  CH2Cl2).	
   	
  This	
   left	
  an	
  orange	
  solid,	
  which	
  was	
  dissolved,	
   in	
  hot	
   isopropanol.	
  	
  

Any	
   insoluable	
  material	
   was	
   filtered	
   off.	
   	
   The	
   solution	
  was	
   let	
   to	
   cool	
   and	
   the	
  

product	
  crystallized	
  out	
  of	
  this	
  solution.	
  	
  This	
  gave	
  a	
  slightly	
  colored	
  solid,	
  which	
  

was	
  recrystallized	
  from	
  hot	
  isopropanol	
  to	
  yield	
  white	
  needles	
  at	
  70-­‐75%	
  yield.	
  	
  

1H	
  NMR	
  (400	
  MHz,	
  CDCl3):	
  δ7.86s	
  (2H),	
  δ3.86s.	
  

	
  

2,2'-­dibromo-­4,4',5,5'-­tetramethoxy-­1,1'-­biphenyl.	
   	
   In	
   a	
   500-­‐ml	
   three	
   neck	
  

round	
   bottom	
   flask	
   8.00g	
   (27	
   mmol)	
   1,2-­‐Dibromo-­‐4,5-­‐dimethoxybenzene	
   was	
  

dissolved	
   in	
   120ml	
   of	
   freshly	
   distilled	
   THF.	
   	
   This	
   yielded	
   a	
   clear,	
   colorless	
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solution.	
  	
  The	
  solution	
  was	
  now	
  cooled	
  down	
  to	
  -­‐75	
  C,	
  using	
  CO2	
  and	
  diethylether.	
  	
  

Once	
  cooled,	
  8.5ml	
  (13.5mmol)	
  of	
  n-­‐butyl	
   lithium	
  (1.6M	
  in	
  hexanes)	
  was	
  added	
  

drop-­‐wise	
  over	
  an	
  hour.	
  	
  Now	
  the	
  cooling	
  bath	
  was	
  removed	
  and	
  the	
  solution	
  was	
  

let	
   to	
   stir	
   another	
   two	
   hours	
   at	
   room	
   temperature.	
   	
   The	
   reaction	
   was	
   now	
  

quenched	
   using	
   50ml	
   of	
   a	
   5%HCl	
   solution.	
   	
   At	
   this	
   time	
   the	
   reaction	
   mixture	
  

turned	
   a	
   faint	
   yellow	
   color.	
   	
   The	
   THF	
   was	
   removed	
   with	
   the	
   roto-­‐evaporator,	
  

leaving	
  behind	
  the	
  aqueous	
  mixture.	
  	
  The	
  aqueous	
  mixture	
  was	
  extracted	
  3x	
  with	
  

15ml	
  of	
  diethylether.	
  	
  The	
  organic	
  solution	
  was	
  washed	
  with	
  a	
  brine	
  solution	
  and	
  

dried	
  over	
  MgSO4.	
   	
  The	
  white	
   solid	
  was	
  purified	
  by	
   column	
  chromatography	
  at	
  

50-­‐60%	
  yield.	
  	
  1H	
  NMR	
  (400	
  MHz,	
  CDCl3):	
  δ7.11s	
  (2H),	
  δ6.77s	
  (2H),	
  δ3.91s	
  (6H),	
  

δ3.86s	
  (6H).	
  

	
  

1,2-­Dibromo-­4,5-­dimethylbenzene.	
   	
   	
   	
   In	
   a	
   500-­‐ml	
   three	
   neck	
   round	
   bottom	
  

flask	
  92ml	
  (750mmol)	
  of	
  o-­‐xylene(1,2-­‐dimethylbenzene)	
  .	
  	
  To	
  this	
  0.4g	
  (2.5mmol)	
  

of	
   iodine	
   (I2)	
  was	
   added	
   turning	
   the	
   solution	
   a	
   lite	
   purple.	
   	
   The	
   round	
   bottom	
  

flask	
  was	
  cooled	
   in	
  an	
   ice	
  bath	
  and	
  now	
  equipped	
  with	
  an	
  addition	
   funnel,	
   into	
  

the	
  addition	
  funnel	
  80ml	
  (1533	
  mmol)	
  of	
  bromine	
  (Br2)	
  was	
  added.	
  	
  The	
  Br2	
  was	
  

slowly	
   added	
   to	
   the	
   stirring	
   o-­‐xylene	
   and	
   I2	
   solution,	
   making	
   sure	
   the	
  

temperature	
   never	
   rose	
   above	
   0C.	
   	
   The	
   addition	
   was	
   done	
   over	
   1	
   hour,	
   after	
  

stirring	
  for	
  overnight	
  (12	
  hours).	
  	
  At	
  time	
  a	
  large	
  off-­‐white	
  solid	
  was	
  left	
  behind,	
  

which	
  was	
  dissolved	
  in	
  diethylether.	
  	
  The	
  organic	
  solution	
  was	
  now	
  washed	
  with	
  

an	
  2N	
  NaOH	
  solution,	
  washed	
  with	
  brine	
  and	
  dried	
  over	
  MgSO4.	
  	
  The	
  white	
  solid	
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recovered	
  was	
  now	
  recrstyallized	
  from	
  methanol	
  to	
  give	
  white	
  flakes	
  at	
  70-­‐75%	
  

yield.	
  	
  	
  1H	
  NMR	
  (400	
  MHz,	
  CDCl3):	
  δ7.37s	
  (2H),	
  δ2.18s.	
  

	
  

2,2'-­dibromo-­4,4',5,5'-­tetramethyl-­1,1'-­biphenyl.	
   	
   In	
   a	
   500-­‐ml	
   three	
   neck	
  

round	
   bottom	
   flask	
   10.00g	
   (38	
   mmol)	
   1,2-­‐Dibromo-­‐4,5-­‐dimethylbenzene	
   was	
  

dissolved	
  in	
  75ml	
  of	
  freshly	
  distilled	
  THF.	
  	
  This	
  yielded	
  a	
  clear,	
  colorless	
  solution.	
  	
  

The	
  solution	
  was	
  now	
  cooled	
  down	
   to	
   -­‐75	
  C,	
  using	
  CO2	
  and	
  diethylether.	
   	
  Once	
  

cooled,	
   12ml	
   (19mmol)	
   of	
   n-­‐butyl	
   lithium	
   (1.6M	
   in	
   hexanes)	
   was	
   added	
   drop-­‐

wise	
  over	
  an	
  hour.	
  	
  Now	
  the	
  cooling	
  bath	
  was	
  removed	
  and	
  the	
  solution	
  was	
  let	
  to	
  

stir	
   another	
   two	
  hours	
   at	
   room	
   temperature.	
   	
   The	
   reaction	
  was	
  now	
  quenched	
  

using	
  50ml	
  of	
  a	
  5%HCl	
  solution.	
  	
  At	
  this	
  time	
  the	
  reaction	
  mixture	
  turned	
  a	
  faint	
  

yellow	
  color.	
  	
  The	
  THF	
  was	
  removed	
  with	
  the	
  roto-­‐evaporator,	
  leaving	
  behind	
  the	
  

aqueous	
   mixture.	
   	
   The	
   aqueous	
   mixture	
   was	
   extracted	
   3x	
   with	
   15ml	
   of	
  

diethylether.	
   	
  The	
  organic	
  solution	
  was	
  washed	
  with	
  a	
  brine	
  solution	
  and	
  dried	
  

over	
  MgSO4.	
  	
  The	
  white	
  solid	
  was	
  purified	
  by	
  column	
  chromatography	
  at	
  50-­‐60%	
  

yield.	
   	
  1H	
  NMR	
  (400	
  MHz,	
  CDCl3):	
  δ7.42s	
  (2H),	
  δ6.99s	
  (2H),	
  δ2.88s	
  (6H),	
  δ2.24s	
  

(6H).	
  

	
  

Synthesis	
   of	
   Polysilole-­diethynylaryl	
   co-­polymers	
   were	
   prepared	
   according	
   to	
  

literature	
  procedure-­‐	
  	
  

Equal	
   molar	
   amount	
   of	
   	
   5H-­‐dibenzo[b,d]silole	
   and	
   diethynylaryl	
  

compounds	
   were	
   put	
   into	
   a	
   clean,	
   dry	
   round	
   bottom	
   flask	
   equipped	
   with	
   a	
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condenser.	
  To	
  these	
  solids	
  a	
  catalytic	
  amount	
  of	
  PtCl6H2	
  was	
  added	
  under	
  Ar.	
  	
  To	
  

this	
  mixture	
  1.5ml	
  of	
  dry	
  toluene	
  was	
  add.	
  	
  The	
  reaction	
  was	
  stirred	
  under	
  Ar	
  at	
  

60°C	
  for	
  36hr.	
  Then	
  the	
  temperature	
  was	
  reduced	
  to	
  35°C	
  and	
  an	
  excess	
  (50 µL)	
  

of	
  dimethylphenylsilane	
  was	
  added	
  under	
  Ar	
  and	
  stirring	
  continued	
  for	
  2hr.	
  	
  The	
  

PtCl6H2	
   was	
   removed	
   by	
   filtration	
   using	
   filter	
   paper	
   and	
   the	
   toluene	
   was	
  

removed	
  by	
  vacuum.	
  	
  The	
  yielded	
  a	
  brownish/yellow	
  oil.	
  	
  The	
  oil	
  was	
  taken	
  up	
  in	
  

1ml	
   of	
   tetrahydrofuran	
   and	
   added	
   to	
   10	
  ml	
   of	
   stirring	
  methanol	
   to	
   precipitate	
  

polymer	
  at	
  55-­‐65%	
  yield.	
  	
  This	
  process	
  was	
  repeated	
  two	
  times	
  and	
  gave	
  a	
  faintly	
  

yellow	
  solid.	
  	
  GPC:	
  13kDa,	
  PDI	
  1.3.	
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A	
  Brief	
  Introduction:	
  	
  Color	
  Doppler	
  Ultrasound	
  Imaging	
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General	
  Introduction	
  

At	
  present,	
  the	
  best	
  chances	
  for	
  breast	
  conservation	
  therapy	
  rely	
  upon	
  the	
  

early	
   detection	
   and	
   removal	
   of	
  malignant	
   tumors.1	
   	
   Once	
   detected,	
   tumors	
   are	
  

imaged	
   using	
   computed	
   tomography	
   (CT)	
   or	
   positron	
   emission	
   tomography	
  

(PET).	
   	
   These	
   imaging	
   techniques	
   are	
   utilized	
   for	
   their	
   high	
   resolution	
   and	
  

contrast.	
   	
   	
  Once	
  located,	
  a	
  tumor	
  is	
  then	
  marked	
  for	
  removal	
  using	
  a	
  guide	
  wire	
  

and/or	
   a	
   radioactive	
   seed.	
   	
   The	
   guide	
   wire	
   is	
   simply	
   a	
   large	
   wire,	
   which	
   is	
  

inserted	
  into	
  the	
  center	
  of	
  the	
  tumor	
  18-­‐24	
  hours	
  prior	
  to	
  the	
  procedure.2	
  	
  The	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  	
  

	
  

	
  

	
  

Figure	
  1	
  is	
  a	
  representation	
  of	
  the	
  (a)	
  insertion	
  of	
  the	
  guide	
  wires,	
  and	
  (b&c)	
  the	
  
removal	
  of	
  the	
  guide	
  wire	
  and	
  the	
  tumor	
  whose	
  location	
  was	
  marked	
  by	
  the	
  wire.	
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wires,	
  which	
  protrude	
  from	
  the	
  patient,	
  are	
  what	
  the	
  surgeon	
  uses	
  to	
  locate	
  and	
  

remove	
  the	
  tumor.	
   	
  The	
  problem	
  with	
  this	
  method	
  is	
  the	
  pain	
  it	
  causes	
  patients	
  

and	
   the	
   wires,	
   which	
   can	
   move	
   prior	
   to	
   surgery,	
   do	
   not	
   allow	
   surgeons	
   to	
  

consistently	
   achieve	
   negative	
   margins.3	
   	
   Negative	
   margins	
   are	
   defined	
   as	
  

containing	
  no	
  cancer	
  cells	
  present	
  in	
  the	
  outer	
  edge	
  of	
  the	
  tissue	
  and	
  the	
  rim	
  of	
  

surrounding	
  tissue	
  that	
  was	
  removed,	
  and	
  a	
  second	
  surgical	
  procedure	
  must	
  be	
  

performed	
  when	
  negative	
  margins	
  are	
  not	
  obtained.	
  	
  For	
  these	
  reasons,	
  there	
  is	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  2	
   shows	
   the	
   (left	
   image)	
   surgical	
   guide	
  wire	
   tools	
   used	
   to	
  mark	
   tumors	
  
and	
  (right	
  image)	
  a	
  CT	
  of	
  a	
  small	
  tumor	
  pre	
  and	
  post	
  marking.	
  
	
  

much	
   interest	
   in	
   the	
   development	
   of	
   improved	
   tumor	
  marking	
   techniques.	
   	
   An	
  

excellent	
   candidate	
   for	
   this	
   would	
   be	
   ultrasound	
   imaging;	
   it	
   is	
   a	
   non-­‐invasive	
  

imaging	
  technique	
  that	
  is	
  the	
  routine	
  safest	
  imaging	
  technique	
  available.4	
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   When	
  synthesizing	
  new	
  ultrasound	
  contrast	
  agents,	
  one	
  consideration	
  to	
  

factor	
  in	
  is	
  the	
  echogenicity	
  of	
  the	
  agent.	
  Where	
  the	
  echogenicity	
  is	
  the	
  ability	
  of	
  a	
  

material	
   to	
  create	
  an	
  echo,	
  which	
   is	
  measured	
  by	
  calculating	
  the	
  backscattering	
  

and	
   transmission	
   coefficients	
   as	
   a	
   function	
   of	
   frequency.	
   	
   The	
   simplest	
   factors	
  

contributing	
  to	
  the	
  echogenicity	
  are	
  the	
  density	
  and	
  compressibility	
  of	
  a	
  material.	
  	
  	
  

For	
  example,	
  blood	
  is	
  20	
  to	
  30	
  times	
  less	
  echogenic	
  than	
  tissue;	
  this	
  is	
  due	
  to	
  the	
  

small	
  impedance	
  differences	
  between	
  red	
  blood	
  cells	
  and	
  plasma.	
  	
  Different	
  types	
  

of	
   tissue	
   (i.e	
   normal	
   vs	
   cancerous)	
   can	
   be	
   difficult	
   to	
   distinguish	
   by	
   using	
  

ultrasound	
   imaging.	
   	
   In	
  order	
   for	
  ultrasound	
   imaging	
   to	
  be	
  a	
  more	
  widely	
  used	
  

viable	
   imaging	
   technique,	
   ultrasound	
   contrast	
   particles	
   are	
   used.5	
   	
   Ultrasound	
  

contrast	
   particles	
   are	
   microbubbles	
   that	
   are	
   encased	
   in	
   a	
   variety	
   of	
   materials	
  

such	
  as	
   liposomes,	
  polymers,	
  proteins,	
  or	
  amorphous	
   inorganics.6	
   	
  The	
  contrast	
  

enhancement	
   comes	
   from	
   the	
   gases	
   that	
   are	
   used	
   to	
   fill	
   the	
   particles.	
   	
   More	
  

specifically,	
   the	
   compressibility	
   of	
   air	
   is	
   10-­‐6	
   m2/N	
   while	
   water	
   is	
   10-­‐11	
   m2/N	
  

(same	
   order	
   of	
   magnitude	
   as	
   tissue).	
   This	
   large	
   difference	
   allows	
   contrast	
  

particles	
   that	
   contain	
   gases	
   to	
   give	
   a	
   significant	
   and	
   easily	
   detectible	
   signal	
   in	
  

ultrasound	
   imaging.	
   	
  Therefore	
  when	
  designing	
  an	
  ultrasound	
  contrast	
  particle,	
  

there	
  are	
  many	
  factors	
  to	
  consider	
  such	
  as	
  size	
  of	
  the	
  particle,	
  material	
  used	
  for	
  

particle	
  synthesis	
  and	
  the	
  gas	
  used	
  to	
  fill	
   the	
  particles.	
   	
  The	
  size	
  of	
  the	
  particles	
  

can	
   be	
   a	
   concern	
   for	
   various	
   reasons;	
   the	
   size	
   of	
   the	
   particles	
   can	
   affect	
   the	
  

efficiency	
   of	
   the	
   interaction	
   of	
   the	
   particles	
   with	
   the	
   ultrasonic	
   sound	
   wave.	
  	
  

Specifically	
   a	
   smaller	
   internal	
   gas	
   payload	
   yields	
   a	
   smaller	
   compression	
   or	
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rarefaction	
  when	
   compared	
   to	
   an	
   equivalently	
   larger	
   particle,	
  which	
   leads	
   to	
   a	
  

smaller	
  echogenic	
  signal	
  for	
  a	
  small	
  particle.	
  	
  	
  The	
  reason	
  that	
  the	
  gas	
  payload	
  is	
  

important	
   is	
   this	
   directly	
   correlates	
   to	
   the	
   enhancement.	
   	
   The	
   enhancement	
  

comes	
  from	
  the	
  interaction	
  of	
  the	
  particle	
  with	
  the	
  pressure	
  wave;	
  the	
  gas	
  filled	
  

particles	
  can	
  undergo	
  a	
  compression,	
  rarefaction	
  or	
  cavitation.	
  	
  The	
  end	
  result	
  is	
  	
  

	
  

	
  

Figure	
  3	
  under	
  compression	
  (a),	
  microbubbles	
  shrink;	
  under	
  rarefaction	
  (c	
  and	
  
d),	
   microbubbles	
   expand.	
   This	
   strong	
   physical	
   responsiveness	
   translates	
   into	
  
strong	
  and	
  non-­‐linear	
  signal	
  responsiveness.	
  6a,	
  7	
  
	
  

all	
  of	
  the	
  physical	
  responses	
  seen	
  above	
  in	
  Fig.	
  3,	
  which	
  translate	
  into	
  nonlinear	
  

signal	
  responses	
  or	
  detectable	
  image	
  enhancement.	
  

Presently	
   the	
   only	
   US	
   FDA	
   commercially	
   approved	
   ultrasound	
   contrast	
  

particle	
   is	
   the	
   Definity®	
   microbubble,	
   which	
   is	
   a	
   soft-­‐shelled	
   liposome	
   based	
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particle.	
  	
  When	
  filled	
  with	
  decaflurobutane,	
  it	
  acts	
  as	
  an	
  efficient	
  contrast	
  particle	
  

for	
   determining	
   blood	
   flow	
   in	
   the	
   vasculature	
   system.	
   	
   Definity®	
   ultrasound	
  

contrast	
   particles	
   were	
   designed	
   to	
   be	
   injected	
   into	
   the	
   vasculature	
   system,	
  

specifically	
  to	
  determine	
  the	
  amount	
  of	
  blood	
  flow.8	
  	
  They	
  have	
  a	
  total	
  lifetime	
  of	
  

approximately	
  1	
  hour	
  and	
  an	
  effective	
  imaging	
  time	
  of	
  only	
  5-­‐8	
  minutes.	
  	
  Due	
  to	
  

the	
  life	
  threatening	
  dangers	
  of	
  embolisms,	
  it	
  is	
  understandable	
  why	
  the	
  particles	
  

must	
  have	
   short	
   lifetimes.	
   	
  Unfortunately,	
   these	
   types	
  of	
   contrast	
   agents	
  would	
  

not	
  function	
  well	
  as	
  an	
  ultrasound	
  tumor	
  marker,	
  because	
  the	
  material	
  needed	
  to	
  

replace	
  or	
  work	
  in	
  conjunction	
  with	
  guide	
  needles	
  would	
  ideally	
  need	
  to	
  have	
  a	
  

lifetime	
  of	
  24-­‐48	
  hours,	
  be	
  robust	
  enough	
  to	
  undergo	
  several	
  imaging	
  session	
  and	
  

must	
  also	
  be	
  immobile	
  once	
  injected.	
  

The	
   ultrasound	
   technique	
   most	
   receptive	
   is	
   the	
   color	
   flow	
   or	
   color	
  

Doppler	
   imaging	
   (CDI).	
   	
   In	
   this	
   technique,	
   a	
   sound	
  or	
  pressure	
  wave	
  generated	
  

from	
   the	
   ultrasound	
   transducer	
   is	
   sent	
   to	
   some	
   region	
   and	
   depth	
   set	
   by	
   the	
  

sonographer.	
  	
  The	
  interaction	
  with	
  the	
  material	
  in	
  the	
  region	
  of	
  interest	
  depends	
  

on	
   the	
  material’s	
  echogenicity.	
   	
  Contrast	
  particles	
  are	
  quite	
  echogenic	
  and	
   their	
  

interaction	
   with	
   pressure	
   wave	
   creates	
   a	
   return	
   echo	
   or	
   sound	
   wave	
   that	
   the	
  

same	
  transducer	
  receives.	
  	
  The	
  return	
  signal	
  is	
  then	
  processed	
  into	
  an	
  image.	
  For	
  

color	
  Doppler	
  imaging	
  there	
  is	
  one	
  more	
  component	
  (this	
  process	
  is	
  shown	
  in	
  Fig.	
  

4).	
  Since	
  there	
  is	
  a	
  time	
  delay	
  from	
  the	
  initial	
  sent	
  and	
  the	
  received	
  sound	
  wave	
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Figure	
  4	
   shows	
   that	
   in	
   pulsed	
  wave	
  Doppler	
   ultrasound,	
   a	
   series	
   of	
   pulses	
   are	
  
transmitted,	
   and	
   phase	
   changes	
   in	
   the	
   response	
   signal	
   are	
   detected	
   between	
  
sequential	
  pulses.	
  Scatterers	
  moving	
  toward	
  or	
  away	
  from	
  the	
  transducer	
  induce	
  
detectable	
  phase	
  shifts	
  in	
  their	
  response	
  signals.	
  Microbubble	
  destruction,	
  results	
  
in	
  a	
  loss	
  of	
  signal	
  in	
  the	
  second	
  pulse,	
  which	
  is	
  detected	
  as	
  a	
  strong	
  signal.	
  Image	
  
above	
  from	
  C.	
  Deane	
  Doppler	
  ultrasound:	
  	
  principles	
  and	
  practice.9	
  
	
  

the	
  Doppler	
  frequency	
  can	
  be	
  calculated.	
  	
  This	
  is	
  then	
  converted	
  into	
  a	
  velocity	
  by	
  

the	
   instrument,	
   which	
   is	
   assigned	
   to	
   pixels	
   when	
   the	
   echoes	
   returning	
   from	
   a	
  

voxel	
   are	
   non-­‐correlated	
   following	
   the	
   transmission	
   of	
   multiple	
   ultrasound	
  

pulses.	
   	
   A	
   voxel	
   is	
   an	
   element	
   representing	
   a	
   value	
   on	
   a	
   regular	
   grid	
   in	
   three-­‐

dimensional	
  space.	
  	
  The	
  processed	
  voxel	
  is	
  converted	
  from	
  a	
  frequency	
  shift	
  into	
  

a	
  velocity,	
  which	
  is	
  displayed	
  on	
  the	
  ultrasound	
  a	
  display	
  as	
  different	
  colors.	
  	
  The	
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colors	
   correspond	
   to	
   signals	
   that	
   are	
   moving	
   towards	
   or	
   away	
   from	
   the	
  

transducer.	
   	
  This	
  mode	
  when	
  used	
   in	
  conjunction	
  with	
  a	
  contrast	
  agent	
   is	
  quite	
  

useful	
  in	
  determining	
  blood	
  flow	
  and	
  ascertaining	
  whether	
  there	
  are	
  obstructions	
  

in	
   the	
   vasculature	
   system.	
   	
   It	
   also	
  offers	
   s	
   a	
  method	
   for	
   imaging	
   rigid	
   shell	
   gas	
  

bubbles	
  that	
  are	
  not	
  compressible,	
  but	
  may	
  leak	
  gas	
  or	
  break	
  to	
  release	
  gas.	
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Introduction	
  

Ultrasound	
  imaging	
  is	
  used	
  frequently	
  for	
  medical	
  diagnosis	
  because	
  it	
  is	
  

safe,	
  fast,	
  and	
  noninvasive.	
  	
  Ultrasound’s	
  major	
  shortcoming	
  is	
  its	
  image	
  contrast	
  

when	
   compared	
   to	
   techniques	
   such	
   as	
   magnetic	
   resonance	
   imaging	
   (MRI).	
  	
  

Therefore,	
  methods	
  to	
  improve	
  ultrasound	
  image	
  contrast	
  and	
  quality	
  are	
  crucial	
  

to	
   its	
   new	
   applications.	
   	
  Microbubbles	
   generated	
   by	
   agitating	
   saline	
   have	
   been	
  

used	
  as	
  a	
  contrast	
  agent	
  for	
  ultrasound	
  since	
  the	
  1960’s.	
   	
  These	
  are	
  free	
  bubble	
  

and	
   limited	
   to	
   right	
   heart	
   imaging,	
   as	
   they	
   do	
   not	
   survive	
   pulmonary	
   capillary	
  

circulation.	
  	
  More	
  stable	
  microbubbles	
  have	
  been	
  commercialized,	
  three	
  of	
  which	
  

are	
   currently	
   FDA	
   approved	
   in	
   the	
   U.S.	
   (Albunex®,	
   Optison®,	
   and	
   Definity®).	
  	
  

The	
  FDA	
  approved	
  ultrasound	
  image	
  contrast	
  particles	
  previously	
  mentioned,	
  are	
  

gas	
   bubbles	
   entrained	
  within	
   soft-­‐shells	
  made	
   of	
   proteins,	
   such	
   as	
   albumin,	
   or	
  

lipids.	
   	
   Soft	
   shell	
   ultrasonic	
   contrast	
   particles,	
   specifically	
   proteins,	
  

polysaccharides,	
  and	
  lipid-­‐based	
  particles,	
  have	
  not	
  been	
  extended	
  to	
  sizes	
  below	
  

400nm.	
  This	
  is	
  due	
  to	
  the	
  high	
  surface	
  tension	
  of	
  water,	
  which	
  prevents	
  air	
  filled	
  

nanobubbles	
   from	
   forming	
   at	
   atmospheric	
   pressure	
   for	
   the	
   time	
   needed	
   for	
  

imaging.	
   The	
   polymeric	
   make	
   up	
   of	
   a	
   microbubble	
   greatly	
   influences	
   its	
  

properties.	
   	
   For	
   example	
   microbubbles	
   made	
   of	
   phospholipids	
   are	
   considered	
  

soft-­‐shell	
   particles	
   and	
   are	
   much	
   more	
   sensitive	
   to	
   pressure	
   changes.	
  	
  

Microbubbles	
  made	
  of	
  polycyanoacrylate	
  are	
  hard-­‐shell	
  and	
  thus	
  produce	
  a	
  more	
  

robust	
   and	
   stable	
   particle.1	
   	
   Furthermore,	
   polymeric	
   microbubbles	
   have	
   been	
  

shown	
   in	
   animal	
   studies	
   to	
   be	
   a	
   viable	
   tool	
   for	
   renal	
   imaging	
   by	
   way	
   of	
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intravenous	
   injection.2	
   Ultrasound	
   contrast	
   particles	
   have	
   not	
   been	
   limited	
   to	
  

polymeric	
   materials,	
   as	
   many	
   inorganic	
   particles	
   have	
   also	
   been	
   shown	
   to	
  

possess	
   promising	
   echogenic	
   properties.3	
   	
   Air	
   filled	
   porous	
   silica	
   coated	
   gold,	
  

porous	
   silica	
   encapsulated	
   ferrite,	
   and	
   porous	
   borate	
   and	
   aluminate	
   particles,	
  

which	
  are	
  considered	
  a	
  hard	
  shell	
  particles	
  have	
  been	
  shown	
  to	
  have	
   favorable	
  

ultrasound	
   enhancement	
   capabilities.3-­‐4	
   	
   Uncalcined	
   hollow	
   silica-­‐gel	
   particles	
  

have	
  been	
  shown	
  to	
  behave	
  as	
  soft-­‐shelled	
  particles	
  that	
  also	
  exhibit	
  ultrasound	
  

contrast	
   properties.5	
   The	
   only	
   nanoscale	
   bubbles	
   observed	
   to	
   date	
   have	
   been	
  

adsorbed	
  on	
  surfaces	
  of	
   single	
  crystal	
   silicon.	
   6	
  To	
  our	
  knowledge,	
   there	
  are	
  no	
  

rigid	
   or	
   hard	
   shell	
   hollow,	
   inorganic	
   hybrid	
   particles	
   being	
   used	
   as	
   ultrasound	
  

contrast	
   agents.	
   	
   Hollow	
   silica	
   shells	
   can	
   be	
   synthesized	
   with	
   a	
   large	
   range	
   of	
  

particle	
  sizes	
  down	
  to	
  100nm	
  diameter.	
  7	
  Besides	
  access	
  to	
  smaller	
  uniform	
  sizes	
  

and	
  low	
  toxicity,8	
  there	
  are	
  other	
  advantages	
  of	
  using	
  nanoporous	
  silica	
  shells	
  to	
  

contain	
  a	
  micro-­‐	
  or	
  nanobubble	
  	
  (a)	
  silica	
  facilitates	
  adhesion	
  to	
  tissue	
  and	
  cells	
  

thereby	
   making	
   the	
   particles	
   immobile;	
   	
   (b)	
   silica	
   can	
   be	
   doped	
   to	
   modify	
   its	
  

strength,	
  (c)	
  nanoporous	
  shells	
  can	
  be	
  chemically	
  modified	
  with	
  fluorophores,	
  (d)	
  

the	
   silica	
   surface	
   can	
   also	
   be	
   covalently	
   conjugated	
   to	
   cell	
   receptor	
   targeting	
  

agents	
  or	
  to	
  small	
  molecules	
  in	
  order	
  to	
  adjust	
  the	
  surface	
  charge	
  and	
  polarity.	
  	
  

In	
  this	
  report,	
  the	
  first	
  three	
  properties	
  are	
  exploited	
  to	
  demonstrate	
  the	
  

potential	
  utility	
  of	
  gas	
  filled	
  silica	
  micro-­‐	
  and	
  nanoshells	
  particles	
  for	
  ultrasound-­‐

enhanced	
   imaging.	
   	
   Perfluorcarbon	
   (PFC)	
   vapor	
   filled	
   hollow	
   silica	
   nano-­‐	
   and	
  

microshells	
   can	
   be	
   effectively	
   utilized	
   as	
   immobile,	
   rigid	
   ultrasound	
   image	
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contrast	
   particles	
   (UICP)	
   when	
   injected	
   subcutaneously.	
   	
   The	
   reason	
   that	
   this	
  

platform	
  could	
  be	
  advantageous	
  over	
  some	
  commercially	
  available	
  UICPs	
   is	
   the	
  

highly	
  adsorptive	
  nature	
  of	
  silica	
  gel.	
  The	
  immobility	
  of	
  the	
  uncoated	
  silica	
  shells	
  

in	
  tissue	
  makes	
  this	
  platform	
  amenable	
  to	
  be	
  used	
  as	
  an	
  adjunct	
  or	
  as	
  a	
  possible	
  

replacement	
   to	
   needle	
   localization	
   of	
   nonpalpable	
   tumors	
   to	
   mark	
   tumors	
   for	
  

surgical	
  removal.	
   	
  For	
  the	
  past	
  fifteen	
  years,	
  surgeons	
  have	
  removed	
  early	
  stage	
  

breast	
  cancers	
  by	
  placing	
  a	
  wire	
   in	
   the	
  breast	
   tumor	
  under	
  X-­‐ray	
  or	
  ultrasound	
  

guidance	
   to	
   mark	
   the	
   detected	
   abnormality	
   for	
   removal	
   by	
   the	
   surgeon.9	
  

However,	
   this	
   procedure	
   is	
   associated	
  with	
   a	
   20-­‐50%	
   rate	
   of	
   positive	
  margins	
  

necessitating	
   a	
   second	
   operation.	
   In	
   the	
   past	
   few	
   years,	
   some	
   surgeons	
   have	
  

reduced	
  the	
  number	
  of	
  second	
  surgeries	
  needed	
  in	
  breast	
  conservation	
  therapy	
  

by	
   injecting	
   radioactive	
   seeds	
   under	
   image	
   guidance	
   in	
   and	
   around	
   the	
   tumor	
  

preoperatively	
   to	
   better	
   localize	
   the	
   entire	
   tumor	
   to	
   achieve	
   negative	
   surgical	
  

margins.9-­‐10	
  The	
  disadvantages	
  of	
  using	
   radioactive	
   seeds	
   include:	
   	
   (a)	
   the	
  half-­‐

life	
   of	
   the	
   seed	
   being	
   only	
   a	
   few	
   hours,	
   thereby	
   requiring	
   the	
   seeds	
   to	
   be	
  

implanted	
   on	
   the	
   day	
   of	
   surgery,	
   	
   (b)	
   difficulty	
  marking	
  multiple	
   tumor	
   foci	
   or	
  	
  

fields	
   of	
   cancer	
   cells,	
  which	
   is	
   common	
   in	
   ductile	
   in-­‐situ	
   carcinoma	
   (DCIS),	
   (c)	
  

exposure	
  of	
  the	
  patient	
  and	
  surgeon	
  to	
  ionizing	
  radiation	
  	
  (d)	
  the	
  need	
  for	
  trained	
  

radiation	
  personnel,	
  	
  (e)	
  the	
  need	
  for	
  a	
  large	
  bore	
  needle	
  to	
  inject	
  the	
  seed	
  which	
  

is	
  painful	
  for	
  the	
  patient,	
  (f)	
  the	
  lack	
  of	
  3D	
  imaging	
  tools	
  for	
  radioactive	
  seeds	
  in	
  

the	
   operating	
   room,	
   and	
   (g)	
   the	
   seeds	
   are	
   expensive	
   to	
   purchase	
   and	
   dispose	
  

safely.	
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The	
   use	
   of	
   ultrasound	
   for	
   the	
   location	
   and	
   removal	
   of	
   tumors	
   has	
  

already	
   been	
   shown	
   to	
   be	
   a	
   useful	
   intraoperative	
   technique;	
   however,	
   the	
  

limited	
  imaging	
  contrast	
  of	
  tumorsreduces	
  the	
  effectiveness	
  of	
  this	
  method.	
  In	
  

this	
  report,the	
  gas	
  filled	
  silica	
  micro	
  and	
  nanoshells	
  injected	
  directly	
  in	
  tissue	
  

are	
   shown	
   to	
   persist	
   for	
   several	
   days	
   and	
   can	
   be	
   readily	
   imaged	
   in	
   human	
  

breast	
  tissue	
  in	
  three	
  dimensions	
  after	
  injection.	
  

	
  

Results	
  and	
  Discussion	
  

Synthesis	
  

Initial	
   attempts	
   to	
   synthesize	
   2.0	
   micron	
   (µm)	
   hollow	
   silica	
   particles	
  

were	
  done	
  using	
  the	
  same	
  sol	
  gel	
  procedure	
  as	
  the	
  one	
  used	
  to	
  produce	
  hollow	
  

silica	
   nanoshells.11	
   This	
   procedure	
   utilizes	
   a	
   polystyrene	
   bead	
   as	
   a	
   template	
  

that	
  is	
  coated	
  with	
  a	
  polyamine	
  to	
  facilitate	
  the	
  sol	
  gel	
  reaction	
  (shown	
  in	
  Fig.	
  

1).	
  	
  Once	
  the	
  sol	
  gel	
  reaction	
  is	
  completed,	
  the	
  organic	
  core	
  is	
  calcined	
  to	
  give	
  	
  

	
  

Figure	
  1	
  shows	
  a	
  general	
  scheme	
  for	
  the	
  sol-­‐gel	
  synthesis	
  of	
  hollow	
  shells.	
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a	
   hollow	
   particle.12	
   When	
   extended	
   to	
   the	
   microscale,	
   this	
   process	
   yielded	
  

hollow	
  microshells	
  that	
  were	
  very	
  fragile.	
  	
  These	
  particles	
  would	
  fracture	
  and	
  

eventually	
  break	
   completely	
  after	
  1-­‐2	
  hr	
  of	
  bath	
   sonication	
  or	
   centrifugation	
  

above	
  1.7	
  RFG	
  (Fig.	
  2).	
  	
  	
  In	
  order	
  to	
  prepare	
  a	
  more	
  robust	
  microshell,	
  another	
  

component	
  needed	
  to	
  be	
  incorporated	
  into	
  the	
  silica	
  matrix	
  to	
  strengthen	
  it;	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  2	
  shows	
  two	
  SEM	
  images	
  of	
  material	
  recovered	
  after	
  calcination	
  using	
  the	
  
standard	
  procedure	
  for	
  particle	
  synthesis,	
  without	
  boron	
  doping.	
  	
  	
  As	
  seen	
  above	
  
A	
   (758x	
  mag.)	
   and	
  B	
   (2300x	
  mag.)	
   there	
   are	
   very	
   few	
  well-­‐formed,	
   unbroken	
  
particles	
  produced	
  using	
  the	
  standard	
  procedure.	
  
	
  

therefore,	
   boron	
  was	
  doped	
   into	
   the	
   silica	
  matrix	
  during	
   the	
   sol-­‐gel	
   reaction	
  

by	
   addition	
   of	
   trimethoxyboron.	
   	
   Due	
   to	
   the	
   difference	
   in	
   reactivity	
   of	
  

tetramethylorthosilicate	
   and	
   trimethoxyboron,	
   the	
   former	
   reagent	
   was	
  

allowed	
  to	
  react	
  for	
  2	
  hr	
  before	
  addition	
  of	
  trimethoxyboron.	
  	
  This	
  allowed	
  the	
  

slower	
  reacting	
  silane	
  to	
  begin	
  the	
  template	
  formation	
  of	
  the	
  silica	
  microshell,	
  

before	
   allowing	
   the	
   boron	
   to	
   be	
   incorporated	
   into	
   the	
   nascent	
   silica	
  matrix.	
  	
  

The	
   particles	
   were	
   washed	
   with	
   water	
   and	
   ethanol	
   to	
   remove	
   unreacted	
  

starting	
   materials.	
   	
   The	
   2	
   µM	
   polystyrene	
   bead	
   core	
   was	
   subsequently	
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removed	
  by	
  calcination	
  at	
  550	
  °C	
  for	
  18	
  hr.	
  	
  This	
  yielded	
  a	
  hollow	
  porous	
  silica	
  

gel	
  particle	
  with	
  a	
  relatively	
  uniform	
  wall	
  thickness,	
  approximately	
  10	
  nm,	
  and	
  

possessing	
  greater	
  structural	
  strength	
  compared	
  to	
  the	
  corresponding	
  hollow	
  

silica	
   particles.	
   	
   The	
   boron-­‐doped	
   microshells	
   can	
   withstand	
   12	
   hr	
   of	
   bath	
  

sonication	
   with	
   little	
   to	
   no	
   visible	
   breakage;	
   although	
   only	
   10	
   minutes	
   of	
  

sonication	
   is	
   required	
   for	
   complete	
  dispersal	
   of	
   the	
  2	
  µM	
  boron-­‐doped	
   silica	
  

shells	
  in	
  aqueous	
  solutions.	
  	
  	
  

	
  

Figure	
   3	
   shows	
   three	
   SEM	
   images	
   are	
   of	
   the	
   boron-­‐doped	
   2µm	
   shells	
   with	
  
increasing	
   magnification	
   (9342x,	
   9354x,	
   and	
   18708x).	
   Microshells	
   are	
   well	
  
formed	
  and	
  virtually	
  no	
  broken	
  shells	
  are	
  observed.	
  
	
  

	
   	
   These	
   sonicated	
  2	
  µm	
  silica	
   shells	
   remain	
   dispersed	
   in	
   solution	
   for	
   at	
  

least	
  several	
  days,	
  requiring	
  only	
  minor	
  agitation	
  to	
  regain	
  suspension	
  weeks	
  

later.	
   Scanning	
   electron	
   microscopy	
   (SEM)	
   showed	
   (Fig.	
   3)	
   well-­‐formed	
  

monodisperse	
  spheres	
  and	
  the	
  measured	
  zeta	
  potential	
  (ZP)	
  was	
  -­‐39mV	
  (seen	
  

below	
  in	
  Fig.	
  4).	
  	
  Fig.	
  3	
  Three	
  SEM	
  images	
  are	
  of	
  the	
  boron-­‐doped	
  2µm	
  shells	
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Figure	
   4	
   (top)	
   shows	
   the	
   DLS	
   data,	
   the	
   partilcle	
   average	
   size	
   is	
   2.2μm	
   and	
  
(bottom)	
  graph	
  shows	
  the	
  zeta	
  potential	
  recorded	
  -­‐38.2mV.	
  
	
  

	
  with	
   increasing	
   magnification	
   (9342x,	
   9354x,	
   and	
   18708x).	
   Microshells	
   are	
  

well	
   formed	
   and	
   virtually	
   no	
   broken	
   shells	
   are	
   observed.	
   The	
   200	
   nm	
   silica	
  

shells	
  were	
   synthesized	
  using	
   a	
   similar	
   technique;	
   however,	
   boron	
  doping	
   is	
  

not	
  required	
  since	
  the	
  smaller	
  nanoshells	
  are	
  sufficiently	
  robust	
  to	
  withstand	
  

ultrasound	
   dispersal.	
   	
   The	
   increased	
   strength	
   of	
   the	
   nanoshells	
   may	
   be	
  

attributed	
   to	
   the	
   similar	
   wall	
   thickness	
   found	
   in	
   both	
   the	
   small	
   and	
   large	
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shells.	
   The	
   200nm	
   silica	
   shells	
   can	
   withstand	
   24	
   hr	
   of	
   bath	
   sonication	
   with	
  

little	
   to	
   no	
   visible	
   breakage;	
   however,	
   only	
   60	
   minutes	
   of	
   sonication	
   is	
  

required	
   for	
   complete	
   dispersal	
   of	
   the	
   200	
   nm	
   silica	
   shells,	
   as	
   shown	
   by	
  

dynamic	
  light	
  scattering.	
  	
  The	
  sonicated	
  200	
  nm	
  silica	
  shells	
  remain	
  dispersed	
  

in	
   solution	
   for	
   at	
   least	
   several	
   weeks.	
   	
   Scanning	
   electron	
  microscopy	
   (SEM)	
  

showed	
  well	
  formed,	
  monodisperse	
  spheres	
  and	
  a	
  measured	
  zeta	
  potential	
  of	
  

–32mV	
   confirmed	
   sufficient	
   surface	
   charge	
   for	
   a	
   stable	
   dispersion.	
   The	
  

particles	
  were	
   filled	
  with	
  perfluropentane	
  (PFP)	
   in	
  order	
   to	
   test	
  whether	
   the	
  

particles	
   could	
   effectively	
   contain	
   perflurocarbon	
   (PFC)	
   vapors	
   for	
   a	
  

significant	
  period	
  of	
   time.	
   	
  PFP	
  was	
  used	
  because	
  of	
   its	
   insolubility	
   in	
  water.	
  	
  

The	
   difference	
   in	
   index	
   of	
   refraction	
   between	
   PFP	
   vapor	
   and	
   that	
   of	
   the	
  

aqueous	
  surroundings	
  made	
  it	
  an	
  excellent	
  candidate	
  for	
  the	
  gaseous	
  portion	
  

of	
   an	
   UICP.	
   	
   	
   Vapor-­‐filling	
   was	
   accomplished	
   by	
   first	
   evacuating	
   the	
   hollow	
  

particles	
   (~10-­‐3torr)	
   for	
  approximately	
  30	
  min.	
   	
  Using	
  a	
  gas	
  syringe,	
   the	
  PFP	
  

vapors	
   in	
   the	
   headspace	
   above	
   the	
   liquid	
   PFP	
   were	
   injected	
   into	
   the	
   vessel	
  

containing	
   the	
   particles.	
   	
   This	
   was	
   repeated	
   three	
   times,	
   followed	
   by	
   the	
  

addition	
   of	
   degassed	
   water	
   to	
   trap	
   the	
   PFP	
   vapors	
   inside	
   the	
   nano	
   and	
  

microshells.	
   	
   	
  The	
  gas	
  filled	
  nano	
  and	
  microshells	
  were	
  sonicated	
  just	
  enough	
  

to	
   create	
   a	
   uniform	
   suspension:	
   approximately	
   30	
   sec	
   for	
   2	
  µm	
  and	
   200	
   nm	
  

shells.	
   To	
   confirm	
   that	
   the	
   particles	
   contained	
   PFP,	
   the	
   silica	
   shells	
   were	
  

visualized	
  using	
  a	
  standard	
  light	
  microscope	
  approximately	
  1	
  hr	
  after	
  filling	
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Figure	
   5	
   shows	
   light	
   microscope	
   images	
   of	
   2µM	
   silica	
   shells	
   at	
   40x	
  
magnification.	
  (A)	
  Solvent	
  filled	
  microshells	
  are	
  difficult	
  to	
  visualize,	
  while	
  (B)	
  
PFC	
  vapor	
  filled	
  microshells	
  appear	
  bright	
  in	
  the	
  image	
  
	
  

with	
   gas	
   (Fig.	
  5).	
   	
   The	
   difference	
   in	
   the	
   indices	
   of	
   refraction	
   between	
   liquid	
  

media	
  and	
  gas	
  caused	
  the	
  particles	
  to	
  appear	
  brighter	
  than	
  the	
  background,	
  as	
  

seen	
   in	
   the	
  brightfield	
  microscope	
   images.	
   	
  The	
  gas-­‐filled	
  particles	
  are	
  easily	
  

identifiable,	
  whereas	
  the	
  solvent	
  filled	
  particles	
  are	
  difficult	
  to	
  locate	
  (seen	
  in	
  

Fig.	
  5).	
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Table	
  1	
  Particle	
  Summary	
  

	
   200nm	
  Silica	
  Particles	
   2.0mM	
  Silica	
  Particles	
  

Internal	
  Volume	
  

(One	
  particle)	
  

0.028mm3	
   28.74	
  mm3	
  

50 µL	
  Injection	
   	
   	
  

Number	
  of	
  particles	
   1.1	
  x1010	
   3.95	
  x	
  108	
  

Mass	
   100μg	
   100μg	
  

Area	
  of	
  CDI	
  signal	
   23.7mm2	
   47.1mm2	
  

100µL	
  Injection	
   	
   	
  

Number	
  of	
  particles	
   2.2	
  x1010	
   7.9	
  x	
  108	
  

Mass	
   200μg	
   200μg	
  

Area	
  of	
  CDI	
  signal	
   43.4mm2	
   95.5mm2	
  

	
  

	
  

Ultrasound	
  Imaging	
  

In	
   order	
   to	
   determine	
   if	
   the	
   vapor-­‐filled	
   particles	
   would	
   produce	
   an	
  

ultrasound	
   signal,	
   the	
   vapor-­‐filled	
  particles	
  were	
   injected	
   into	
   agar.	
   	
   The	
  mode	
  

that	
   was	
   most	
   responsive	
   was	
   color	
   Doppler	
   imaging	
   (CDI).	
   	
   In	
   CDI,	
   color	
   is	
  

assigned	
   to	
   pixels	
   when	
   echoes	
   returning	
   from	
   a	
   voxel	
   are	
   non-­‐correlated	
  

following	
   the	
   transmission	
   of	
   multiple	
   ultrasound	
   pulses.	
   Gas	
   bubbles	
   can	
  

generate	
   a	
   CDI	
   signal	
   either	
   by	
   moving	
   or	
   if	
   the	
   first	
   pulse	
   of	
   a	
   multi-­‐pulse	
  

sequence	
   destroys	
   the	
   bubble	
   that	
   has	
   been	
   termed	
   “stimulated	
   acoustic	
  

emission.”13	
  These	
  differences	
  can	
  be	
  measured	
  directly	
  or	
  as	
  a	
  phase	
  shift	
  from	
  

which	
  the	
  Doppler	
  frequency	
  is	
  obtained.14	
  	
  	
  For	
  100uL	
  of	
  a	
  2mg/ml	
  suspension	
  

injected	
  into	
  an	
  agar	
  phantom,	
  the	
  CDI	
  signal	
  persisted	
  for	
  75	
  min	
  of	
  continuous	
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imaging.	
   	
  This	
  means	
   in	
   a	
   clinical	
   setting	
   the	
  particle	
   could	
  be	
   imaged	
  multiple	
  

times	
   since	
   the	
   ultrasound	
   is	
   only	
   applied	
   periodically.	
   While,	
   conventional	
  

ultrasound	
  microbubble	
  imaging	
  agents	
  which	
  use	
  soft	
  shells,	
  such	
  as	
  albumin	
  or	
  

lecithin,	
  have	
  only	
  been	
  shown	
  to	
  persist	
  for	
  15	
  minutes	
  in	
  tissues.	
  

To	
   determine	
   whether	
   the	
   vapor	
   remained	
   in	
   the	
   2.0	
   µm	
   particles	
   or	
  

dissolved	
   into	
   fat	
   tissue,	
   the	
   particles	
   were	
   injected	
   into	
   chicken	
   livers	
   and	
  

imaged	
  every	
  24hr.	
   	
  As	
  shown	
  in	
  Fig.	
  6,	
   there	
  was	
  a	
  strong	
  signal	
  post	
  injection	
  

and	
  after	
  24	
  hr.	
  	
  	
  The	
  imaging	
  time	
  used	
  for	
  each	
  observation	
  was	
  approximately	
  

5	
  min.	
  The	
  relative	
  area	
  of	
  observable	
  signal	
  of	
  the	
  72	
  hr	
  study	
  implies	
  a	
  half-­‐life	
  

of	
  approximately	
  24	
  hr	
  (Fig.	
  5).	
   	
  The	
  signal	
  begins	
  to	
  degrade	
  after	
  48	
  hr	
  and	
  is	
  

barely	
  distinguishable	
  after	
  72	
  hr.	
   	
  After	
  24	
  hr,	
  there	
  is	
  some	
  degradation	
  of	
  the	
  

CDI	
   in	
   both	
   nano	
   and	
   microshells,	
   but	
   this	
   could	
   be	
   due	
   to	
   migration	
   of	
   the	
  

injected	
   sample	
   within	
   the	
   excised	
   tissue	
   or	
   the	
   diffusion	
   of	
   PFP	
   from	
   the	
  

microbubble	
  core	
  (ultrasound	
  instrument	
  details	
  and	
  parameters	
  are	
  provided	
  in	
  

experimental	
  section).	
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Figure	
   6	
   CDI	
   sonograms	
   of	
   100μg	
   of	
   PFC-­‐filled	
  microshells	
   injected	
   in	
   a	
   tissue	
  
phantom	
   imaged	
  at	
  24hr	
   (A)	
  24h,	
   (B),	
  48h,	
  and	
  (C)	
  72hr.	
   	
  The	
  signal	
  decreases	
  
over	
   time,	
   but	
   is	
   still	
   easily	
   visible	
   after	
   48h.	
   	
   (D)	
   CDI	
   observable	
   signal	
   vs	
  
imaging	
  delay	
  time.	
  	
  A	
  fit	
  of	
  the	
  data	
  shows	
  that	
  the	
  microshells	
  	
  
	
  

The	
  weight	
  factor	
  equation	
  (Eq.	
  1)	
  allows	
  for	
  estimation	
  of	
  the	
  number	
  of	
  

particles	
   for	
   a	
   given	
  mass	
   of	
   silica	
   shells,	
   thereby	
   providing	
   an	
   estimate	
   of	
   the	
  

total	
  gas	
  payload	
  for	
  a	
  specific	
  mass	
  of	
  nano	
  or	
  micro	
  shells.	
   	
  The	
  2µm	
  and	
  200	
  

nm	
  nanoshells	
  differ	
  in	
  internal	
  volume	
  by	
  1000x,	
  but	
  as	
  shown	
  in	
  Table	
  1	
  they	
  

differ	
   in	
  mass	
  by	
  only	
  100x.	
  Consequently,	
   the	
  microshells	
  have	
  37	
   times	
  more	
  

gas	
  storage	
  for	
  a	
  similar	
  mass	
  injection.	
  	
  However,	
  the	
  CDI	
  signal	
  observed	
  is	
  only	
  

twice	
  as	
  large	
  for	
  the	
  microshells	
  when	
  compared	
  to	
  the	
  nanoshells.	
  	
  A	
  summary	
  	
  

48	
  Hrs	
  

24	
  Hrs	
  

Post-­‐injection	
  

A	
  

B	
  

C	
  



	
   108	
  

	
  

Equation	
  1	
  This	
  equation	
  is	
  based	
  on	
  the	
  known	
  weights	
  and	
  number	
  of	
  particles	
  
for	
  a	
  given	
  mass	
  of	
  solid	
  silica	
  microparticles,	
  as	
  obtained	
  from	
  Polysciences	
  Inc.	
  	
  
The	
  weight	
  factor	
  equation	
  allows	
  for	
  a	
  reasonable	
  mass	
  estimation	
  of	
  a	
  hollow	
  
particle.	
  	
  This	
  was	
  done	
  bye	
  the	
  determination	
  of	
  a	
  weight	
  factor	
  expression	
  that	
  
estimates	
  the	
  percentage	
  of	
  the	
  mass	
  that	
  the	
  shell	
  accounts	
  for	
  by	
  subtraction	
  of	
  
the	
  internal	
  volume	
  using	
  the	
  inner	
  and	
  outer	
  radii	
  from	
  TEM	
  images.	
  	
  This	
  ratio	
  
allows	
  for	
  an	
  estimate	
  of	
  the	
  number	
  of	
  particles	
  for	
  a	
  given	
  size	
  and	
  mass.	
  
	
  

of	
  injection	
  volumes,	
  number	
  of	
  particles	
  and	
  corresponding	
  masses	
  can	
  be	
  seen	
  

in	
   Table	
   1.	
   	
   To	
   determine	
   if	
   the	
   particles	
   would	
   perform	
   similarly	
   in	
   human	
  

tissue,	
  breast	
  tissue	
  from	
  a	
  prophylactic	
  mastectomy	
  was	
  tested.	
  	
  In	
  order	
  to	
  have	
  

a	
   proper	
   histological	
   analysis	
   of	
   the	
   tissue,	
   India	
   ink	
   was	
   also	
   added	
   to	
   the	
  

particle	
  suspension	
  to	
  locate	
  and	
  track	
  the	
  injection.	
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   As	
  seen	
  in	
  Fig.	
  7,	
  the	
  vapor	
  filled	
  particles	
  can	
  be	
  identified	
  just	
  as	
  well	
  in	
  

the	
   breast	
   tissue	
   as	
   in	
   the	
   chicken	
   liver	
   tissue	
   using	
   CDI	
   ultrasound.	
   For	
   the	
  

100uL	
  injection	
  of	
  both	
  the	
  nano-­‐	
  and	
  micro-­‐gasfilled	
  shells	
  there	
   is	
  a	
  clear	
  CDI	
  

signal.	
  	
  	
  Although	
  the	
  nanoshell	
  injection	
  contained	
  100	
  times	
  more	
  particles	
  than	
  

that	
  of	
   the	
  microshells,	
   the	
  microshells	
  show	
  a	
  CDI	
  observable	
  signal	
   that	
   is	
  2.3	
  

times	
  larger	
  based	
  on	
  the	
  area	
  of	
  observable	
  signal.	
  	
  This	
  could	
  be	
  a	
  result	
  of	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  	
  

Figure	
  7	
  	
  (top)	
  CDI	
  images	
  of	
  100μL	
  of	
  PFC	
  filled	
  Nano	
  and	
  MicroShells	
  in	
  Human	
  
Mastectomy	
  Tissue:	
  	
  (a)	
  	
  After	
  injection	
  of	
  	
  4	
  x	
  1010	
  	
  nanoshells.	
  	
  (b)	
  After	
  
injection	
  8	
  x	
  108	
  microshells	
  	
  The	
  nanoshells	
  image	
  (A)	
  is	
  magnified	
  ~2.5x	
  and	
  
thus	
  in	
  this	
  comparison	
  appears	
  to	
  be	
  larger.	
  	
  An	
  accurate	
  measure	
  the	
  DCI	
  area	
  
can	
  be	
  found	
  in	
  Table	
  1.	
  	
  (bottom)	
  images	
  of	
  the	
  tissue	
  injected,	
  stained	
  with	
  
India	
  ink	
  in	
  order	
  to	
  locate	
  the	
  injection	
  site.	
  

	
  

B	
  A	
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several	
   factors:	
   	
   first,	
  while	
   there	
   are	
   100	
   times	
  more	
   nanoshells	
   (for	
   a	
   100µg	
  

injection),	
  each	
  microshell	
  has	
  a	
  gas	
  volume	
  1000	
  times	
  greater.	
  	
  For	
  equal	
  mass	
  

injections	
  this	
  translates	
  to	
  37	
  times	
  greater	
  payload	
  of	
  gas	
  for	
  a	
  100µg	
  injection	
  

of	
   microshells.	
   Second,	
   due	
   to	
   the	
   microshells	
   larger	
   size	
   and	
   payload,	
   it	
   is	
  

probable	
   that	
   a	
   more	
   favorable	
   interaction	
   with	
   the	
   sound	
   wave	
   occurs	
   with	
  

microshells,	
   thereby	
   producing	
   a	
   larger	
   observable	
   signal.	
   	
   Even	
   on	
   a	
   weight	
  

basis,	
  the	
  nanoshells	
  are	
  less	
  efficient	
  contrast	
  agents	
  than	
  the	
  microshells.	
  They	
  

are	
  however,	
  more	
  efficient	
  on	
  a	
  volume	
  basis;	
  this	
   is	
  unexpected	
  since	
  bubbles	
  

which	
  are	
  smaller	
  than	
  a	
  micron	
  cannot	
  normally	
  exist	
  due	
  to	
  their	
  instability	
  and	
  

would	
  be	
  expected	
  to	
  have	
  a	
  weak	
  interaction	
  with	
  ultrasound	
  radiation.	
  

	
  

	
  
Figure	
  8	
  shows	
  optical	
  Imaging	
  of	
  100μL	
  of	
  Microshells	
  Injected	
  into	
  Mastectomy	
  
Tissue,	
  (A)	
  Bright	
  field	
  image	
  of	
  embedded	
  breast	
  tissue.	
  	
  Black	
  regions	
  on	
  image	
  
are	
   traces	
   of	
   india	
   ink,	
   (40x	
   Mag).	
   (B)	
   Green	
   fluorescent	
   image	
   of	
   2um	
  
microshells	
   in	
  embedded	
  breast	
   tissue.	
  (C)	
  Zoom	
  in	
  region	
  of	
  green	
   fluorescent	
  
image	
  using	
  Image	
  J.	
  White	
  circles	
  identify	
  regions	
  where	
  2	
    µm	
  microshells	
  can	
  
be	
  observed.	
  Scale	
  upper	
  left	
  is	
  2	
   µm.	
  
	
  

Fluorescence	
   microscopy	
   was	
   performed	
   on	
   breast	
   tissue	
   in	
   order	
   to	
  

determine	
   if	
   the	
   microshells	
   remained	
   at	
   the	
   injection	
   site	
   after	
   ultrasound	
  

imaging	
   (Fig.	
   8).	
   The	
   injection	
   solution	
   used	
   consisted	
   of	
   PFP	
   gas	
   filled,	
  

Alexafluor-­‐488	
  covalently	
  linked	
  microshells,	
  along	
  with	
  10µL/ml	
  India	
  ink.	
  	
  The	
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resulting	
   solution	
   was	
   injected	
   into	
   excised	
   prophylactic	
   mastectomy	
   breast	
  

tissue.	
   	
   After	
   the	
   tissue	
  was	
   imaged	
   by	
   ultrasound,	
   a	
   small	
   piece	
   of	
   the	
   breast	
  

tissue	
   was	
   resected	
   and	
   placed	
   into	
   a	
   histology	
   cassette	
   for	
   tissue	
   fixation.	
  

‡Images	
  were	
   taken	
  of	
  different	
  areas	
  where	
   India	
   ink	
  was	
  visible	
  under	
  bright	
  

field	
   conditions,	
   fluorescent	
   examination	
   confirmed	
   the	
   presence	
   of	
   the	
  

microshells	
   at	
   the	
   injection	
   site.	
   The	
   microshells	
   presence	
   provided	
   further	
  

evidence	
  that	
  the	
  CDI	
  signal	
  did	
  originate	
  from	
  the	
  PFC	
  2µm	
  fluorescently	
  labeled	
  

microshells.	
   	
  The	
  paraffin	
  embedded	
  tissue	
  block	
  was	
  sliced	
  until	
   India	
   ink	
  was	
  

visible	
  and	
  sectioned	
  in	
  5	
  micron	
  slices,	
  with	
  two	
  consecutive	
  slices	
  per	
  slide,	
  and	
  

spaced	
  at	
  100	
  microns	
  before	
  the	
  next	
  slide.	
  Paraffin	
  was	
  removed	
  from	
  slides	
  by	
  

soaking	
  for	
  30	
  minutes	
  in	
  xylene	
  at	
  room	
  temperature	
  and	
  sealed	
  with	
  Cytoseal	
  

prior	
  to	
  visualization.	
  The	
  paraffin	
  embedded	
  tissue	
  slides	
  were	
  analyzed	
  using	
  a	
  

Nikon	
   Eclipse	
   E600	
   upright	
   fluorescent	
  microscope	
   fitted	
   with	
   a	
   40_	
   objective	
  

(Nikon	
  Plan	
  Apo,	
   0.95NA)	
   and	
  with	
   a	
   triple	
   band	
  pass	
   filter	
   (DAPI/FITC/Texas	
  

Red	
  w/Single-­‐Band	
   Exciters,	
   Chroma	
   Technology	
   Corp).	
   Areas	
   of	
   interest	
  were	
  

first	
  identified	
  by	
  the	
  location	
  of	
  India	
  ink	
  with	
  bright	
  field	
  imaging;	
  afterwards,	
  a	
  

fluorescent	
  image	
  was	
  captured	
  using	
  a	
  Spot	
  camera.	
  The	
  images	
  were	
  processed	
  

for	
   background	
   level	
   and	
   mean	
   fluorescent	
   signals	
   using	
   ImageJ	
   software	
  

(National	
  Institutes	
  of	
  Health)	
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Conclusions	
  

A	
  new	
  hybrid	
   inorganic	
   rigid	
   platform	
   for	
   an	
   ultrasound	
   image	
   contrast	
  

particle	
  has	
  been	
  successfully	
   synthesized	
  and	
   tested.	
   	
  Gas	
   filled	
  hollow	
  porous	
  

silica	
   microshells	
   possess	
   properties	
   that	
   cannot	
   be	
   duplicated	
   by	
   soft	
   shell	
  

counterparts	
   (a)	
   synthesis	
   of	
   a	
   	
   	
   wide	
   range	
   of	
   specific	
   sizes,	
   (b)	
   covalent	
  

functionalization	
  of	
   the	
   shell	
   surface,	
   	
   (c)	
   long	
   term	
   suspension	
   in	
   solution,	
   (d)	
  

adhesion	
   to	
   cells	
   and	
   tissue,	
   	
   and	
   (e)	
   long	
   imaging	
   lifetime	
   in	
   tissue.	
   	
   	
   The	
  PFP	
  

vapor	
   filled	
   micro-­‐	
   and	
   nanoshells	
   are	
   a	
   promising	
   complement	
   to	
   the	
   other	
  

ultrasound	
   contrast	
   agents	
   currently	
   being	
   used.	
   	
   	
   They	
   also	
   represent	
   a	
  

promising	
  replacement	
   to	
   the	
  radioactive	
  seeds	
  currently	
  employed	
   to	
   improve	
  

breast	
  tumor	
  localization	
  for	
  several	
  reasons:	
  	
  (a)	
  they	
  have	
  a	
  longer	
  lifetime	
  than	
  

that	
   of	
   the	
   several	
  minute	
   lifetime	
  of	
   commercially	
   available	
  UICPs,	
   (b)	
   several	
  

foci	
  can	
  be	
  marked	
  using	
  very	
  fine	
  gauge	
  needles,	
  (c)	
  they	
  can	
  be	
  imaged	
  in	
  3D,	
  

and	
   (d)	
   no	
   specialized	
   radiation	
   safety	
   is	
   required.	
   There	
   is	
   little	
   risk	
   to	
   the	
  

patient	
  due	
  to	
  the	
  small	
  injected	
  dose	
  needed,	
  known	
  nominal	
  cellular	
  toxicity	
  of	
  

silica,	
  and	
  their	
  removal	
  during	
  surgery.	
  The	
  ability	
  to	
  make	
  bubbles	
  that	
  can	
  be	
  

imaged	
   in	
   the	
   nanometer	
   size	
   regime	
   also	
   raises	
   the	
   possibility	
   of	
   new	
  

applications,	
   such	
   as	
   imaging	
   microcapilliaries	
   in	
   tumors	
   and	
   sentinel	
   lymph	
  

nodes	
  near	
  tumors.	
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Experimental  

Materials: Tetramethoxysilane and 0.1% wt poly-L-lysine solution were 

obtained from Aldrich-Sigma Ltd. All chemicals were used as received. Polystyrene 

beads were purchased from Polyscience Ltd. Fluorophore were purchased 

functionalized from Invitrogen Ltd. 

 

Preparation of hollow silica nanospheres:  To a 15ml plastic corning conical vial 

10ml of phosphate buffer solution, 2ml of poly-L-lysine, and 500μL of 200nm 

polystyrene microspheres were added.  This mixture was mixed using a vortex mixer 

for 10 min. To this 250μL of silicic acid was added and mixed for 15 min.  At this 

time the reaction mixture was pelleted down using a centrifuge.  The liquid was 

removed and the pellet was 2x with 5ml of H2O and 1x with absolute ethanol.  The 

coreshells were dried overnight to yield a white powder.  The coreshells were now put 

into a muffle furnace to be calcined at 550°C using an 18 Hr gradient ramp. This 

yielded a white powder.  Average zeta potential measurement was -35mV.  Sizing 

from dynamic light scattering after 2hr of bath sonication was 260nm with a poly 

dispersity index of 0.29.  The SEM measurements were conducted on a FEI/Philips 

XL30 FEG ESEM microscope with an accelerating voltage of 10 kV.  

 

Preparation of hollow silica microspheres:  To a 2 ml plastic conical vial 1ml of 

phosphate buffer solution, 130μL of poly-L-lysine, and 50μL of 2.0μm polystyrene 

microspheres were added.  This mixture was mixed using a vortex mixer for 10 min. 

To this 3.1μL of tetramethylorthosilicate was added and mixed for 2.5 hrs. After 2.3 
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hrs of mixing 50μL of 5% trimethoxyborate solution was added and the mixture was 

let to mix for 4.5 hrs. At this time the reaction mixture was pelleted down using a 

centrifuge.  The liquid was removed and the pellet was 1x with 1ml of H2O and 2x 

with absolute ethanol.  The coreshells were dried overnight to yield a white powder.  

The coreshells were now put into a muffle furnace to be calcined at 550°C using an 18 

Hr gradient ramp. This yielded a white powder.  Average zeta potential measurement 

was -35mV.  Sizing from dynamic light scattering after 1hr of bath sonication was 

2.1μm with a poly dispersity index of 0.23.  The SEM measurements were conducted 

on a FEI/Philips XL30 FEG ESEM microscope with an accelerating voltage of 10 kV.  

 

Preparation of 5% trimethoxy borate solution:  To a 2 ml plastic conical vial 1ml 

of absolute ethanol, to this 2.5μL of trimethoxy borate was added.  This was let to mix 

for 5 minutes and only prepared as needed for reactions, and never stored. 

 

Characterization:	
   The	
   samples	
   were	
   prepared	
   as	
   KBr	
   pellets.	
   The	
   SEM	
  

measurements	
   were	
   conducted	
   on	
   a	
   FEI/Philips	
   XL30	
   FEG	
   ESEM	
   microscope	
  

with	
  an	
  accelerating	
  voltage	
  of	
  10	
  kV.	
  The	
  average	
  diameter	
  of	
  the	
  nanospheres	
  

was	
   determined	
   by	
   SEM	
   images.	
   The	
   TEM	
   image	
   was	
   JEO-­‐2000EX	
   (200kV)	
  

CryoElectro	
  Microscope	
  with	
   an	
   accelerating	
   voltage	
   of	
   200	
   kV.	
   Zeta	
   potentials	
  

and	
   size	
   distributions	
   by	
   DLS	
   were	
  measured	
   using	
   a	
   Malvern	
   Zetasizer	
   Nano	
  

series	
   instrument.	
   Zeta	
   potentials	
   were	
   measured	
   using	
   a	
   Malvern	
   disposable	
  

zeta	
  potential	
   cuvette	
  with	
  ethanol	
  as	
  a	
  dispersant.	
   	
  DLS	
   sizing	
  was	
  done	
  using	
  

Malvern	
   disposable	
   sizing	
   cuvettes	
   and	
   phosphate	
   buffered	
   saline	
   solutions	
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(PBS).	
   	
  Samples	
  were	
  sonicated	
  in	
  their	
  respective	
  solvents	
  for	
  30	
  mins	
  prior	
  to	
  

measurements.	
  

	
  

	
  	
   	
   Much	
  of	
   the	
  material	
   in	
  this	
  chapter	
  comes	
  directly	
   from	
  a	
  manuscript	
  

entitled	
   	
   “Hard	
   shell	
   gas-­‐filled	
   contrast	
   enhancement	
   particles	
   for	
   colour	
  

Doppler	
   ultrasound	
   imaging	
   of	
   tumors,”	
   by	
  Martinez,	
   H.P.;	
   Kono,Y.;Blair,S.L.;	
  	
  

Sandoval,S.;	
  Wang-­‐Rodriguez,J.;	
  Mattrey,	
  R.F.;	
  Kummel,	
  A.C.;	
  and	
  Trogler,	
  W.C.	
  

Med.	
   Chem.	
   Commun.,	
   2010,	
   1,	
   266–270.	
   	
   Reproduced	
   by	
   permission	
   of	
   The	
  

Royal	
  Society	
  of	
  Chemistry	
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Introduction	
  

The	
   importance	
   of	
   the	
   determination	
   of	
   a	
   mechanism	
   of	
   the	
   imaging	
  

ultrasound	
   contrast	
   agent	
   allows	
   insight	
   into	
   the	
   acoustical	
   properties	
   of	
   the	
  

material.1	
   	
   This	
   determination	
   is	
   extremely	
   important	
   for	
   many	
   reasons.	
   	
   An	
  

intimate	
   understanding	
   of	
   the	
   mechanism	
   of	
   contrast	
   allows	
   for	
   the	
   system,	
  

material,	
   stimulation	
   frequency	
   or	
   pulse	
   sequence	
   to	
   be	
   optimized	
   for	
   specific	
  

tasks.	
  	
  For	
  example,	
  if	
  longevity	
  were	
  a	
  necessary	
  property	
  then	
  a	
  robust	
  material	
  

would	
  be	
  desired,	
  but	
  since	
  this	
  material	
  is	
  ultimately	
  being	
  used	
  within	
  a	
  living	
  

organism,	
   there	
   are	
   other	
   considerations.	
   	
   An	
   extremely	
   robust	
   material	
   may	
  

never	
  clear	
  the	
  host	
  and	
  present	
  a	
  problem	
  with	
  bioaccumulation.2	
  	
  Furthermore,	
  

if	
   the	
   dominant	
   mechanism	
   is	
   cavitation,	
   which	
   destroys	
   the	
   particle,	
   then	
  

concern	
  must	
  be	
  paid	
  to	
  the	
  size	
  and	
  composition	
  of	
  the	
  fragments	
  left	
  behind.	
  	
  If	
  

the	
  fragments	
  are	
  still	
  relatively	
  large,	
  they	
  could	
  present	
  a	
  problem	
  if	
  they	
  enter	
  

the	
   vasculature	
   system.	
   	
   A	
   material	
   that	
   is	
   not	
   easily	
   cleared	
   could	
   present	
  

problems	
  for	
  the	
  kidneys	
  or	
  liver.	
  	
  All	
  of	
  these	
  considerations	
  must	
  be	
  taken	
  into	
  

account	
  when	
  designing	
  and	
  developing	
  a	
  new	
  ultrasound	
  contrast	
  agent.	
  

There	
   are	
  many	
  ways	
   to	
   study	
   the	
  mechanical	
   properties	
   of	
   an	
   acoustic	
  

material.	
  	
  One	
  method	
  is	
  to	
  use	
  a	
  custom	
  aqua-­‐acoustic	
  isolation	
  apparatus	
  where	
  

single	
  pulses	
  can	
  be	
  generated	
  and	
  the	
  interaction	
  of	
  single	
  particles	
  or	
  a	
  single	
  

flow	
   of	
   particles	
   can	
   be	
   studied.	
   	
   This	
   technique	
   can	
   yield	
   large	
   amounts	
   of	
  

acoustical	
  response	
  data,	
  but	
  the	
  majority	
  of	
   these	
  systems	
  are	
  custom	
  built	
   for	
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specific	
  questions	
  to	
  probe	
  (an	
  example	
  can	
  be	
  see	
  in	
  Fig.	
  1.	
  	
  The	
  drawbacks	
  are	
  

that	
  particles	
  must	
  be	
  large	
  enough	
  to	
  be	
  view	
  by	
  the	
  optics,	
  must	
  be	
  stable,	
  and	
  	
  

	
  

Figure	
  1	
  shows	
  a	
  custom	
  optical	
  aqua	
  apparatus	
  designed	
  to	
  study	
  cavitation	
  of	
  
microbubbles.3	
  

	
  

must	
  be	
  immune	
  to	
  aggregation	
  to	
  optimize	
  single	
  particle	
  analysis.	
  In	
  addition,	
  it	
  

can	
  be	
  difficult	
  to	
  draw	
  comparisons	
  to	
  a	
  diagnostic	
  medical	
  imaging	
  device.	
  	
  The	
  

reason	
   that	
   direct	
   comparisons	
   are	
   not	
   always	
   relevant	
   is	
   that	
   aqua-­‐acoustic	
  

isolation	
   systems	
   are	
   setup	
   to	
   produce	
   1-­‐10	
   pulses	
   per	
  minute	
  where	
  medical	
  

imaging	
   devices	
   typically	
   produce	
   thousands	
   of	
   pulses	
   per	
   minute.	
   	
   This	
  

difference	
   in	
   the	
   number	
   of	
   pluses	
   that	
   a	
   material	
   is	
   subjected	
   to	
   can	
   have	
  

enormous	
   implications	
   on	
   the	
   longevity	
   and	
   the	
   mechanistic	
   properties	
   for	
  

events	
  such	
  as	
  cavitation	
  or	
  deformation.	
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Using	
  the	
  instrument	
  that	
  the	
  material	
   is	
  meant	
  to	
  be	
  imaged	
  with	
  is	
  not	
  

without	
   its	
  challenges.	
   	
  The	
  majority	
  of	
  medical	
  diagnostic	
   imaging	
  ultrasounds	
  

are	
  designed	
  for	
  use	
  by	
  sonographers	
  and	
  radiologists	
  whose	
  primary	
  purpose	
  is	
  

the	
  patients’	
  diagnostic	
  exam.	
   	
  Because	
  of	
  this	
   it	
   is	
  difficult	
  to	
  gain	
  access	
  to	
  the	
  

raw,	
  unprocessed	
  data.	
  	
  Furthermore,	
  imaging	
  in	
  gel	
  phantoms	
  work	
  very	
  well	
  to	
  

mimic	
   tissue,	
   but	
   unless	
   a	
   liquid	
   is	
   used	
   as	
   the	
   phantom	
   it	
   can	
   be	
   arduous	
   to	
  

recover	
  the	
  imaged	
  particle	
  without	
  damage	
  during	
  the	
  isolation	
  process.	
  

For	
   our	
   studies,	
   we	
   have	
   tried	
   a	
   number	
   of	
   techniques	
   to	
   gain	
   a	
   better	
  

understanding	
  of	
  the	
  physical	
  events	
  that	
  allow	
  a	
  rigid	
  particle	
  such	
  as	
  the	
  boron	
  

doped	
  silica	
  micro	
  or	
  nanoshell	
  to	
  function	
  as	
  an	
  ultrasound	
  contrast	
  agent.	
  	
  For	
  

soft	
   shell	
   contrast	
   particles,	
   such	
   as	
   the	
   commercially	
   available	
   Definity®,	
   the	
  

source	
   of	
   the	
   contrast	
   comes	
   from	
   the	
   ability	
   of	
   the	
   decaflurobutane	
   filled	
  

liposome	
   to	
   oscillate,	
   compress,	
   expand,	
   and	
   cavitate.	
   	
   All	
   these	
   physical	
  

deformations	
  produced	
  by	
   interaction	
  with	
   an	
  ultrasound	
  wave	
   translate	
   to	
   an	
  

echogenic	
  signal.	
  	
  Conversely,	
  the	
  rigidity	
  and	
  robustness	
  needed	
  to	
  increase	
  the	
  

lifetime	
  of	
   the	
  ultrasound	
  contrast	
  agent	
  also	
  eliminates	
  many	
  of	
   these	
  physical	
  

deformations	
   caused	
   by	
   the	
   sound	
   wave.4	
   	
   Because	
   the	
   boron	
   doped	
   silica	
  

particles	
  are	
  composed	
  of	
  a	
  rigid	
  and	
  durable	
  shells	
  we	
  have	
  concluded	
  that	
  there	
  

are	
   three	
   probable	
   mechanisms,	
   that	
   would	
   allow	
   the	
   sound	
   wave	
   to	
   interact	
  

with	
  the	
  gas	
  filled	
  particles:	
  	
  (1)	
  The	
  sound	
  wave	
  simply	
  uses	
  the	
  path	
  of	
  least	
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Figure	
  2	
   (A)	
  shows	
  the	
   intact	
  state	
  of	
  a	
  particle	
  as	
  described	
   in	
  scenario	
  1.	
   	
   (B)	
  
Shows	
  the	
  cracks	
  created	
  by	
  a	
  sound	
  wave	
  described	
  in	
  scenario	
  2.	
  	
  (C)	
  Shows	
  a	
  
destroyed	
  particle,	
  a	
  result	
  of	
   its	
   interaction	
  with	
  a	
  sound	
  wave	
  as	
  described	
   in	
  
scenario	
  3.	
  
	
  

resistance	
  and	
  forces	
  the	
  perflurocarbon	
  gas	
  out	
  of	
  the	
  porous	
  particle.	
  	
  For	
  this	
  

to	
   occur	
   the	
   sound	
   wave	
   would	
   have	
   to	
   force	
   out	
   the	
   perflurocarbon	
   vapor	
  

through	
   the	
   shell	
   nanopores,	
   to	
   create	
   some	
   sort	
   of	
   free-­‐formed	
   exterior	
   gas	
  

bubble.	
   	
   (2)	
   The	
   sound	
   wave	
   can	
   cause	
   micro	
   fractures	
   in	
   the	
   walls	
   of	
   the	
  

particles.	
   	
   It	
   is	
   conceivable	
   that	
   with	
   enough	
   large	
   crevices	
   that	
   the	
  

perflurocarbon	
   gas	
   could	
   then	
  be	
   forced	
   out.	
   	
   (3)	
   The	
   sound	
  wave	
   could	
   cause	
  

enough	
   pressure	
   to	
   fracture	
   the	
   structure	
   into	
  multiple	
   fragments.	
   	
   One	
  would	
  

have	
  to	
  assume	
  that	
  a	
  resonant	
  frequency	
  to	
  cause	
  massive	
  cavitations	
  would	
  be	
  

possible	
   at	
   specific	
   frequencies.	
   	
   In	
   all	
   likelihood	
   all	
   three	
   of	
   these	
   events	
   are	
  

taking	
   place,	
   but	
   one	
   should	
   be	
   dominant.	
   	
   This	
   study	
   will	
   focus	
   on	
   gaining	
   a	
  

better	
   understanding	
   of	
   the	
   mechanism	
   by	
   which	
   a	
   color	
   Doppler	
   signal	
   is	
  

A B C
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generated.	
   	
   This	
   will	
   be	
   done	
   in	
   a	
   variety	
   of	
   ways,	
   first	
   to	
   examine	
   the	
  

relationship	
   of	
   the	
   size	
   of	
   the	
   particle	
   compared	
   to	
   the	
   signal.	
   	
   Second,	
   the	
  

stimulation	
   frequency	
   will	
   be	
   varied	
   to	
   see	
   how	
   the	
   output	
   signal	
   is	
   affected.	
  	
  

Third,	
  gas	
  filled	
  particles	
  will	
  be	
  imaged	
  until	
  they	
  are	
  no	
  longer	
  produce	
  a	
  color	
  

Doppler	
  image	
  followed	
  by	
  directly	
  examining	
  their	
  physical	
  state.	
   	
  Lastly,	
  pulse	
  

wave	
  ultrasound,	
  a	
  technique	
  that	
  allows	
  the	
  area	
  imaged	
  to	
  be	
  focused	
  to	
  a	
  very	
  

small	
   area	
   where	
   the	
   sound,	
   time,	
   intensity	
   and	
   the	
   number	
   of	
   events	
   taking	
  

place	
  can	
  be	
  qualitatively	
  recorded.	
  

	
  

Results	
  and	
  Discussion	
  

First,	
   in	
   order	
   to	
   determine	
   the	
   extent	
   of	
   the	
   effect	
   of	
   the	
   size	
   of	
   the	
  

particle,	
   several	
   size	
   nanoshells	
  were	
   prepared,	
   filled	
  with	
   dodecafluropentane	
  

(PFC)	
   vapor	
   and	
   their	
   color	
   Doppler	
   intensities	
   measured	
   in	
   two	
   different	
  

phantoms.	
   	
   The	
   phantoms	
   chosen	
   were	
   beefsteak	
   and	
   chicken	
   livers.	
   	
   These	
  

phantoms	
  have	
  direct	
  comparisons	
  to	
  human	
  tissue,	
  and	
  offer	
  a	
  baseline	
  for	
  the	
  

performance	
  the	
  particles	
  in	
  tissue	
  with	
  varying	
  amounts	
  of	
  fats.	
  	
  The	
  200nm	
  and	
  

500	
  nm	
  particles	
  were	
  prepared	
  according	
  to	
  the	
  literature	
  procedure	
  described	
  

by	
  Yang	
  et	
  al.5	
   	
  The	
  larger	
  particles,	
  1,	
  2,	
  and	
  3	
  microns	
  were	
  prepared	
  utilizing	
  

the	
  new	
  boron	
  doping	
  technique	
  described	
  in	
  the	
  previous	
  chapter.	
  	
  The	
  boron	
  is	
  

required	
   for	
   the	
   larger	
   particles	
   stability	
   since	
   undoped	
   particles	
   lack	
   the	
  

strength	
  to	
  support	
  the	
  structure.	
  	
  The	
  addition	
  of	
  boron	
  gives	
  the	
  particles	
  the	
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Figure	
  3	
  has	
  five	
  two-­‐pane	
  images	
  corresponding	
  to	
  200nm,	
  500nm,	
  1μm,	
  2μm,	
  
and	
  3μm	
  particles	
  injected	
  into	
  a	
  chicken	
  liver	
  and	
  steak	
  phantom.	
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Figure	
  3	
  continued.	
  
	
  
necessary	
   mixture	
   of	
   rigidity	
   and	
   elasticity	
   to	
   with	
   stand	
   the	
   workup	
   and	
  

calcination	
  procedures.	
  	
  	
  

As	
   seen	
   in	
   Fig.	
   3	
   the	
   area	
   of	
   the	
   color	
   Doppler	
   signal	
   increases	
   as	
   the	
  

diameter	
   of	
   the	
   particle	
   increases.	
   	
   This	
   is	
   to	
   be	
   expected	
   since	
   the	
   larger	
   the	
  

particle	
  the	
  larger	
  the	
  cross	
  section	
  that	
  will	
  interact	
  with	
  the	
  sound	
  wave.	
   	
  The	
  

larger	
  the	
  diameter	
  the	
  larger	
  the	
  payload	
  of	
  perflurocarbon	
  gas,	
  for	
  example	
  the	
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2μm	
  particle	
  has	
  an	
  internal	
  volume	
  of	
  28.74μm3	
  while	
  the	
  200m	
  particle	
  has	
  an	
  

internal	
   volume	
   of	
   0.028μm3,	
   this	
   is	
   a	
   factor	
   of	
   a	
   1000	
   difference.	
   	
   When	
   the	
  

number	
   of	
   particles	
   is	
   taken	
   into	
   account	
   for	
   a	
   50μl	
   injection	
   of	
   a	
   2mg/ml	
  

suspension	
  the	
  2μm	
  shells	
  still	
  have	
  a	
  37x	
  greater	
   internal	
  payload.	
   	
  This	
  signal	
  

seen	
  is	
  clearly	
  not	
  37x	
  greater,	
  so	
  there	
  must	
  be	
  other	
  factors	
  besides	
  the	
  size	
  of	
  

the	
  particle	
  that	
  affect	
  the	
  color	
  Doppler	
  signal	
  intensity.6	
  

Since	
  it	
  was	
  apparent	
  that	
  the	
  size	
  of	
  the	
  particle	
  did	
  have	
  an	
  affect	
  on	
  the	
  

amount	
   of	
   color	
   Doppler	
   signal	
   recorded.	
   It	
   is	
   probable	
   that	
   holding	
   the	
  

frequency	
  constant	
  and	
  varying	
   the	
  size	
  of	
   the	
  particle	
   slowly	
  shifts	
  away	
   from	
  

the	
  resonant	
  frequency,	
  thus	
  causing	
  a	
  decrease	
  in	
  echogenic	
  signal	
  returned.	
  	
  In	
  

order	
   to	
   study	
   this	
   behavior,	
   perflurocarbon	
   gas	
   filled	
   2μm	
   particles	
   were	
  

injected	
  into	
  a	
  chicken	
  phantom	
  and	
  the	
  frequency	
  was	
  shifted	
  from	
  7	
  to	
  14MHz	
  

in	
   increments	
  of	
   approximately	
  2MHz.	
   	
  The	
   increments	
  were	
  not	
   exactly	
  2MHz	
  

because	
   the	
   instrument	
   had	
   preprogrammed	
   allowable	
   frequencies.	
   	
   The	
   color	
  

Doppler	
  images	
  shown	
  in	
  Fig.	
  3	
  were	
  collected	
  after	
  cycling	
  to	
  higher	
  frequencies	
  

and	
  back	
  to	
  lower	
  frequencies	
  before	
  recording	
  the	
  images.	
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Figure	
  4	
  is	
  color	
  Doppler	
  images	
  taken	
  at	
  various	
  frequencies	
  for	
  50	
  μl	
  injections	
  
of	
  PFC	
  filled	
  2μm	
  particles.	
  
	
  

As	
  seen	
  in	
  Fig.	
  4	
  the	
  largest	
  signal	
  seen	
  is	
  at	
  7MHz	
  and	
  as	
  the	
  frequency	
  is	
  

increase	
  the	
  signal	
  decreases	
  completely	
  in	
  the	
  image	
  take	
  at	
  14	
  MHz.	
  in	
  order	
  to	
  

see	
  if	
  there	
  were	
  any	
  specific	
  trends	
  the	
  areas	
  of	
  each	
  image	
  were	
  measure	
  and	
  	
  

8.5	
  MHz	
  7	
  MHz	
  

12	
  MHz	
  10	
  MHz	
  

14	
  MHz	
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Figure	
  5	
   is	
   a	
   graph	
  of	
   the	
  areas	
  of	
   the	
   images	
   seen	
   in	
  Fig.	
  4	
   plotted	
  versus	
   the	
  
frequency	
  that	
  they	
  were	
  collected	
  at	
  and	
  fit	
  to	
  an	
  exponential	
  curve.	
  
	
  

plotted	
  versus	
  the	
  frequency	
  this	
  plot	
  is	
  shown	
  below	
  in	
  Fig.	
  5.	
   	
  It	
  would	
  appear	
  

that	
   the	
   frequency	
   response	
  decreases	
   at	
   an	
  exponential	
   rate,	
   but	
   these	
   results	
  

are	
  counter	
  intuitive.	
  	
  In	
  ultrasound	
  imaging,	
  the	
  higher	
  the	
  frequency	
  the	
  greater	
  

is	
  the	
  resolution	
  obtained.7	
  	
  There	
  are	
  several	
  possible	
  explanations	
  for	
  this	
  data,	
  

first	
  it	
  is	
  possible	
  that	
  by	
  moving	
  to	
  a	
  highly	
  resolved	
  frequency	
  that	
  particles	
  are	
  

no	
   longer	
   in	
   a	
   active	
   spectral	
   window	
   of	
   the	
   ultrasound.	
   	
   This	
   seems	
   unlikely	
  

since	
  the	
  higher	
  resolution	
  is	
  a	
  product	
  of	
  higher	
  frequency	
  sound	
  waves,	
  which	
  

have	
   smaller	
  wavelength	
   and	
   thus	
   are	
   being	
   capable	
   of	
   reflecting	
   or	
   scattering	
  

more	
   efficiently	
   from	
   smaller	
   structures.	
   Higher	
   frequency	
   sound	
   waves	
   also	
  



	
   129	
  

have	
   a	
   larger	
   attenuation	
   and	
   are	
   more	
   readily	
   absorbed	
   in	
   tissue.	
   	
   Another	
  

possibility	
  is	
  that	
  as	
  the	
  frequency	
  is	
  increased	
  we	
  are	
  slowly	
  moving	
  away	
  from	
  

the	
  optimal,	
  available	
  resonant	
   frequency.	
   	
  This	
  explanation	
  seems	
  a	
   little	
  more	
  

plausible,	
   since	
   as	
   stated	
   above	
   a	
   higher	
   frequency	
   sound	
   wave	
   equates	
   to	
   a	
  

shorter	
  wavelength	
  which	
  may	
  no	
  longer	
  have	
  the	
  ability	
  to	
  resonate	
  the	
  particle	
  

in	
  a	
  manner	
  to	
  generate	
  enough	
  pressure	
  to	
  cause	
  fracturing	
  and	
  or	
  cavitations	
  

needed	
  to	
  an	
  echogenic	
  signal.	
  

In	
   a	
  more	
   qualitative	
   study,	
   the	
   perflurocarbon	
   gas	
   filled	
   2μm	
   particles	
  

were	
   imaged	
   in	
   two	
  different	
  phantoms,	
  ultrasound	
  gel	
  and	
  normal	
   saline	
  until	
  

there	
   was	
   no	
   longer	
   a	
   detectable	
   signal.	
   	
   Ultrasound	
   gel	
   is	
   composed	
   of	
  

polypropylene	
   glycol	
   and	
  water.	
   	
   It	
   a	
   similar	
   density	
   to	
  water	
   and	
   allows	
   for	
   a	
  

more	
  immobile	
  matrix.	
  	
  Normal	
  saline	
  is	
  sterile	
  solution	
  of	
  water	
  with	
  0.9%	
  NaCl	
  

and	
  its	
  density	
  is	
  approximately	
  equal	
  to	
  that	
  of	
  water,	
  which	
  is	
  very	
  close	
  to	
  the	
  

density	
   of	
   tissue.	
   	
   Both	
   phantoms	
   have	
   positive	
   and	
   negative	
   attributes.	
   	
   The	
  

ultrasound	
  gel	
  could	
  be	
  considered	
  more	
  similar	
  to	
  a	
  tissue,	
  since	
  it	
  has	
  roughly	
  

the	
   same	
   density.	
   	
   Although	
   it	
   is	
   not	
   fibrous	
   like	
   tissue	
   it	
   does	
   have	
   good	
  

retention	
   properties,	
   so	
   injected	
   solutions	
   stay	
   immobile	
   for	
   some	
   time.	
   	
   A	
  

problem	
   with	
   the	
   ultrasound	
   gel	
   is	
   that	
   samples	
   injected	
   into	
   the	
   gel	
   can	
   be	
  

extremely	
  difficult	
  to	
  recover.	
  	
  This	
  is	
  due	
  to	
  the	
  gel	
  make-­‐up	
  being	
  quite	
  durable.	
  	
  

The	
  regent	
  that	
  gave	
  the	
  best	
  results	
   for	
  breaking	
  up	
  the	
  gel	
   to	
   free	
  the	
   imaged	
  

particles	
  was	
  sodium	
  dodecasulfate.	
  	
  The	
  detergent	
  breaks	
  up	
  the	
  gel,	
  allowing	
  it	
  

to	
   be	
   solublized	
   and	
   the	
   particles	
   were	
   recovered	
   with	
   minimal	
   residue	
   left	
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behind.	
   	
   The	
   problem	
   with	
   this	
   that	
   the	
   process	
   is	
   time	
   consuming	
   and	
   the	
  

recovery	
   yields	
   is	
   small,	
   1-­‐5%	
  of	
   the	
   injection	
  mass	
   used.	
   	
   The	
   use	
   of	
   aqueous	
  

solutions	
   as	
   phantoms	
   works	
   very	
   well	
   for	
   particle	
   recovery,	
   but	
   since	
   the	
  

particles	
  are	
  free	
  to	
  move	
  throughout	
  the	
  solution	
  their	
  motion	
  can	
  absorb	
  some	
  

of	
   the	
   sound	
  wave’s	
   energy.	
   	
   This	
   is	
   evident	
  when	
   comparing	
   the	
   longevity	
   or	
  

lifetime	
  for	
  the	
  same	
  particle	
  in	
  the	
  two	
  phantom	
  mediums,	
  the	
  signal	
  lifetime	
  is	
  

75-­‐85	
  minutes	
  in	
  a	
  aqueous	
  solution,	
  but	
  only	
  45-­‐55	
  minutes	
  in	
  ultrasound	
  gel	
  at	
  

the	
  highest	
  mechanical	
  index	
  (MI).	
   	
  The	
  mechanical	
  index	
  is	
  defined	
  as	
  the	
  peak	
  

rarefractional	
   pressure	
   (negative	
   pressure)	
   divided	
   by	
   the	
   square	
   root	
   of	
   the	
  

ultrasound	
  frequency.8	
  	
  Shown	
  below,	
  in	
  Fig.	
  6	
  are	
  images	
  taken	
  using	
  scattering	
  

electron	
  microscopy	
  (SEM).	
  	
  50μl	
  of	
  a	
  2mg/ml	
  suspension	
  of	
  perflurocarbon	
  gas	
  

filled	
  particles,	
  which	
  were	
  injected	
  into	
  5cc	
  of	
  saline	
  and	
  approximately	
  500cc	
  of	
  

ultrasound	
  gel.	
  	
  Although	
  the	
  gel’s	
  volume	
  was	
  100x	
  larger,	
  only	
  10cc	
  of	
  gel	
  was	
  

removed	
  to	
  extract	
  the	
  particles.	
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Figure	
  6	
  (top	
  panel)	
  shows	
  a	
  sample	
  of	
  the	
  particles	
  recovered	
  after	
  imaging	
  in	
  a	
  
saline	
   phantom.	
   	
   Bottom	
   panel	
   show	
   a	
   sample	
   of	
   particles	
   recovered	
   after	
  
imaging	
  in	
  an	
  ultrasound	
  gel	
  phantom.	
  
	
  

The	
   images	
   in	
  Fig.	
  6	
   are	
   just	
  a	
   small	
  portion	
  of	
   the	
   total	
   sample,	
  but	
   the	
  

trend	
  throughout	
  all	
  of	
  the	
  areas	
  view	
  was	
  approximately	
  25%	
  of	
  the	
  shells	
  were	
  

broken	
  or	
  fractured	
  as	
  observed	
  at	
  resolution	
  of	
  the	
  SEM.	
  	
  Allowing	
  for	
  an	
  error	
  

of	
   10%,	
   this	
   still	
  would	
   indicate	
   that	
  more	
   than	
  70%	
  of	
   the	
  particles	
   remained	
  

intact,	
  after	
  a	
  complete	
  imaging	
  sequence	
  where	
  the	
  particles	
  were	
  imaged	
  until	
  

distinguishable	
  signal	
  was	
  no	
  longer	
  visible.	
  	
  The	
  results	
  are	
  consistent	
  between	
  

the	
   two	
   different	
   phantom	
  mediums.	
   	
   The	
   one	
   difference	
   to	
   note	
  was	
   that	
   the	
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particles	
  in	
  the	
  aqueous	
  medium	
  persisted	
  nearly	
  twice	
  as	
  long,	
  but	
  this	
  is	
  due	
  to	
  

the	
  particle	
  being	
  able	
  to	
  dissipate	
  the	
  energy	
  impacted	
  in	
  them	
  through	
  motion	
  

with	
  in	
  the	
  saline	
  solution.	
  

	
   The	
   last	
   technique	
   used	
   to	
   investigate	
   the	
   mechanism	
   of	
   imaging	
   the	
  

boron	
   doped	
   silica	
   microparticles	
   is	
   pulse	
   wave	
   (PW)	
   Doppler	
   ultrasound.	
   	
   In	
  

pulse	
  wave	
  Doppler	
  ultrasound	
  the	
  system	
  sends	
  a	
  signal	
  that	
  alternates	
  between	
  

transmission	
  and	
  reception.	
  	
  This	
  allows	
  the	
  Doppler	
  shift	
  data	
  for	
  selectively	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  	
  	
  

	
  

	
  

Figure	
  7	
   shows	
   an	
   example	
   of	
   a	
   pulse	
  wave	
  Doppler	
   ultrasound	
   system	
   in	
   this	
  
instance	
  being	
  used	
  to	
  scan	
  the	
  sample	
  volume	
  of	
  a	
  blood	
  vessel.7a,	
  8a,	
  b,	
  8d,	
  9	
  
	
  

smaller	
  areas	
  or	
  segments	
  along	
  the	
  ultrasound	
  wave,	
  referred	
  to	
  as	
  the	
  “sample	
  

volume”	
   or	
   cursor	
   area	
   to	
   be	
   recorded.	
   	
   The	
   user	
   can	
   set	
   the	
   cursor	
   size	
   and	
  

location	
   easily.	
   	
   The	
   main	
   advantage	
   of	
   pulse	
   wave	
   technique	
   is	
   it’s	
   enhance	
  

sensitivity;	
  this	
  is	
  due	
  to	
  a	
  continuous,	
  pulsed	
  high	
  frequency	
  wave	
  which	
  is	
  more	
  

gentle	
  on	
  the	
  imaged	
  area.	
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Figure	
  8	
  shows	
  four	
  pulse	
  wave	
  (PW)	
  Doppler	
  ultrasound	
  sonograms.	
  	
  The	
  color	
  
image	
  above	
  is	
  the	
  color	
  Doppler	
  image;	
  the	
  graph	
  below	
  is	
  the	
  pulse	
  wave	
  data	
  
collected	
  for	
  the	
  selected	
  sample	
  volume.	
  
	
  

Fig.	
  8	
   shows	
   four	
  pulse	
  wave	
   (PW)	
  Doppler	
   sonograms	
   take	
   in	
  different	
  

location	
  throughout	
  the	
  same	
  sample.	
   	
  The	
  top	
  portion	
  of	
  the	
  image	
  is	
  the	
  color	
  

Doppler	
  image	
  that	
  is	
  taken	
  in	
  a	
  color	
  flow	
  mode.	
  	
  The	
  cursor	
  is	
  the	
  vertical	
  lines	
  

intersecting	
   the	
   sonogram;	
   the	
   size	
   can	
   be	
   widened	
   to	
   study	
   a	
   larger	
   area	
   if	
  

needed.	
  	
  In	
  Fig.	
  8A	
  the	
  cursor	
  is	
  over	
  an	
  area	
  where	
  the	
  color	
  signal	
  is	
  very	
  weak	
  

and	
   show	
   in	
   the	
   pulse	
   wave	
   section	
   there	
   are	
   only	
   two	
   sharp	
   peaks	
   with	
   a	
  

velocity	
   of	
   approximately	
   20cm/s.	
   	
   Moving	
   from	
   8B,	
   to	
   8C,	
   and	
   lastly	
   8D	
   the	
  

B
A	
  

A
A	
  

D
A	
  

C
A	
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number	
  of	
  peaks	
  present	
  in	
  the	
  pulse	
  wave	
  section	
  increases.	
  	
  This	
  occurs	
  for	
  two	
  

reason,	
   first	
   the	
   cursor	
   or	
   region	
   of	
   interest	
   was	
   moved	
   each	
   time	
   to	
   an	
   area	
  

where	
   the	
   color	
   Doppler	
   signal	
   was	
   stronger	
   or	
   a	
   great	
   local	
   population	
   of	
  

ultrasound	
  contrast	
  particles	
  and	
  second,	
   is	
   the	
   in	
  the	
   last	
  sonogram	
  the	
  cursor	
  

was	
  made	
  smaller	
   to	
  study	
  a	
  smaller	
  sample	
  volume.	
   	
  A	
  trend	
  throughout	
  all	
  of	
  

the	
  pulse	
  wave	
  data	
   is	
   the	
   intensity	
  and	
   interval	
  of	
   the	
  signals	
  or	
  events	
   taking	
  

place.	
  	
  This	
  would	
  indicate	
  that	
  whatever	
  physical	
  events	
  taking	
  place	
  that	
  allow	
  

the	
  particles	
  to	
  produce	
  a	
  color	
  Doppler	
  ultrasound	
  signal	
  are	
  an	
  events	
  that	
  are	
  

the	
  norm	
  and	
  not	
  anomalies.	
   	
  The	
  width	
  of	
   the	
  peaks	
   indicates	
   the	
   timescale	
  of	
  

the	
  event	
  and	
   its	
  height	
  corresponds	
  to	
  the	
  strength	
  or	
   intensity.	
   	
  A	
  sharp	
  peak	
  

would	
   be	
   indicative	
   of	
   a	
   rapid	
   event	
   such	
   as	
   cracking	
   of	
   the	
   particle	
   and	
  

conversely	
  a	
  broad	
  peak	
  would	
  be	
  a	
  slower	
  event	
  such	
  as	
  a	
  gas	
  bubble	
  oscillating.	
  	
  

In	
  Fig.	
  8C	
  there	
  are	
  other	
  smaller,	
  possibly	
  broader	
  peaks,	
  below	
  the	
  major	
  sharp	
  

peaks.	
  	
  This	
  could	
  indicate	
  a	
  secondary,	
  less	
  dominant	
  event-­‐taking	
  place.	
  	
  This	
  is	
  

important	
   to	
   see	
   since	
   it	
   shows	
   that	
   there	
   are	
   multiple	
   types	
   of	
   interactions	
  

occurring	
  simultaneously,	
  but	
  that	
  the	
  majority	
  of	
  events	
  recorded	
  are	
  occurring	
  

on	
  faster	
  time	
  scale	
  and	
  are	
  more	
  intense.	
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Conclusion	
  	
  	
  

Initial	
   results	
   would	
   suggest	
   that	
   whether	
   due	
   to	
   size	
   and	
   efficiency	
   of	
  

interaction	
   with	
   the	
   sound	
   wave	
   or	
   internal	
   payload	
   the	
   micro	
   sized	
   particles	
  

perform	
   better.	
   It	
   would	
   seem	
   that	
   the	
   2μm	
   shells	
   have	
   the	
   right	
   mixture	
   of	
  

strength	
   and	
   payload	
   capacity,	
   which	
   allow	
   them	
   to	
   outperform	
   both	
   the	
   1μm	
  

and	
   3μm	
   particles.	
   	
   From	
   the	
   frequency	
   data	
   it	
   would	
   appear	
   the	
   there	
   is	
  

definitely	
  an	
  improved	
  signal	
  output	
  at	
  approximately	
  7MHz,	
  but	
  until	
  the	
  lower	
  

range	
  of	
  frequencies	
  can	
  be	
  sufficiently	
  studied	
  we	
  cannot	
  state	
  the	
  particles	
  true	
  

resonant	
   frequency.	
   	
   The	
   recovery	
   data	
   supports	
   a	
   less	
   destructive	
  mechanism	
  

since	
   the	
   majority	
   of	
   particles	
   post	
   imaging	
   remain	
   intact.	
   	
   The	
   pulse	
   wave	
  

sonograms	
   show	
   that	
   an	
   overwhelming	
   majority	
   of	
   the	
   peaks	
   are	
   sharp	
   and	
  

narrow,	
  which	
  would	
  indicate	
  that	
  a	
  fast	
  process	
  was	
  taking	
  place.	
  	
  The	
  sum	
  of	
  all	
  

of	
   this	
   data	
  would	
   suggest	
   that	
   the	
  mechanism	
   is	
   consistent	
  with	
   some	
   sort	
   of	
  

cracking	
  or	
  microfracturing	
  of	
  the	
  particles	
  which	
  produces	
  enough	
  echogenicity	
  

to	
  sustain	
  a	
  constant	
  color	
  Doppler	
  ultrasound	
  signal.	
  

	
  

Experimental	
  	
  

Materials:	
   Tetramethoxysilane	
   and	
   0.1%	
  wt	
   poly-­‐L-­‐lysine	
   solution	
   were	
  

obtained	
   from	
   Aldrich-­‐Sigma	
   Ltd.	
   All	
   chemicals	
   were	
   used	
   as	
   received.	
  

Polystyrene	
   beads	
   were	
   purchased	
   from	
   Polyscience	
   Ltd.	
   Fluorophore	
   were	
  

purchased	
  functionalized	
  from	
  Invitrogen	
  Ltd.	
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Preparation	
  of	
  hollow	
  silica	
  nanospheres:	
   	
  To	
  a	
  15ml	
  plastic	
   corning	
  conical	
  vial	
  

10ml	
   of	
   phosphate	
   buffer	
   solution,	
   2ml	
   of	
   poly-­‐L-­‐lysine,	
   and	
   500μL	
   of	
   200nm	
  

polystyrene	
  microspheres	
  were	
  added.	
   	
  This	
  mixture	
  was	
  mixed	
  using	
  a	
  vortex	
  

mixer	
  for	
  10	
  min.	
  To	
  this	
  250μL	
  of	
  silicic	
  acid	
  was	
  added	
  and	
  mixed	
  for	
  15	
  min.	
  	
  

At	
   this	
   time	
   the	
   reaction	
   mixture	
   was	
   pelleted	
   down	
   using	
   a	
   centrifuge.	
   	
   The	
  

liquid	
  was	
  removed	
  and	
  the	
  pellet	
  was	
  2x	
  with	
  5ml	
  of	
  H2O	
  and	
  1x	
  with	
  absolute	
  

ethanol.	
   	
   The	
   coreshells	
   were	
   dried	
   overnight	
   to	
   yield	
   a	
   white	
   powder.	
   	
   The	
  

coreshells	
  were	
  now	
  put	
  into	
  a	
  muffle	
  furnace	
  to	
  be	
  calcined	
  at	
  550°C	
  using	
  an	
  18	
  

Hr	
   gradient	
   ramp.	
   This	
   yielded	
   a	
   white	
   powder.	
   	
   Average	
   zeta	
   potential	
  

measurement	
  was	
  -­‐35mV.	
  	
  Sizing	
  from	
  dynamic	
  light	
  scattering	
  after	
  2hr	
  of	
  bath	
  

sonication	
   was	
   260nm	
   with	
   a	
   poly	
   dispersity	
   index	
   of	
   0.29.	
   	
   The	
   SEM	
  

measurements	
   were	
   conducted	
   on	
   a	
   FEI/Philips	
   XL30	
   FEG	
   ESEM	
   microscope	
  

with	
  an	
  accelerating	
  voltage	
  of	
  10	
  kV.	
  	
  

	
  

Preparation	
   of	
   hollow	
   silica	
  microspheres:	
   	
   To	
   a	
   2	
  ml	
   plastic	
   conical	
   vial	
   1ml	
   of	
  

phosphate	
  buffer	
  solution,	
  130μL	
  of	
  poly-­‐L-­‐lysine,	
  and	
  50μL	
  of	
  2.0μm	
  polystyrene	
  

microspheres	
  were	
  added.	
   	
  This	
  mixture	
  was	
  mixed	
  using	
  a	
  vortex	
  mixer	
  for	
  10	
  

min.	
  To	
  this	
  3.1μL	
  of	
   tetramethylorthosilicate	
  was	
  added	
  and	
  mixed	
  for	
  2.5	
  hrs.	
  

After	
  2.3	
  hrs	
  of	
  mixing	
  50μL	
  of	
  5%	
  trimethoxyborate	
  solution	
  was	
  added	
  and	
  the	
  

mixture	
  was	
  let	
  to	
  mix	
  for	
  4.5	
  hrs.	
  At	
  this	
  time	
  the	
  reaction	
  mixture	
  was	
  pelleted	
  

down	
  using	
  a	
  centrifuge.	
  	
  The	
  liquid	
  was	
  removed	
  and	
  the	
  pellet	
  was	
  1x	
  with	
  1ml	
  

of	
   H2O	
   and	
   2x	
   with	
   absolute	
   ethanol.	
   	
   The	
   coreshells	
   were	
   dried	
   overnight	
   to	
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yield	
  a	
  white	
  powder.	
   	
  The	
  coreshells	
  were	
  now	
  put	
   into	
  a	
  muffle	
   furnace	
  to	
  be	
  

calcined	
   at	
   550°C	
   using	
   an	
   18	
  Hr	
   gradient	
   ramp.	
   This	
   yielded	
   a	
  white	
   powder.	
  	
  

Average	
   zeta	
   potential	
   measurement	
   was	
   -­‐35mV.	
   	
   Sizing	
   from	
   dynamic	
   light	
  

scattering	
  after	
  1hr	
  of	
  bath	
  sonication	
  was	
  2.1μm	
  with	
  a	
  poly	
  dispersity	
  index	
  of	
  

0.23.	
  	
  The	
  SEM	
  measurements	
  were	
  conducted	
  on	
  a	
  FEI/Philips	
  XL30	
  FEG	
  ESEM	
  

microscope	
  with	
  an	
  accelerating	
  voltage	
  of	
  10	
  kV.	
  	
  

	
  

Preparation	
  of	
  5%	
  trimethoxy	
  borate	
  solution:	
  	
  To	
  a	
  2	
  ml	
  plastic	
  conical	
  vial	
  1ml	
  of	
  

absolute	
  ethanol,	
   to	
  this	
  2.5μL	
  of	
  trimethoxy	
  borate	
  was	
  added.	
   	
  This	
  was	
   let	
   to	
  

mix	
  for	
  5	
  minutes	
  and	
  only	
  prepared	
  as	
  needed	
  for	
  reactions,	
  and	
  never	
  stored.	
  

	
  

Characterization:	
  	
  The	
  SEM	
  measurements	
  were	
  conducted	
  on	
  a	
  FEI/Philips	
  XL30	
  

FEG	
   ESEM	
   microscope	
   with	
   an	
   accelerating	
   voltage	
   of	
   10	
   kV.	
   The	
   average	
  

diameter	
   of	
   the	
   nanospheres	
  was	
   determined	
   by	
   SEM	
   images.	
   The	
   TEM	
   image	
  

was	
  JEO-­‐2000EX	
  (200kV)	
  CryoElectro	
  Microscope	
  with	
  an	
  accelerating	
  voltage	
  of	
  

200	
   kV.	
   Zeta	
   potentials	
   and	
   size	
   distributions	
   by	
   DLS	
   were	
   measured	
   using	
   a	
  

Malvern	
  Zetasizer	
  Nano	
  series	
  instrument.	
  Zeta	
  potentials	
  were	
  measured	
  using	
  a	
  

Malvern	
   disposable	
   zeta	
   potential	
   cuvette	
   with	
   ethanol	
   as	
   a	
   dispersant.	
   	
   DLS	
  

sizing	
  was	
  done	
  using	
  Malvern	
  disposable	
  sizing	
  cuvettes	
  and	
  phosphate	
  buffered	
  

saline	
  solutions	
  (PBS).	
  	
  Samples	
  were	
  sonicated	
  in	
  their	
  respective	
  solvents	
  for	
  30	
  

mins	
  prior	
  to	
  measurements.	
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