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	   Mesoporous	  silica	  materials	  can	  range	  from	  films	  to	  nanoparticles.	  Due	  to	  the	  Si-‐OH	  

groups	   on	   the	   surface	   of	   the	   materials	   they	   can	   be	   functionalized	   to	   control	   the	   pore	  

openings.	   Some	   examples	   of	   these	   functionalizations	   are	   the	   attachment	   of	   polymers	   or	  

molecules	  that	  serve	  as	  a	  pore	  cap.	  This	  leads	  to	  a	  wide	  variety	  of	  applications	  because	  of	  

their	   ability	   to	   contain	   cargo	  molecules.	   The	  work	   covered	   in	   this	   thesis	   focuses	   on	   the	  

development	  of	  different	  mesoporous	  silica	  materials	   for	  the	  purpose	  of	  trapping	  various	  

cargo	  molecules	  for	  cargo	  delivery	  and	  sensing	  applications.	  The	  first	  project	  discusses	  the	  



	   iv	  

thermal	  trapping	  and	  release	  of	  cargo	  molecules	  of	  a	  mesoporous	  silica	  film	  with	  a	  thermal	  

sensitive	  polymer	  attached	  to	  the	  surface.	  The	  second	  project	   focuses	  on	  a	   light	  activated	  

polymer	  attached	  to	  MCM-‐41	  silica	  nanoparticles	  and	  the	  delivery	  of	  fluorescent	  molecules	  

inside	  of	  cells.	  The	  third	  project	  discussed	  in	  this	  thesis	  utilizes	  hollow	  mesoporous	  silica	  

nanoparticles	  to	  crystalize	  a	  perchlorate	  sensor	  inside	  the	  core	  to	  be	  used	  as	  “smart	  sand”	  

for	   perchlorate	   detection.	   The	   last	   project	   focuses	   on	   periodic	   mesoporous	   organosilica	  

(PMO)	  nanoparticles	   and	   their	   ability	   to	   trap	   and	   release	   cargo	  molecules.	   This	   research	  

demonstrates	   the	   versatility	   of	   mesoporous	   silica	   materials	   and	   its	   potential	   in	   both	  

microscopic	  and	  macroscopic	  applications.	  
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1.1 The	  Sol-‐Gel	  Process	  

	   Materials	   prepared	   by	   the	   sol-‐gel	   process	   have	   become	   the	   basis	   of	   an	   important	  

field	   of	   research	   in	   materials	   science.	   Since	   the	   1970’s,	   sol-‐gel	   chemistry	   has	   been	  

researched	  extensively	  and	  has	  shown	  to	  produce	  a	  variety	  of	  inorganic	  networks.1	  The	  sol-‐

gel	  process	  is	  a	  set	  of	  reactions	  that	  convert	  an	  aqueous	  metal	  alkoxide,	  with	  a	  molecular	  

formula	   of	   M(OR)n	   into	   an	   inorganic	   network.1,	   2	   This	   process	   is	   able	   to	   produce	  

homogeneous,	   high	   purity	   inorganic	   oxide	   glasses	   at	   room	   temperature,	   which	   is	   much	  

lower	  than	  the	  high	  temperatures	  required	  by	  normal	  glass	  manufacturing	  processes.	  One	  

important	  advantage	  of	  the	  sol-‐gel	  process	  is	  its	  ability	  to	  form	  different	  types	  of	  materials	  

such	  as,	  thin	  films,3-‐5	  spun	  fibers,6,	  7	  particles,8-‐11	  aerogels,12,	  13	  and	  xerogels.14,	  15	  	  

	  

1.1.1 Hydrolysis	  and	  Condensation	  

	   The	   sol-‐gel	   process	   is	   the	   transformation	   of	   a	   sol	   to	   a	   gel.2,	  16	   A	   sol	   is	   a	   colloid	   of	  

small	  particles	  that	  are	  well	  dispersed	  in	  a	  liquid.	  A	  gel	  is	  made	  up	  of	  a	  continuous	  network	  

that	  also	  includes	  a	  continuous	  liquid	  phase.16-‐18	  The	  sol-‐gel	  process	  is	  therefore	  a	  series	  of	  

hydrolysis	   and	   condensation	   reactions	   of	   the	   inorganic	   alkoxide	   monomers	   that	   forms	  

colloidal	   particles	   (sol)	   and	   converts	   them	   into	   a	   continuous	   network	   (gel).	  

Tetraethylorthosilicate	  (TEOS)	  has	  been	  extensively	  used	  for	  the	  production	  of	  silica	  gels.3,	  

10,	  11,	  19	  The	  hydrolysis	  step	  of	  TEOS	  is	  depicted	  in	  Equation	  1:	  
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Equation	  1:	   Si(OEt)4	  +	  H2O	  à	  HO-‐Si(OEt)3	  +	  EtOH	  

	  

This	  step	  takes	  under	  neutral	  conditions	  and	  leads	  to	  the	  generation	  of	  a	  silanol	  group	  (Si-‐

OH)	  and	  an	  alcohol.	  The	  second	  step	  is	  the	  condensation	  of	  the	  silanol	  group	  and	  can	  occur	  

in	  two	  different	  ways	  and	  is	  depicted	  in	  Equation	  2.1	  and	  Equation	  3:	  

	  

Equation	  2:	   HO-‐Si(OEt)3	  +	  HO-‐Si(OEt)3	  à	  (EtO)3-‐Si-‐O-‐Si(OEt)3	  +	  H2O	  

Equation	  3:	   HO-‐Si(OEt)3	  +	  Si(OEt)4	  à	  (EtO)3-‐Si-‐O-‐Si(OEt)3	  +	  EtOH	  

	  

The	  silanol	  group	  condenses	  with	  either	  another	  silanol	  group	  or	  with	  an	  alkoxide	  to	  create	  

a	  siloxane	  bond	  (Si-‐O-‐Si)	  with	  the	  loss	  of	  water	  or	  an	  alcohol.	  As	  the	  reaction	  continues,	  the	  

number	   of	   siloxane	   bonds	   increase	   forming	   siloxane	   colloids,	  which	   forms	   the	   sol.	   From	  

there,	  the	  colloids	  aggregate	  and	  condense	  further	  to	  form	  a	  continuous	  network	  that	  spans	  

the	  solution	  forming	  the	  gel.	  

	  

1.1.2 Acid/Base	  Catalysis	  

	   The	  hydrolysis	  reactions	  of	  TEOS	  are	  strongly	  affected	  by	  the	  presence	  of	  an	  acid	  or	  

base	   catalyst.16-‐18,	   20	   If	   an	   acid	   catalyst	   is	   present,	   the	   hydrolysis	   step	   involves	   and	  

electrophilic	  attack	  of	  the	  proton	  on	  the	  alkoxide	  oxygen	  atom.	  This	  yields	  a	  positive	  charge	  

on	  the	  oxygen.	  The	  bond	  between	  the	  silicon	  center	  and	  the	  attacked	  oxygen	  becomes	  more	  

polarized,	  which	   later	   facilitates	   the	  departure	  of	   the	  alcohol	  group.21	  The	  oxygen	  on	   the	  
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water	  molecule	  attacks	  the	  silicon	  and	  forms	  a	  penta-‐coordinated	  transition	  state	  in	  which	  

the	  silicon	  center	  is	  partially	  bonded	  to	  both	  the	  water	  and	  the	  positively	  charged	  alcohol	  

group.	  The	  alcohol	  then	  leaves	  and	  the	  silanol	  bond	  is	  formed	  after	  the	  loss	  of	  a	  hydrogen	  

from	  the	  water.	  For	  a	  base	  catalyzed	  reaction,	  the	  –OH	  attacks	  the	  Si	  and	  forms	  the	  penta-‐

coordinated	   transition	   state	   first	   and	   then	   the	  alcohol	   group	   leaves	   forming	  HO-‐Si(OEt)3.	  

Also,	  the	  rate	  of	  hydrolysis	  is	  much	  faster	  under	  acidic	  conditions	  than	  basic	  conditions.	  

	   The	   condensation	   rates	   and	   mechanisms	   are	   also	   dependent	   on	   the	   pH	   of	   the	  

reaction.	  Under	  acidic	  conditions	   the	  condensation	  reactions	  happens	   in	   two	  steps.22	  The	  

first	  step	  is	  the	  electrophilic	  attack	  of	  the	  proton	  on	  the	  oxygen	  of	  the	  silanol	  group	  results	  

in	  the	  silanol	  oxygen	  becoming	  positively	  charged.	  The	  second	  step	  is	  the	  formation	  of	  the	  

siloxane	  bond	  after	  the	  loss	  of	  the	  hydronium	  cation	  as	  a	  result	  of	  the	  reaction	  between	  a	  

protonated	   silanol	   group	   and	   an	   unprotonated	   one.	   Under	   basic	   conditions	   the	  

condensation	   reaction	   also	   happens	   in	   two	   steps.2,	   16	   However,	   in	   this	   reaction	   the	  

hydrogen	   on	   the	   silanol	   group	   gets	   deprotonated	   by	   the	   hydroxide	   ion	   and	   leaves	   a	  

negatively	  charged	  oxygen	  on	  the	  silanol.	  The	  siloxane	   linkage	   is	  then	  formed	  through	  an	  

SN2	   attack	   of	   the	   latter	   ion	   onto	   the	   silicon	   center	   of	   a	   different	   silanol	   group	   and	  

regenerates	  the	  hydroxide	  ion.	  The	  condensation	  rate	  under	  basic	  conditions	  is	  also	  faster	  

than	  that	  under	  acidic	  conditions.	  

	   Since	  the	  hydrolysis	  rates	  and	  condensation	  rates	  differ	  depending	  on	  the	  catalyst,	  

the	  structure	  of	  the	  network,	  as	  the	  sol	  is	  allowed	  to	  gel,	  will	  also	  differ.	  For	  acid	  catalysis	  

the	  hydrolysis	   reaction	   is	   faster	   than	   the	   condensation	   reaction.	  This	  produces	  networks	  

with	   less	   siloxane	   bonds	   and	   a	   higher	   concentration	   of	   silanol	   groups,	   yielding	   more	  
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linearly	  branched	  polymeric	  species.	  This	  is	  highly	  favorable	  for	  the	  formation	  of	  thin	  films.	  

Films	  experience	  internal	  stress	  that	  is	  caused	  by	  non-‐uniform	  evaporation	  of	  the	  solvent	  

and	  inhomogeneous	  shrinkage.	  Less	  condensed	  silica	  alleviates	  this	  stress	  since	  it	  is	  more	  

flexible	   and	   creates	   materials	   with	   fewer	   cracks.	   On	   the	   other	   hand,	   the	   condensation	  

reaction	  is	  much	  faster	  using	  base	  as	  a	  catalyst.	  Therefore,	  there	  are	  fewer	  silanol	  groups	  in	  

the	  network.	  The	  network	  is	  then	  consisted	  of	  highly	  branched	  clusters,	  which	  yields	  highly	  

dense	  materials.	  This	  is	  important	  for	  the	  formation	  of	  particles.	  

	  

1.2 Mesoporous	  Silica	  Materials	  

	   Mesostructured	   silica	   particles	   were	   discovered	   in	   1992	   and	   have	   since	   been	   a	  

subject	  of	   intensive	  research	  due	   to	   the	  materials	  having	  a	   large	  surface	  area	  and	  having	  

the	   ability	   to	   modify	   the	   particle	   and	   pore	   size.23,	   24	   These	   mesoporous	   materials	   are	  

formed	  by	  the	  assembly	  of	  inorganic	  species	  and	  organic	  surfactants.	  The	  structure	  of	  the	  

mesoporous	   materials	   is	   based	   on	   the	   fact	   that	   the	   surfactant	   molecules	   form	   different	  

structures	   depending	   on	   the	   concentration	   of	   the	   surfactant	   in	   the	   sol.25	   At	   very	   low	  

concentrations,	   the	   surfactant	   molecules	   exist	   as	   monomolecules,	   but	   with	   increasing	  

concentration	   they	   combine	   together	   and	   form	   micelles	   and	   decrease	   the	   system	  

entropy.25-‐27	   These	   micelles	   then	   aggregate	   together	   and	   the	   alkoxysilanes	   condense	  

around	   the	   structure.	   The	   surfactant	   can	   then	   be	   removed	   through	   calcination28,	   29	   or	  

through	  solvent	  extraction30,	  31	  forming	  the	  mesotructured	  silica	  material.	  

	  



	   6	  

1.3 Functionalized	  Mesoporous	  Silica	  Materials	  

	   Sol-‐gel	  chemistry	  also	  allows	  the	  introduction	  of	  organic	  functionalities	  in	  the	  pore	  

walls	  and	  on	  the	  surface	  of	  mesoporous.32,	  33	  The	  surface	  of	  the	  materials	  can	  be	  modified	  

post-‐synthesis	  and,	  after	  the	  removal	  of	   the	  surfactant,	   the	  pore	  walls	  can	  be	  modified	  as	  

well.	  Mesoporous	   silica	  materials	   possess	   silanol	   groups	   that	   facilitate	   the	   attachment	   of	  

organic	   groups	   onto	   the	   silica	   surface.	   The	   most	   common	   way	   to	   functionalize	   the	  

mesoporous	   materials	   is	   through	   silylation33	   which	   is	   when	   the	   organic	   group	   contains	  

silanol	  groups	  that	  can	  condense	  onto	  the	  surface	  in	  a	  similar	  fashion	  described	  in	  Equation	  

3.	  Silylation	  happens	  on	  all	  surface	  silanol	  groups	  and	  allows	  the	  mesoporous	  structure	  to	  

be	  maintained	  after	  the	  modification.	  	  

	   Surface	  functionalized	  mesoporous	  silica	  materials	  are	  of	  particular	  interest	  because	  

of	  their	  potential	  use	  in	  a	  variety	  of	  applications.1	  One	  in	  particular	  is	  the	  growing	  interest	  

in	  trapping	  guest	  molecules	  inside	  the	  pores.3,	  9,	  34,	  35	  	  

	  

1.4 Materials	  Discussed	  in	  Thesis	  

	   Herein,	  the	  study	  of	  trapping	  guest	  molecules	  inside	  different	  types	  of	  mesoporous	  

silica	  materials	  is	  explored.	  Chapter	  2	  focuses	  on	  mesostructured	  sol-‐gel	  thin	  films	  formed	  

by	  evaporation	  induced	  self-‐assembly	  (EISA).36,	  37	  A	  sol	  containing	  a	  silica	  precursor	  and	  a	  

template	  agent	  is	  deposited	  as	  a	  thin	  liquid	  layer	  onto	  a	  suitable	  substrate.	  The	  evaporation	  

of	   the	  solvent	  drives	   the	   formation	  of	  surfactant	  micelles,	  which	   further	  assembles	   into	  a	  
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liquid	   crystal.	   At	   the	   same	   time	   the	   silica	   condenses	   around	   the	  micelles.	   The	   surfactant	  

molecules	  can	  be	  removed	  from	  the	  pores	  of	  the	  film	  by	  solvent	  extraction	  or	  calcination,	  

thus	  giving	  the	  possibility	  to	  fill	  the	  empty	  pores	  with	  nano-‐sized	  cargos.	  	  

 The rest of the thesis focuses on nanoscale devices, in particular mechanized silica 

nanoparticles. Chapter 3 focuses on MCM-41 type particles for biological applications. These 

particles are rigid, robust, chemically inert, and relatively easy to make.38-40 Chapter 4 explores 

how hollow mesoporous silica nanoparticles can be used to create a core/shell nanoparticle.	  The	  

hollow	   cavity	   can	   act	   as	   a	   reservoir,	   which	   can	   be	   controllably	   filled	   with	   a	   different	  

material	  than	  the	  shell	  and	  thus	  create	  a	  particle	  with	  properties	  that	  are	  not	  available	  in	  

normal	   one	   component	   nanoparticles.41	   Chapter	   5,	   the	   last	   chapter,	   focuses	   on	  

nanoparticles	   that	   are	   made	   up	   of	   organic/inorganic	   components	   called	   “periodic	  

mesoporous	   organosilicas”,	   or	   PMOs.42-‐44	   This	   allows	   the	   particles	   to	   be	   imbued	   with	  

different	  properties.	  	  
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2.1 Introduction	  

	   Mesoporous	   silica	   materials,	   prepared	   by	   sol–gel	   methods,	   have	   been	   of	   great	  

interest	  because	  of	   their	  many	  attractive	   features,	   such	  as	   stable	  mesoporous	   structures,	  

large	   surface	   areas,	   tunable	   pore	   sizes,	   and	   the	   simplicity	   in	  modifying	   the	   inside	   pores	  

with	  organic	  groups.1-‐5	  The	  nanopores	  exhibit	  narrow	  pore	  size	  distributions	  in	  the	  range	  

of	  2-‐50	  nm	  to	  store	  a	  wide	  variety	  of	  molecules.6,	  7	  Accordingly,	  these	  materials	  have	  been	  

studied	   for	   many	   applications	   including	   catalysis,8-‐10	   medical	   drug	   delivery,6,	   11,	   12	   or	  

separation	  technology.2,	  13,	  14	  	  

Mesostructured	   sol-‐gel	   thin	   films	   formed	   by	   evaporation	   induced	   self	   assembly	  

(EISA)	   during	   dip-‐	   or	   spin-‐coating	   have	   also	   been	   studied.15-‐21	   A	   sol	   containing	   a	   silica	  

precursor	  and	  a	  template	  agent	  is	  deposited	  as	  a	  thin	  liquid	  layer	  onto	  a	  suitable	  substrate.	  

The	  evaporation	  of	   the	  solvent	  drives	   the	   formation	  of	   surfactant	  micelles,	  which	   further	  

assembles	  into	  a	  liquid	  crystal.	  At	  the	  same	  time	  the	  silica	  condenses	  around	  the	  micelles.	  

By	  choosing	  a	  specific	  composition	  of	  the	  sol,	  environmental	  conditions,	  and	  the	  method	  of	  

deposition,	   mesostructured	   films	   with	   highly-‐ordered	   hexagonal,	   lamellar,	   or	   cubic	  

structures	  can	  be	  produced.20,	  22	  The	  surfactant	  molecules	  can	  be	  removed	  from	  the	  pores	  

of	  the	  film	  by	  solvent	  extraction	  or	  calcination,	  thus	  giving	  the	  possibility	  to	  fill	  the	  empty	  

pores	   with	   nano-‐sized	   cargos.	   The	   release	   of	   stored	   molecules	   in	   the	   nanopores	   is	  

attracting	   increasing	   interest	  because	  a	  macro-‐substrate	   can	  be	  more	  easily	  handled	  and	  

manipulated	  than	  nanospheres.	  Thin	  films	  containing	  mesopores	  would	  be	  very	  convenient	  

if	  the	  openings	  of	  the	  nanopores	  were	  accessible	  to	  molecules	  outside	  of	  the	  films.	  	  
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Many	   efforts	   have	   been	   made	   to	   prepare	   films	   in	   which	   the	   pore	   openings	   are	  

oriented	   towards	   the	   surface	   of	   the	   films.23-‐27	   Unfortunately	   such	   procedures	   remain	  

extremely	   complex	   and	   difficult,	   involve	   the	   use	   of	   polymers,	   or	   the	   types	   of	   surfactants	  

that	  can	  be	  used	  are	   limited.	  Another	  method	  to	  make	  silica	   films	  with	  vertical	  pores	  can	  

take	  up	  to	  three	  days	  to	  just	  make	  the	  film.28	  An	  alternative	  approach	  consists	  of	  preparing	  

a	   film	  with	   a	  well-‐known	   structure	   such	   as	   a	   2D-‐hexagonal	   structure	   in	  which	   arrays	   of	  

tubes	  in	  highly	  arranged	  stacks	  are	  aligned	  parallel	  to	  the	  upper	  surface	  of	  the	  films,	  then	  

etching	  away	  selectively	  narrow	  regions	  of	  the	  film	  that	  are	  perpendicular	  to	  the	  nanopore	  

orientation.	  This	  procedure	  allows	  for	  the	  creation	  and	  the	  exposure	  of	  pore	  openings.	  Such	  

films,	  with	   a	  pore	  diameter	  of	   2.5	  nm,	  have	  been	  previously	  prepared	  by	  Klichko	   et	   al.29	  

Based	   on	   these	   patterned	   films,	   a	  molecular	   storage	   and	   on-‐demand	   release	   system	  was	  

realized.	  In	  this	  chapter,	  an	  improved	  material	  that	  allows	  more	  cargo	  to	  be	  stored	  inside	  

the	  pores.	  By	  changing	  the	  surfactant	  from	  CTAB	  to	  F127	  the	  pore	  size	  changes	  from	  ~2	  nm	  

to	  ~5	  nm.	  This	  material	  could	  be	  useful	  in	  biomedical	  applications	  to	  deliver	  larger	  doses	  of	  

drugs	  as	  well	  as	  the	  potential	  to	  deliver	  larger	  cargo	  molecules.	  In	  order	  to	  test	  the	  loading	  

capacity	   of	   this	   material,	   a	   well	   studied	   synthetic	   responsive	   co-‐polymer,	   poly(N-‐

isopropylacrylamide-‐co-‐Acrylamide)	   (poly(NIPAAm-‐co-‐AAm)),	   which	   undergoes	   a	   sharp	  

coil–globule	   transition	   in	   water	   at	   41	   °C,	   changing	   from	   a	   hydrophilic	   state	   below	   this	  

temperature,	  to	  a	  hydrophobic	  state	  above	  it.30-‐33	  The	  temperature	  at	  which	  this	  occurs	  is	  

called	  the	  lower	  critical	  solution	  temperature	  (LCST).	  While	  this	  polymer	  has	  been	  used	  on	  

silica	   to	   release	   cargo,	   the	   results	   have	   been	   either	   leaky	   or	   releases	   at	   room	  

temperature.34-‐36	  Due	  to	  the	  pores	  being	  aligned	  horizontally,	  the	  grafted	  polymer	  acts	  as	  a	  



	   15	  

gate.	   	  At	  room	  temperature	  the	  polymer	  stands	  erect	  in	  front	  of	  the	  pores,	  entrapping	  the	  

cargo	  inside.	  Above	  the	  LCST	  the	  polymer	  collapses	  allowing	  the	  cargo	  to	  flow	  freely	  out	  of	  

the	  pores.	  Since	  the	  polymer	  is	  also	  covalently	  attached	  onto	  the	  surface	  of	  the	  film,	  after	  an	  

initial	   release,	   the	   films	   can	   be	   re-‐loaded	   with	   cargo	   to	   preform	   a	   second	   release.	   The	  

overall	  system	  is	  depicted	  in	  Figure	  2.1.	  

	  

2.2 Experimental	  Section	  

2.2.1 Preparation	  of	  Mesoporous	  Silica	  Films	  

Three	  porous	  silica	  films	  were	  synthetized	  with	  different	  pore	  diameters.	  The	  three	  

different	  pore	  sizes	  were	  obtained	  using	  different	  silica	  templates.	  Large	  pore	  films	  (pore	  

size	  5.5	  nm)	  were	  prepared	  using	  triblock	  copolymers	  as	  templates,	  while	  small	  pore	  films	  

(pore	  size	  2.5	  nm)	  were	  produced	  by	  surfactant	  templating.	  Additional	  microporous	  films	  

(pore	  size	  <	  nm)	  were	  created	  using	  no	  template.	  

	  

Synthetic	  Procedure	  

	  

Mesostructured	   silica	   films	   were	   synthesized	   according	   to	   a	   two-‐step	   process	   as	  

previously	  reported.22,	  37	  First,	  a	  stock	  solution	  was	  prepared	  by	  mixing	  TEOS	  [Si(OC2H5)4],	  

absolute	  ethanol,	  water	  and	  HCl	  (mole	  ratios	  1	  :	  3.8	  :	  1	  :	  5x10-‐5),	  and	  heating	  at	  60	  °C	  for	  1.5	  

hrs.	   Then,	   a	   7.5	  mL	   sample	   of	   this	   initial	   solution	  was	   cooled	   to	   room	   temperature	   and	  
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mixed	  to	  1	  mL	  of	  0.07	  M	  HCl	  and	  0.35	  mL	  of	  water.	  After	  stirring	  for	  15	  min,	  the	  mixture	  

was	  allowed	  to	  age	  for	  15	  min.	  without	  stirring,	  followed	  by	  dilution	  with	  two	  equivalents	  

of	   absolute	   ethanol.	   Finally,	   after	   the	   sol	   was	   aged	   for	   3	   days,	   triblock	   copolymer	  

poly(ethyleneoxide106-‐propyleneoxide70-‐ethyeleneoxide106)	   (Pluronic	   F127)	   or	  

cethyltrimethylammonium	  bromide	   (CTAB)	  was	  added.	  The	   surfactant/TEOS	  mole	   ratios	  

were	  0.007	   for	   Pluronic	   F127	   and	  0.1	   for	   CTAB,	   respectively.	   An	   additional	  mixture	  was	  

prepared	  without	  adding	  surfactant	  into	  the	  silica	  sol.	  	  

The	   as-‐prepared	   mixtures	   were	   dip-‐coated	   on	   silicon	   or	   glass	   substrates	   at	   a	  

constant	   speed	   of	   3	   mm	   s-‐1	   to	   yield	   the	   mesostructured	   films.	   Before	   deposition,	   the	  

substrates	  were	  soaked	  in	  a	  1M	  HNO3	  solution	  overnight,	  then	  rinsed	  with	  water,	  ethanol	  

and	  acetone,	  to	  remove	  contaminates.	  The	  entire	  film-‐pulling	  apparatus	  was	  placed	  inside	  a	  

controlled-‐humidity	   chamber.	   The	   relative	   humidity	   was	   fixed	   to	   35	   ±	   5%	   when	   using	  

Pluronic	  F127,	  and	  55	  ±	  5%	  when	  using	  CTAB.	  This	  results	  in	  several	  hundred	  nanometer	  

thick	  crack-‐free	  films.	  Only	  one	  side	  of	  the	  substrate	  consists	  of	  the	  mesostructured	  film	  as	  

the	  other	  side	  was	  cleaned	  using	  dilute	  HF.	  	  

	  

	  Stamp	  Preparation	  and	  Micropatterning	  

	  

An	   AFM	   calibration	   grating	   (Mikromasch	   TGZ04)	   was	   used	   as	   a	   source	   of	   the	  

pattern.	   The	   pattern	   consists	   in	   lines	   1.5	   µm	   wide,	   1	   µm	   high,	   with	   3	   µm	   pitch.	   A	  

poly(dimethylsiloxane)	   (PDMS,	   Sylgard	   184)	   mixture	   was	   poured	   onto	   the	   grating	   and	  

heated	  at	  100	   °C	  until	   it	   solidified.	  The	  PDMS	  stamp	  was	   then	   removed	   from	   the	  grating	  
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surface,	  rinsed	  with	  ethanol	  and	  dried	  in	  air.	  The	  micropatterned	  films	  were	  prepared	  by	  

gently	  pressing	  the	  PDMS	  stamp	  onto	  the	  surface	  of	  the	  as-‐synthetized	  films	  right	  after	  the	  

dip-‐coating.	   The	   films	   covered	   with	   the	   stamp	   were	   heated	   at	   100	   °C	   for	   30	   min	   then	  

allowed	  to	  cool	  at	  room	  temperature.	  The	  stamp	  was	  delicately	  peeled	  off	  using	  tweezers.	  A	  

successful	  pattern	  transfer	   leaves	  a	  visible	   indication	  as	  a	  diffraction	  effect	   is	  observed	  at	  

the	  film	  surface.	  The	  micropatterned	  mesostructured	  films	  were	  heated	  at	  100	  °C	  overnight	  

to	  consolidate	  the	  silica	  network.	  Finally,	  the	  films	  were	  calcined	  at	  500	  °C	  for	  5	  hrs.	  in	  air	  

to	  remove	  the	  template,	  and	  stored	  in	  a	  vacuum	  sealed	  desiccator.	  The	  mesoporosity	  of	  the	  

films	  was	  verified	  by	  XRD	  and	  TEM.	  

	  

MEH-‐PPV	  Incorporation	  

	  

First,	  the	  inner	  pore	  surface	  of	  the	  patterned	  films	  was	  made	  hydrophobic	  to	  aid	  in	  

incorporation	   of	   the	   fluorescent	   polymer	   (MEH-‐PPV).	   The	   films	   were	   treated	   with	   a	  

solution	   of	   dimethyldichlorosilane	   in	   dry	   toluene	   in	   presence	   of	   triethylamine	   as	   an	  

activating	  base.	  After	  reaction,	  the	  films	  were	  washed	  with	  ethanol	  and	  water,	  and	  cured	  at	  

100°C	  for	  1	  hr.	  To	  incorporate	  the	  polymer	  MEH-‐PPV	  (average	  Mn	  =	  40	  000	  -‐	  70	  000	  Da)	  

into	   the	   pores,	   the	   hydrophobic	   films	   were	   soaked	   in	   a	   1%	   solution	   of	   MEH-‐PPV	   in	  

cholorobenzene	   for	   48	   hrs.	   at	   80	   °C.	   The	   samples	   were	   extensively	   washed	   with	  

chlorobenzene	  and	  chloroform,	  dried	  in	  air,	  and	  stored	  in	  a	  dark	  nitrogen	  atmosphere.	  
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2.2.2 Synthesis	  of	  Thermoresponsive	  Silica	  Films	  

Polymerization	  of	  Poly(NIPAAm-‐co-‐AAm)	  

	  

NIPAAm	   (3.66	   g),	   AAm	   (0.26	   g),	   N,N,N’,N’,N’-‐pentamethyldiethylenetriamine	  

(PMDETA)	  (35	  µl),	  2-‐bromo-‐2-‐methyl	  propionic	  acid	  (0.01	  g),	  deionized	  water	  (36	  ml)	  and	  

methanol	  (24	  ml)	  were	  mixed	  in	  a	  Schlenk	  flask	  and	  degassed	  by	  freeze-‐pump-‐thaw	  cycles.	  

While	   the	  mixture	   was	   frozen,	   CuBr	   (0.01	   g)	   was	   added.	   The	   flask	   was	   then	   filled	   with	  

argon	   and	   the	  mixture	  was	   left	   to	  melt	   at	   room	   temperature.	   The	   reaction	   solution	  was	  

magnetically	  stirred	  overnight	  at	  room	  temperature.	  After	  evaporation	  of	   the	  solvent,	   the	  

crude	  product	  was	   dissolved	   in	  water	   and	  purified	   by	   dialysis	   to	   yield	   poly(NIPAAm-‐co-‐

AAm)	  with	  an	  LCST	  close	  to	  41	  °C.	  

	  

Surface	  Modification	  of	  Films	  

	  

The	   films	   were	   soaked	   in	   a	   0.01	   M	   solution	   of	   3-‐aminopropyltriethoxysilane	  

(APTES)	  in	  dry	  toluene	  under	  nitrogen	  and	  stirred	  at	  reflux	  overnight.	  Finally	  the	  surface	  

were	  extensively	  rinsed	  with	  dry	  toluene	  and	  dried	  in	  vacuum.	  50	  mg	  of	  poly(NIPAAm-‐co-‐

AAm)	   is	   dissolved	   in	   10	   ml	   of	   deionized	   water.	   50	   mg	   of	   1-‐Ethyl-‐3-‐(3-‐

dimethylaminopropyl)carbodiimide	  (EDAC)	  was	  added	  and	  the	  amine	  modified	  silica	  film	  

was	   immediately	   added	   afterwards.	   The	   solution	   was	   stirred	   overnight	   at	   room	  

temperature.	   After	   the	   reaction,	   the	   films	   were	   removed	   from	   the	   solution,	   extensively	  



	   19	  

rinsed	  with	  deionized	  water	  and	  dried	  in	  vacuum.	  The	  surface	  modification	  was	  confirmed	  

from	  by	  FTIR	  and	  AFM.	  

	  

Dye	  Loading	  and	  Release	  Studies	  

	  

Poly(NIPAAm-‐co-‐AAm)	   modified	   patterned	   films	   were	   loaded	   with	   propidium	  

iodide	  as	  a	  fluorescent	  dye.	  The	  film	  was	  submerged	  in	  a	  2	  mM	  propidium	  iodide	  solution	  

(10	  mL),	  heated	  to	  50	  °C	  (>	  LCST),	  and	  left	  stirring	  for	  24	  hrs.	  Afterwards,	  the	  loaded	  film	  

was	  removed	  from	  the	  solution,	  thoroughly	  rinsed	  with	  room	  temperature	  water,	  and	  used	  

for	  release	  studies	  right	  away	  to	  avoid	  propidium	  iodide	  degradation.	  	  

The	   operation	   of	   the	   thermoresponsive	   films	   was	   monitored	   using	   fluorescence	  

spectroscopy.	  A	  small	  1	  cm	  x	  1	  cm	  film	  (size	  of	  pattern	  0.8	  cm	  x	  0.8	  cm)	  was	  placed	  on	  the	  

bottom	  of	  a	  cuvette.	  6	  mL	  of	  deionized	  water	  and	  a	  small	  stir-‐bar	  were	  added.	  The	  sealed	  

cuvette	  was	  placed	  on	  a	  temperature-‐controlled	  plate.	  The	  emission	  of	  propidium	  iodide	  in	  

the	   solution	   above	   the	   film	   was	   measured	   as	   a	   function	   of	   time	   by	   using	   a	   377	   nm	  

excitation	  beam	  (10	  mW)	   to	  excite	   the	  dye	  molecules	  as	   they	  are	   released	   from	  the	   film.	  

The	   emission	   spectrum	   was	   recorded	   as	   a	   function	   of	   time	   at	   1	   second	   intervals.	   The	  

release	  profiles	  were	  obtained	  by	  plotting	  luminescence	  intensities	  of	  propidium	  iodide	  at	  

the	  emission	  maximum	  (650	  nm)	  as	  a	   function	  of	   time.	  The	  release	  of	   the	  cargo	  dye	  was	  

activated	  by	  increasing	  the	  aqueous	  media	  temperature	  from	  room	  temperature	  (<	  LCST)	  

to	  45	  °C	  (>	  LCST).	  
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2.2.3 Characterization	  Methods	  

The	  structure	  of	  mesostructured	  silica	   films	  were	   investigated	  by	  X-‐ray	  diffraction	  

(XRD)	   experiments	   in	   Bragg-‐Brentano	   geometry	   (θ-‐2θ)	   on	   a	   Philips	   X'Pert	   Powder	  

Diffractometer	   operated	   at	   40	   kV,	   40	   mA	   using	   CuKα	   radiation	   (λ=1.54	   Å).	   For	   the	  

observation	   of	   the	  mesoporous	   films	   with	   transmission	   electron	  microscopy	   (TEM),	   the	  

films	   were	   detached	   from	   the	   substrates	   and	   dispersed	   in	   ethanol,	   then	   deposited	   and	  

dried	  on	  a	  carbon	  Cu	  grid.	  Micrographs	  were	  recorded	  on	  a	   JEM1200-‐EX	  (JEOL)	  electron	  

microscope	  operating	   at	   50	   kV.	   Infrared	   (FTIR)	  measurements	  were	   acquired	  on	   a	   Jasco	  

Model	   420	   spectrometer	   after	   the	   samples	  were	   dehydrated	   under	   vacuum	   for	   5	   hrs.	   at	  

room	  temperature.	  The	  thickness	  and	  the	  surface	  morphology	  of	  the	  patterned	  films	  were	  

determined	  by	  atomic	  force	  microscopy	  (AFM)	  on	  a	  Dimension	  5000	  instrument	  in	  contact	  

mode.	  For	   fluorescence	  depolarization	  measurements,	  mesoporous	   films	  treated	  with	  the	  

MEH-‐PPV	  polymer	  were	  illuminated	  using	  the	  407	  nm	  line	  of	  a	  Coherent	  I302C	  krypton	  ion	  

laser	   (10	   mW).	   A	   polarizer	   was	   used	   to	   select	   out	   parallel	   and	   perpendicular	   emission	  

components.	  A	  420	  nm	  filter	  was	  placed	  in	  front	  of	  the	  polarizer	  to	  block	  stray	  laser	  light.	  

The	   photoluminescence	   spectra	   of	   the	   samples	   were	   collected	   throughout	   the	   visible	  

region	   using	   an	   Acton	   2300i	   monochromator	   and	   a	   Princeton	   Instruments	   CCD.	  

Fluorescence	   microscopy	   images	   of	   poly(NIPAAm-‐co-‐AAm)	   derivatized	   patterned	   films	  

were	  acquired	  on	  a	  Leica	  confocal	  SP5	  MP-‐STED	  microscope.	  The	   films	  were	   loaded	  with	  

Rhodamine	  B,	  then	  the	  pores	  were	  closed,	  sealing	  the	  dye	  inside	  the	  pores.	  The	  excess	  dye	  

on	  the	  surface	  was	  washed	  off.	  	  
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The	   LCST	   was	   measured	   spectrosphotometrically	   with	   a	   polymer	   solution	   being	  

heated	   1	   °C	   every	   three	   minutes.	   When	   the	   light	   transmittance	   is	   90%	   of	   the	   original	  

transmittance	  (at	  450nm),	  is	  defined	  as	  the	  LCST.	  	  The	  average	  molecular	  weight	  (Mn)	  and	  

polydispersity	   index	   (PDI)	   of	   the	   polymer	   was	   measured	   by	   Gel	   Permeation	  

Chromatograph	  (GPC)	  using	  a	  Waters	  515	  Differential	  Refactometer	  with	  Waters	  410	  HPLC	  

pump	  and	  two	  styrage	  HR	  5E	  columns	  in	  THF	  (0.1	  mg/L)	  as	  an	  eluent	  at	  42	  °C,	  calibrated	  

with	  polystyrene	  standards.	  

	  

2.3 Results	  and	  Discussion	  

2.3.1 Micropatterned	  Nanoporous	  Silica	  Films	  

In	  this	  section,	  a	  method	  for	  the	  preparation	  of	  mesoporous	  films	  with	  a	  significant	  

accessibility	  to	  the	  pore	  openings	  is	  reported.	  While	  the	  nanopore	  orientation	  can	  easily	  be	  

controlled	  in	  the	  plane	  of	  the	  film,38-‐40	   it	   is	  difficult	  to	  synthetize	  films	  in	  which	  the	  pores	  

are	   running	   perpendicular	   to	   the	   film	   surface.	   Only	   few	   reports	   show	   a	   successful	  

orientation	   of	   the	   pore	   openings	   toward	   the	   upper	   surface,23-‐26	   The	   procedure	   remains	  

difficult	  and	  a	  limited	  number	  of	  surfactants	  can	  be	  handled,	  that	  restricts	  the	  range	  of	  pore	  

sizes	   that	   can	   be	   studied.	   Thus,	   to	   cause	   accessibility	   to	   the	   interior	   of	   the	   films	   via	   the	  

nanopores,	  a	  simple	  dry-‐stamping	  procedure	  that	  selectively	  removes	  narrow	  regions	  of	  a	  

film	   that	   are	   perpendicular	   to	   the	   pore	   orientation	   was	   implemented.	   The	   films	  

preferentially	  consist	  of	  highly	  arranged	  arrays	  of	  aligned	  tubes	  in	  the	  plane	  of	  the	  films.	  	  
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Organized	  Mesostructured	  Silica	  Films	  

	  

The	   first	   step	   consists	   in	   preparing	   organized	   nanostructured	   films	   with	   various	  

pore	   sizes.	   The	   films	   studied	  were	   prepared	   through	   evaporation-‐induced	   self-‐assembly	  

(EISA).21,	   22	   Ordered	   mesostructured	   films	   were	   obtained	   using	   F127	   and	   CTAB	   as	  

templates.	   Dip-‐coating	   was	   used	   to	   deposit	   the	   films	   rather	   than	   spin-‐coating	   to	   have	   a	  

preferential	  orientation	  of	  the	  pores	  along	  the	  direction	  of	  the	  pull.	  The	  XRD	  patterns	  of	  the	  

as-‐synthetized	   films	   are	   consistent	   with	   a	   2D-‐hexagonal	   mesostructure	   with	   lattice	  

spacings	   of	   114	   Å	   and	   39.4	   Å	   for	   F127	   and	   CTAB,	   respectively	   (Figure	   2.2).	   This	   is	  

confirmed	   by	   TEM	   characterization	   (Figure	   2.3).	   The	   micrographs	   show	   straight	  

mesochannels	   regularly	   arrayed	   parallel	   to	   the	   substrate	   with	   a	   wall-‐to-‐wall	   distance	  

estimated	   to	   around	   10	   nm	   and	   6	   nm	   for	   F127	   and	   CTAB,	   respectively.	   Additional	   films	  

were	  prepared	  using	  no	   template.	  No	  structure	  was	  recorded	  by	  XRD	  and	  no	  pores	  were	  

observed	  by	  TEM.	  The	  porosity	  of	  such	  films	  is	  expected	  to	  be	  sub-‐nanometric.41,	  42	  	  

	  

Micropatterning	  of	  Films	  

	  

The	   second	   step	   consists	   in	   micro-‐patterning	   the	   as-‐prepared	   films.	   Molecular	  

transport	  is	  extremely	  limited	  in	  the	  2D-‐hexagonal	  structure	  as	  the	  nanopore	  openings	  are	  

only	   present	   at	   defects	   or	   at	   each	   end	   of	   the	   films.	   To	   create	   pore	   accessibility,	   a	   PDMS	  

stamp	   is	   pressed	   on	   the	   continuous	   films,	   as	   previously	   described,	   thus	   allowing	   the	  
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creation	  of	   surface	  defects	   according	   to	  a	  known	  pattern.	  This	  procedure	  has	   to	  be	  done	  

immediately	  after	  the	  deposition	  while	  the	  silica	  network	  is	  soft.	  As	  the	  stamp	  is	  placed	  on	  

the	  silica	  material,	  the	  film	  regions	  that	  are	  in	  physical	  contact	  with	  the	  highest	  parts	  of	  the	  

patterned	  stamp	  are	  constricted.	  After	  30	  min	  at	  100	  °C	  to	  consolidate	  the	  framework,	  the	  

stamp	  is	  removed.	  The	  pattern	  leaves	  strips	  of	  silica	  material	  1.5	  µm	  wide	  and	  600	  nm	  high,	  

that	   approximately	   corresponds	   to	   the	   thickness	   of	   the	   films.	   Profiles	   remain	   similar	  

regardless	  pore	  sizes.	  The	  stamp	  is	  pressed	   in	  a	  way	  that	   the	  strips	  run	  perpendicular	   to	  

the	  nanopore	  orientation.	  Therefore	  the	  nanopores	   that	  are	   inside	  the	  strips	  are	  exposed	  

and	  open	  along	  the	  vertical	  sides	  of	  these	  strips.	  	  

The	  patterned	  films	  contain	  template	  molecules	  that	  are	  removed	  by	  calcination	  at	  

500	   °C.	   The	   silica	   films	   conserve	   its	   2D-‐hexagonal	  mesostructure,	   as	   shown	   by	   XRD	   and	  

TEM.	  After	  calcination,	  the	  pore	  diameters	  were	  estimated	  to	  around	  5.5	  ±	  1.0	  nm	  and	  2.5	  ±	  

0.5	  nm	   for	  F127	  and	  CTAB,	   respectively.	  For	   the	   remainder	  of	   this	   chapter,	   the	   resulting	  

mesoporous	  patterned	   films	  will	   be	   referred	   to	   as	   large	  pore	   films,	   small	   pore	   films	   and	  

micropore	  films,	  using	  F127,	  CTAB,	  and	  no	  template,	  respectively.	  	  

Our	  method	  has	  been	  suggested	  as	  an	  alternative	  to	  usual	  printing	  techniques,	  that	  

are	  soft	  lithography43-‐45	  and	  reactive	  wet-‐stamping	  methods	  (r-‐WETS).46,	  47	  Our	  procedure	  

is	  a	  one-‐step	  technique	  based	  on	  a	  mechanical	  compression	  that	  does	  not	  require	  surface	  

preparation,	   layer	   deposition	   and/or	   use	   of	   reactives,	   which	   makes	   it	   easy-‐to-‐use	   and	  

cheap.	  In	  addition,	   it	  should	  be	  noted	  that	  reactive	  wet-‐stamping	  techniques	  could	  not	  be	  

used	  for	  our	  films.	  Attempts	  were	  made	  to	  etch	  a	  pattern	  into	  films	  by	  having	  them	  come	  

into	  a	  contact	  with	  a	  micro-‐patterned	  hydrogel	  stamp.	  The	  stamp	  was	  soaked	  in	  a	  buffered	  
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hydrofluoric	  acid	  (BHF)	  solution,	  as	  described	  by	  Klichko	  et	  al.29	  Although	  this	  method	  was	  

successful	   for	  CTAB-‐templated	   films	   (pore	   size	  2.5	  nm),	   it	   systematically	   failed	   for	  F127-‐

templated	   films	   (pore	  size	  5.5	  nm)	  as	  BHF	  drastically	   infiltrates	   the	  porosity	  and	  quickly	  

diffuses	  into	  the	  silica	  framework	  to	  destroy	  the	  film.	  

	   	  

2.3.2 Nanopore	  Alignment	  and	  Accessibility	  

To	   explore	   the	   ability	   for	   external	   molecules	   to	   enter	   the	   porosity	   of	   the	   films,	  

fluorescence	  polarization	  of	  a	  long-‐chain	  linear	  polymer	  (MEH-‐PPV)	  incorporated	  into	  the	  

pores	  of	  a	  patterned	  film	  were	  investigated.	  In	  addition,	  a	  film	  infiltrated	  with	  a	  small	  dye	  

molecule,	  Rhodamine	  B,	  and	  was	  characterized	  by	  confocal	  microscopy.	  	  

	   	  

Polymer	  Incorporation	  and	  Spectroscopic	  Characterization	  

	  

A	  fluorescent	  polymer	  MEH-‐PPV	  was	  infiltrated	  into	  the	  pores	  of	  a	  large	  pore	  film.	  It	  

is	  known	  that	  the	  conformation	  of	  the	  polymer	  chains	  controls	  the	  polymer	  photophysics.48	  

Emission	  polarization,	  as	  optical	  properties,	  can	  be	  affected	  by	  the	  orientation,	  the	  degree	  

of	   aggregation	   and	   the	   surrounding	   environment	   of	   the	   polymer	   chains.49-‐51	   In	   an	  

homogeneous	   solution,	   polymer	   strands	   are	   randomly	   oriented	   and	   free	   to	  move,	  which	  

leads	  to	  a	  non-‐polarized	  fluorescence.	  On	  the	  other	  hand,	  when	  polymers	  are	  excited	  with	  a	  

given	   polarization	   of	   light	   they	   show	   a	   preferential	   orientation.	   Photoluminescence	   is	  

expected	  to	  be	  stronger	  in	  the	  direction	  parallel	  to	  the	  excited	  polarization	  than	  at	  90°	  to	  
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the	  excitation.	  Inside	  the	  pores	  of	  a	  patterned	  film,	  the	  polymer	  chains	  are	  forced	  to	  stretch	  

out	  and	  be	  aligned	  in	  the	  direction	  of	  the	  nanopores.	  This	  preferential	  alignment	  gives	  rise	  

to	   polarized	   fluorescence.	   The	   polymer	   that	   is	   not	   in	   the	   pore	   has	   random	   orientation,	  

which	  gives	  non-‐polarized	  fluorescence.	  

Fluorescence	   emission	   spectrum	  of	   infiltrated	  materials	   are	   shown	   in	  Figure	  2.4a.	  

Both	  the	  polarization	  of	  the	  emitted	  light	  and	  the	  peak	  shifts	  in	  the	  polymer	  emission	  are	  

examined.	  As	  the	  sample	  is	  not	  washed,	  three	  main	  peaks	  are	  observed	  at	  492	  nm,	  568	  nm,	  

and	  625	  nm.	  A	  difference	   in	   the	  parallel	  and	  perpendicular	   intensities	   is	  observed	  and	   is	  

particularly	  pronounced	  for	  the	  peak	  at	  492	  nm.	  This	  peak	  corresponds	  to	  polymer	  chains	  

aligned	  preferentially	  inside	  the	  nanopores	  while	  the	  other	  peaks	  correspond	  to	  polymers	  

at	   the	   surface.	   In	   fact,	   the	   polarization	   effect	   is	   the	   greatest	   at	   492	   nm,	   which	   would	  

correspond	  to	  the	  behavior	  of	  aligned	  chains	  in	  the	  direction	  of	  the	  nanopores.	  	  In	  contrast,	  

the	   emission	  peaks	   of	   the	   polymer	   on	   the	   outside	   of	   the	   film	   are	   only	   slightly	   polarized,	  

probably	  caused	  by	  the	  tail	  of	  the	  492	  nm	  polarized	  band.	  	  In	  addition,	  a	  polymer	  chain	  that	  

is	  surrounded	  only	  by	  silica	  or	  silane	  that	  is	  confined	  in	  a	  nanopore	  is	  expected	  to	  result	  in	  

a	  blue	  shift	   in	  emission,	  compared	   to	  polymer	  chains	  surrounded	  by	  other	  polymers.51,	  52	  

This	  effect	  has	  been	  observed	  by	  Klichko	  and	  coworkers	  for	  mesoporous	  CTAB-‐templated	  

silica	   films	   infiltrated	  by	  MEH-‐PPV.29	  Finally,	  as	  the	  sample	   is	  extensively	  washed	  (Figure	  

2.4a),	  only	   the	  peak	  at	  492	  nm	  remains.	  That	   is	  supplementary	  evidence	  that	   the	  peak	  at	  

492	   nm	   corresponds	   to	   polymers	   that	   infiltrated	   the	   nanopores.	   Once	   the	   sample	   is	  

washed,	  aggregated	  polymer	  chains	  are	  removed	  from	  the	  surface	  while	  polymer	  strands	  

are	  kept	  inside	  the	  pores.	  
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Fluorescence	  Microscopy	  	  

	  

A	   patterned	   mesoporous	   large	   pore	   film	   was	   derivatized	   with	   poly(NIPAAm-‐co-‐

AAm),	  as	  described	  below,	  and	  loaded	  with	  Rhodamine	  B.	  The	  polymer	  chains	  blocked	  the	  

pore	  openings,	  sealing	  in	  the	  dye	  inside	  the	  pores,	  and	  the	  excess	  dye	  on	  the	  surface	  was	  

washed	  off.	  A	  fluorescence	  confocal	  microscopy	  revealed	  the	  presence	  of	  the	  dye	  inside	  the	  

material	   (Figure	   2.4b).	   The	   patterned	   film	   surface	   appears	   as	   fluorescent	   parallel	   lines,	  

while	  regions	  where	  the	  silica	  was	  constricted	  are	  dark.	  This	  is	  evidence	  that	  molecules	  of	  

Rhodamine	  B	  size	  are	  able	  to	  enter	  the	  pores	  and	  to	  be	  retained	  inside	  by	  the	  polymer.	  

	  

2.3.3 Thermoresponsive	  Poly(NIPAAm-‐co-‐AAm)	  modified	  Films	  

Synthesis	  and	  Characterization	  of	  poly(NIPAAm-‐co-‐AAm)	  

	  

The	   synthesis	   of	   poly(NIPAAm-‐co-‐AAm)	   is	   depicted	   in	   Figure	   2.5.32	   2-‐Bromo-‐2-‐

methylpropionic	  acid	  reacts	  with	  N-‐isopropyl	  acrylamide	  and	  acrylamide	  in	  the	  presence	  of	  

copper	  bromide	  to	  form	  long	  polymer	  chains	  (Mn	  =	  102,000	  g/mol,	  Mn/Mw	  =	  1.42	  through	  

atom	  transfer	  radical	  polymerization.	  The	  LCST	  of	  the	  polymer	  was	  determined	  to	  be	  41	  °C	  

by	  plotting	  the	  percent	  transmittance	  vs.	  temperature	  at	  450	  nm	  (Figure	  2.6).	  

	  

Attachment	  of	  poly(NIPAAm-‐co-‐AAm)	  onto	  Films	  
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	   The	  patterned	  silica	  films	  are	  submerged	  in	  dry	  toluene	  upon	  which	  APTES	  is	  added	  to	  

the	  solution	  and	  then	  refluxed	  for	  24	  hrs.	  under	  nitrogen	  (Figure	  2.7).	  Afterwards,	  the	  films	  

are	  thoroughly	  rinsed	  and	  then	  left	  to	  dry.	  Poly(NIPAAm-‐co-‐AAm)	  is	  dissolved	  in	  water	  and	  

immediately	   after	   adding	   EDAC	   the	   amine	   modified	   films	   are	   carefully	   placed	   in	   the	  

solution.	  After	  24	  hrs.	  the	  long	  polymer	  chains	  are	  grafted	  onto	  the	  stamped	  silica	  surface.	  

Figure	  2.8	  is	  an	  AFM	  image	  of	  the	  film	  before	  and	  after	  the	  polymer	  grafting.	  	  The	  channels	  

of	  the	  pattern	  are	  well	  defined	  before	  the	  polymer	  is	  grafted.	  	  Afterwards,	  the	  polymer	  fills	  

the	  insides	  of	  the	  channels	  as	  well	  as	  the	  top	  surface	  of	  the	  film.	  	  

	  

2.3.4 Release	  Studies	  	  

As	  stated	   in	  the	   introduction,	  Figure	  2.1	   is	  a	  schematic	  of	  how	  the	  polymer	  coated	  

film	  works.	  	  Below	  41	  °C,	  the	  polymer	  strands	  stand	  erect	  due	  to	  hydrophilisity	  and	  block	  

the	  pores.	   	   To	   load	   the	   film,	   the	   film	   is	  placed	   in	   a	   solution	   containing	   the	  desired	   cargo	  

molecules	  and	  heated	  above	  41	  °C.	  	  The	  polymer	  changes	  from	  hydrophilic	  to	  hydrophobic,	  

collapsing	   the	   polymer	   and	   exposing	   the	   pore	   openings.	   	   The	   solution	   is	   then	   cooled	   to	  

room	   temperature	   allowing	   the	   polymer	   to	   once	   again	   block	   the	   pores.	   	   The	   film	   is	   the	  

washed	   to	   remove	   excess	   dye.	   	  When	   the	   film	   is	   heated	   above	   41	   °C	   a	   second	   time,	   the	  

cargo	   molecules	   are	   allowed	   to	   exit	   the	   unblocked	   pores,	   again	   due	   to	   the	   polymer	  

changing	  to	  a	  hydrophobic	  state.	  
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The	  polymer	  coated	   large,	  small,	  and	  microporous	   films	  were	  submerged	   in	  2	  mM	  

propidium	  iodide	  solution.	  The	  solution	  was	  heated	  to	  50	  °C	  and	  was	  left	  stirring	  for	  24	  hrs.	  

The	  films	  were	  then	  thoroughly	  washed.	  	  	  

	  

Release	  of	  Polymer	  Coated	  Films	  

	  

The	  operation	  of	  the	  thermoresponsive	  films	  was	  monitored	  in	  an	  aqueous	  solution	  

using	  luminescence	  spectroscopy.	  Figure	  2.9	  and	  Figure	  2.10	  depict	  the	  release	  profiles	  of	  

propidium	  iodide	  for	  polymer	  coated	  films	  and	  non-‐polymer	  coated	  films,	  respectively.	  The	  

emission	   intensity	  was	  monitored	   for	  1	  hr.	   at	   room	  temperature	  before	   the	  solution	  was	  

heated	   to	   45°C.	   	   The	   decrease	   in	   the	   baselines	   indicates	   the	   degradation	   of	   propidium	  

iodide	  that	  was	  absorbed	  onto	  the	  silica	  film	  due	  to	  the	  377	  nm	  probe	  beam.	  	  	  

In	  order	  to	  confirm	  that	  the	  large	  pore	  film	  can	  contain	  more	  cargo	  than	  the	  small	  

pore	   film	  release	  studies	  were	  conducted	  using	  six	  different	   films;	   large	  pore,	  small	  pore,	  

and	  microporous	  films	  with	  and	  without	  polymer.	  Figure	  2.9	  shows	  the	  release	  profiles	  for	  

the	   films	   with	   polymer.	   	   The	   large	   pore	   film’s	   intensity	   increases	   the	   most	   and	   the	  

microporous	   film’s	   intensity	   increases	  the	   least.	  The	  small	  pore	   film	  released	  only	  half	  as	  

much	   propidium	   iodide	   than	   the	   large	   pore	   film.	   	   This	   indicates	   that	  more	   cargo	   can	   be	  

contained	   due	   to	   the	   larger	   sized	   pores,	   which	  was	   expected.	   	   The	   small	   release	   on	   the	  

microporous	  film	  is	  caused	  by	  dye	  trapped	  solely	  by	  the	  polymer,	  which	  is	  roughly	  15%	  of	  

the	  amount	  the	   large	  pore	  can	  release.	   	  Therefore,	  85%	  of	  dye	   is	  being	  released	  from	  the	  
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pores	  of	  the	  large	  pore	  film.	  The	  data	  implies	  that	  the	  larger	  the	  pore	  the	  more	  dye	  or	  cargo	  

can	  potentially	  be	  trapped	  and	  released.	  

Looking	   at	   Figure	   2.10,	   the	   same	   trend	   can	   be	   seen.	   The	   large	   pore	   non-‐polymer	  

coated	  film	  has	  a	  slightly	  higher	  intensity	  compared	  to	  the	  small	  pored	  non-‐polymer	  coated	  

film,	   and	   the	  microporous	  non-‐polymer	  coated	   film	  has	  a	  negligible	   increase.	  The	   reason	  

there	   is	   an	   increase	   in	   intensity	   is	   due	   to	   some	  dye	  being	   trapped	   inside	   the	  pores	   even	  

after	  several	  washings.	  	  Heat	  causes	  the	  dye	  that	  is	  trapped	  or	  absorbed	  onto	  the	  surface	  to	  

leave	  the	  films	  and	  thus	  the	  increase	  is	  observed.	  	  

Comparing	  the	  two	  figures,	  the	  data	  shows	  that,	  in	  all	  three	  cases,	  the	  films	  with	  the	  

polymer	  coating	  traps	  and	  releases	  more	  dye	  than	  the	  films	  without	  polymer	  coating.	  For	  

the	  large	  and	  small	  pore	  film,	  this	  suggests	  that	  the	  polymer	  is	  blocking	  the	  pore	  opening	  

and	   is	   successfully	   trapping	   the	   dye	   inside.	   The	   release	   from	   the	   polymer	   coated	  

microporous	  film	  suggests	  that	  the	  polymer	  is	  trapping	  some	  dye	  onto	  the	  surface.	  

	  

Reusability	  of	  the	  Films	  

	  

To	  test	  the	  reusability	  of	  the	  films,	  a	  large	  pored	  film	  was	  used.	  The	  film	  was	  loaded	  

with	  propidium	  iodide	  using	  the	  same	  method	  as	  before.	  After	  the	  first	  release	  experiment,	  

the	   film	   was	   reloaded	   with	   propidium	   iodide	   and	   a	   second	   release	   experiment	   was	  

conducted.	   Figure	   2.11	   shows	   the	   results	   of	   the	   experiment.	   The	   reloaded	   film	   does	   not	  

hold	  as	  much	  dye	  a	   fresh	   film,	   as	   seen	   from	   the	  data,	  but	   the	   sharp	   increase	   in	   intensity	  

indicates	  that	  the	  polymer	  on	  the	  film	  is	  still	  able	  to	  trap	  and	  release	  dye.	  The	  data	  shows	  
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that	  the	  films	  can	  be	  reused,	  however	  it	  has	  been	  observed	  that	  after	  the	  second	  release	  the	  

film	  degrades	  and	  you	  can	  no	  longer	  see	  the	  pattern	  on	  the	  film.	  

	  

Temperature	  Control	  Release	  

	  

To	   ensure	   that	   the	   polymer	   keeps	   the	   dye	   trapped	   in	   the	   pores	   until	   the	  

temperature	   is	   past	   41	   °C,	   temperature	   studies	   were	   done.	   Figure	   2.12	   shows	   the	  

temperature	  release	  dependence	  on	  a	  large	  pore	  film.	  The	  initial	  temperature	  was	  set	  at	  35	  

°C	  and	  then	  ramped	  to	  45	  °C	  and	  then	  55	  °C.	  No	  increase	  in	  intensity	  was	  observed	  at	  35	  °C.	  

This	   implies	   that	   the	   polymer	   is	   still	   blocking	   the	   pore	   openings.	   At	   45	   °C	   the	   intensity	  

starts	  to	  increase	  and	  at	  55	  °C	  the	  intensity	  increases	  only	  slightly	  faster.	  The	  data	  shows	  

that	  the	  release	  is	  caused	  by	  the	  collapse	  of	  the	  polymer	  chains	  once	  the	  LCST	  is	  reached.	  

	  

2.4 Conclusion	  

Films	  with	  pore	  sizes	  of	  ~2	  nm	  and	  ~5	  nm	  aligned	  in	  the	  pulling	  direction	  were	  

synthesized.	  The	  thickness	  of	  the	  films	  were	  determined	  to	  be	  600	  nm	  and	  the	  patterned	  

features	  were	  1.5	  μm	  wide	  strips	  oriented	  perpendicular	  to	  the	  direction	  of	  the	  nanopores	  

which	  are	  separated	  from	  each	  other	  by	  1.5	  μm	  gaps.	  The	  patterned	  features	  were	  obtained	  

using	  a	  PDMS	  stamp	  without	  the	  need	  of	  acid.	  Loading	  the	  films	  with	  a	  fluorescent	  polymer	  

and	  measuring	  the	  emission	  and	  polarization	  of	  the	  polymer	  inside	  the	  pores	  confirmed	  the	  

nanopores	  accessibility	  and	  orientation.	  	  
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Poly(NIPAAm-‐co-‐AAm)	  was	  grafted	  onto	  the	  surface	  of	  the	  films.	  The	  films	  with	  the	  

polymer	  grafted	  on	  the	  surface	  were	  able	  to	  entrap	  more	  dye	  than	  the	  films	  with	  no	  

polymer.	  The	  large	  pored	  film	  contained	  more	  dye	  than	  both	  the	  smaller	  pored	  and	  the	  no	  

pored	  films.	  Release	  of	  the	  dye	  was	  only	  observed	  when	  the	  temperature	  reached	  the	  

polymers	  LCST.	  While	  less	  dye	  was	  released,	  the	  films	  proved	  that	  when	  the	  pattern	  stays	  

intact	  the	  film	  can	  be	  re-‐loaded	  with	  dye	  and	  a	  second	  release	  can	  be	  obtained.	  

These	  smart	  materials	  utilize	  the	  micropatterned	  structure	  to	  successfully	  load	  and	  

release	  cargo	  using	  a	  thermal	  sensitive	  polymer.	  Since	  the	  polymer	  operates	  slightly	  above	  

body	  temperature,	  the	  films	  could	  be	  useful	  in	  biomedical	  application.	  
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2.5 Figures	  and	  Tables	  

	  

	  
Figure	   2.1	  The	  operation	  of	   the	   temperature-‐activated	  opening	  of	   the	  nanopores.	  A	   side	  
view	  of	  one	  of	  the	  stamped	  channels	  is	  illustrated.	  When	  heated	  past	  the	  polymer’s	  LCST,	  
the	  polymer	  chains	  collapse	  allowing	  cargo	  molecules	  to	  enter	  the	  pores.	  Washing	  with	  cool	  
water	   below	   the	   LCST	   causes	   the	   chains	   to	   go	   back	   to	   their	   extended	   conformation,	  
blocking	   the	   pore	   openings.	   Heating	   the	   water	   again	   causes	   the	   polymer	   to	   shrink,	  
releasing	  the	  cargo.	  This	  process	  can	  be	  repeated.	  
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Figure	   2.2	   	   X-‐ray	   diffraction	   spectra	   of	   mesostructured	   (red	   line)	   and	   patterned	  
mesoporous	  (black	  line)	  silica	  films	  prepared	  using	  (a)	  Pluronic	  F127	  and	  (b)	  CTAB.	  

	  

	  

	   	  

unpa%erned)
pa%erned)

unpa%erned)
pa%erned)

a" b"
In
te
ns
ity

"(A
.U
.)"

In
te
ns
ity

"(A
.U
.)"

2"θ"(degrees)" 2"θ"(degrees)"
1  2  3  4 2  3  4  5 

x"5""

x"10"



	   34	  

	  

Figure	   2.3	   TEM	   images	   of	   mesostructured	   silica	   films	   prepared	   using	   CTAB	   (left)	   and	  
Pluronic	  F127	  (right).	  
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Figure	  2.4	  (a)	  Fluorescence	  emission	  spectrum	  of	  MEH-‐PPV	  incorporated	  into	  a	  patterned	  
large	   pore	   film.	   As	   the	   sample	   is	   not	   washed	   (blue	   lines),	   multiple	   peaks	   are	   observed	  
which	   correspond	   to	   various	   environments.	   As	   the	   sample	   is	   extensively	   washed	   (black	  
lines),	  the	  peak	  at	  492	  nm	  corresponds	  to	  polymer	  chains	  aligned	  preferentially	  inside	  the	  
nanopores.	  The	  emission	  intensity	  is	  greater	  in	  the	  plane	  parallel	  to	  the	  orientation	  of	  the	  
pores	   (solid)	   compared	   to	  perpendicular	   (dashed).	   (b)	  Fluorescence	  confocal	  microscopy	  
images	  of	  Rhodamine	  B	  dye	  doped	  patterned	  F127-‐templated	  mesoporous	  silica	  films	  after	  
derivatization	  of	  poly(NIPAAm-‐co-‐AAm)	  polymer	  using	  (a)	  Pluronic	  F127	  and	  (b)	  CTAB.	  
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Figure	   2.5	   Atom-‐transfer	   radical	   polymerization	   of	   NIPAAm	   and	   AAm	  monomers	   (at	   a	  
molar	  ratio	  of	  m=7n)	  as	  initiated	  by	  2-‐bromo-‐2-‐methylpropionic	  acid	   in	   the	  presence	  of	  a	  
Cu(I)	  catalyst.	  
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Figure	  2.6	  Percent	  transmittance	  vs.	  temperature	  at	  450	  nm.	  
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Figure	   2.7	   	   Attachment	   of	   the	   thermal	   polymer	   onto	   the	   stamped	   silicon	   film.	   In	   dry	  
toluene,	   APTES	   is	   added	   to	   the	   film	   refluxing	   for	   24	   hours.The	   polymer	   can	   then	   be	  
attached	  using	  EDC	  in	  water	  stirring	  for	  24	  hours	  at	  room	  temperature.	  
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Figure	   2.8	   AFM	   images	   of	   a	   patterned	   mesoporous	   silica	   film	   prepared	   using	   Pluronic	  
F127	   (a)	   before	   and	   (b)	   after	   derivatization	  with	   chain	   poly(NIPAAm-‐co-‐AAm)	   polymer.	  
The	  scanned	  ared	   is	  10	  x	  10	  µm.	  The	  patterned	   features	  are	  strips	  1.5	  µm	  wide,	  500	  nm	  
high,	  with	  3	  µm	  pitch.	  
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Figure	  2.9	  Release	  of	  propidium	  iodide	  from	  a	  poly(NIPAAm-‐co-‐AAm)	  modified	  
large/small/no	  pore	  films.	  
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Figure	  2.10	  Release	  of	  unmodified	  large/small/no	  pore	  films.	  
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Figure	   2.11	  Release	  profile	  of	   a	   large	  pore	   film	   (blue).	  Release	  profile	  of	   the	   same	   large	  
pore	  film	  re-‐loaded	  with	  cargo	  after	  the	  first	  release	  (red).	  
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Figure	   2.12	   Release	   profile	   of	   a	   large	   pore	   film	   with	   the	   baseline	   set	   at	   35	   °C.	   	   The	  
temperature	   was	   then	   ramped	   to	   45	   °C	   and	   then	   55	   °C.	   The	   blue	   temperature	   increse	  
sections	   indicate	   the	  period	  of	   time	  when	   the	  hot	  plate	  was	   turned	  on	   to	   reach	   the	  next	  
temperature	  level.	  
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3.1 Introduction	  

Nanoscale devices, in particular mechanized silica nanoparticles, have become prevalent 

in the field of medicine.1-6 All mechanized silica nanoparticles have three main components. 

They all have a solid support, a payload of cargo molecules, and some form of external 

machinery. Mesoporous silica nanoparticles, in particular MCM-41 are chosen7 as the solid 

support. These particles are rigid, robust, chemically inert, and relatively easy to make.8-10 It has 

been proven that by functionalizing the surface of silica nanoparticles with various machines that 

can block the pore openings,5, 11-14 cargo molecules, such as chemotherapy drugs, can be 

contained within. Under various stimuli, such as pH,12, 15-18 redox potentials,19-21 and even 

enzymes,22-24 the machine activates allowing the controlled release of the cargo molecules in 

both aqueous and organic solutions. Since drug delivery is one of the most important 

applications for these mechanized nanoparticles,2, 3, 5 having activation occur inside the cell is the 

most common form of activation. However, there are limitations on the degree of control, which 

leaves room for undesired activation to occur. Instead of relying on internal biological 

normalities and abnormalities, a different approach uses a system that responds to an external 

stimulus. Light as a stimulus offers the possibility of precise spatial localization of the release 

and also of the timing of the cargo delivery.6, 25-29 

In	   this	   chapter	   the	  synthesis	  of	  an	  azobenzene-‐based	  polymer	   that	   is	  grafted	  onto	  

the	  surface	  of	  MCM-‐41	  nanoparticles	  in	  order	  to	  trap	  and	  deliver	  cargo	  molecules	  to	  cells	  is	  

described	   (Figure	   3.1).	   It	   is	   well	   known	   that	   azobenzene,	   like	   other	   photochromic	  

molecules,	   have	   two	  molecular	   states;	   stable	   and	  metastable.	   These	   states	   can	   be	   inter-‐
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converted	   by	   irradiation	   using	   different	   wavelengths	   of	   light.	   Upon	   photo-‐induced	  

isomerization,	   azobenzene	   has	   a	   reversible	   conformational	   change	   from	   its	   stable	   trans	  

state	  to	  its	  metastable	  cis	  state.	  Thermodynamically	  the	  most	  stable	  state	  is	  the	  trans	  state,	  

which	   is	  around	  50	  kJ/mol	   lower	   in	  energy	   than	   the	  cis	   state.30-‐32	  When	  excited	  with	  UV	  

light,	  there	  is	  a	  πàπ*	  transition	  which	  causes	  the	  azobenzene	  molecule	  to	  switch	  to	  its	  cis	  

state	   around	   the	   azo	   bond.	   Under	   visible	   light	   the	   system	   undergoes	   a	   nàπ*	   transition,	  

reverting	  the	  azobenzene	  back	  to	  its	  trans	  state.	  

	   It	   is	  also	  well	  known	  that	   the	   trans	   isomer	  of	  azobenzene	  has	  a	  dipole	  moment	  of	  

less	  than	  0.5	  D	  and	  the	  dipole	  moment	  of	  the	  cis	  isomer	  is	  around	  3.1	  D.33-‐35	  This	  results	  in	  

different	  affinities	  of	  the	  trans	  and	  cis	  isomer	  of	  azobenzene	  to	  the	  surface	  of	  water.33,	  36,	  37	  

Therefore,	   in	   water	   based	   systems,	   when	   the	   azobenzene	   polymer	   is	   exposed	   to	   visible	  

light,	   the	   polymer	   will	   shrink	   around	   the	   MCM-‐41	   nanoparticles.	   This	   will	   cause	   the	  

polymer	   to	   block	   the	   pore	   openings	   and	   trap	   cargo	   inside	   the	   nanoparticles.	   When	   the	  

azobenzene	   polymer	   is	   exposed	   to	   UV	   light	   the	   polymer	  will	   expand	   and	   thus	   allow	   the	  

trapped	  cargo	   to	  diffuse	  out	  of	   the	  pores.	  By	  attaching	   the	  azobenzene	  polymer	  onto	   the	  

surface	  of	  MCM-‐41,	  a	  light	  activated	  delivery	  system	  to	  cells	  can	  be	  achieved.	  
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3.2 Experimental	  Section	  

3.2.1 Synthesis	  of	  the	  Light	  Activated	  Cargo	  Delivery	  System	  

The	   synthesis	   of	   the	   azobenzene	   polymer	   is	   adapted	   from	   a	   previously	   published	  

paper.38	   The	   first	   step	   is	   to	   synthesize	   the	   azobenzene	   monomer	   unit	   trans-‐4-‐

methacryloyloxyazobenzene.	  From	  there,	  the	  azobenzene	  polymer	  will	  be	  made	  with	  trans-‐

4-‐methacryloyloxyazobenzene,	  vinyltrimethoxysilane	  and	  methacrylic	  through	  free	  radical	  

polymerization	   using	   azobisisobutyronitrile	   (AIBN)	   as	   the	   radical	   initiator.	   MCM-‐41	  

nanoparticles	  will	  be	  made	  using	  the	  sol-‐gel	  method.	  The	  polymer	  will	  then	  be	  grafted	  onto	  

the	  surface	  of	  the	  particles	  creating	  the	  light	  activated	  cargo	  delivery	  system	  

 

 Synthesis of trans-4-Methacryloyloxyazobenzene 

 

In	   order	   to	   synthesize	   the	   trans-‐4-‐methacryloyloxyazobenzene,	   10	   g	   of	   4-‐

hydroxyazobenzene	   is	   first	   dissolved	   in	   120	   mL	   of	   THF.	   Then	   5.12	   g	   (50.6	   mmol)	   of	  

triethylamine	  and	  5	  mg	  of	  2,6-‐di-‐tert-‐butyl-‐p-‐cresol	  to	  act	  as	  an	  inhibitor	  were	  added.	  The	  

THF	   solution	  was	   purged	  with	   nitrogen	   gas	   and	  was	   allowed	   to	   stir	   for	   30	  min	   at	   room	  

temperature.	  The	  solution	  was	  then	  brought	  below	  5	  °C	  using	  an	  ice	  bath.	  Next,	  15	  mL	  of	  

methacryloyl	   chloride	   was	   slowly	   injected	   into	   the	   solution	   using	   a	   glass	   syringe.	   The	  

solution	  was	  then	  allowed	  to	  return	  to	  room	  temperature	  and	  was	  left	  stirring	  for	  48	  hrs.	  

The	  precipitate,	   triethylammonium	  chloride,	  was	  filtered	  off	  and	  any	  excess	  methacryloyl	  
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chloride	   was	   hydrolyzed.	   The	   remaining	   solution	   was	   diluted	   four	   times	   by	   adding	   a	  

mixture	  of	  CHCl3	  and	  water	  in	  a	  3:1	  ratio.	  The	  organic	  layer	  was	  washed	  three	  times	  with	  

deionized	  water.	   The	   yellow	  organic	   layer	  was	   then	  dried	   on	   anhydrous	  Na2SO4	   and	   the	  

residual	   solvent	   was	   removed.	   The	   yellow	   solid	   was	   then	   purified	   using	   silica	   column	  

chromatography	   using	   chloroform	   as	   the	   solvent.	   The	   product	   was	   crystalized	   from	   n-‐

hexane	  and	  was	  then	  dried.	  

 

 Synthesizing the Azobenzene Polymer Through Free Radical Polymerization 

 

	   To	   synthesize	   the	   azobenzene	   polymer,	   0.9	   g	   of	   trans-‐4-‐

methacryloyloxyazobenzene,	   2.90	   mL	   of	   methacrylic	   acid,	   0.52	   mL	   of	  

vinyltrimethoxysilane,	  and	  60	  mg	  of	  AIBN	  was	  dissolved	  in	  20	  mL	  of	  THF.	  The	  mixture	  was	  

degassed	  under	  vacuum	  by	  freezing	  the	  solution	  in	  liquid	  nitrogen.	  This	  was	  repeated	  three	  

times	  to	  ensure	  the	  complete	  removal	  of	  air	  from	  the	  flask.	  The	  solution	  was	  then	  heated	  to	  

65	   °C	   for	  72	  hrs.	  The	  product	  was	   then	  precipitated	   from	  methanol	  and	   then	  purified	  by	  

precipitating	  it	  from	  DCM/methanol	  mixture.	  

 

 Synthesizing MCM-41 Nanoparticles 

 

	   MCM-‐41	   nanoparticles	   are	   synthesized	   using	   the	   sol-‐gel	  method.	   First,	   250	  mg	   of	  

cetyltrimethylammonium	  bromide	   (CTAB)	   is	   added	   to	  120	  mL	  of	   deionized	  water.	   Then,	  

1.12	  mL	  of	  a	  2	  M	  NaOH	  solution	  is	  added.	  The	  solution	  is	  then	  brought	  to	  80	  °C	  and	  allowed	  
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to	   stir	   for	   30	   min.	   in	   order	   for	   the	   micelles	   to	   form.	   After	   which	   0.9	   mL	   of	  

tetraethylorthosilicate	   is	   added	   to	   the	   solution	   and	   the	   reaction	   continues	   for	   2	   hrs.	   The	  

particles	   are	   then	  washed	  with	  methanol	   through	   centrifugation	   three	   times.	   To	   remove	  

the	  surfactant,	  the	  particles	  are	  placed	  in	  a	  solution	  containing	  40	  mL	  of	  methanol	  and	  2	  mL	  

of	  concentrated	  HCl.	  The	  solution	  is	  left	  refluxing	  for	  12	  hrs.	  at	  which	  point	  the	  particles	  are	  

washed	  three	  times	  with	  methanol	  and	  then	  allowed	  to	  dry.	  

 

 Grafting the Azobenzene Polymer onto MCM-41  

  

To	  graft	   the	  polymer	  onto	  the	  silica	  surface,	  50	  mg	  of	  MCM-‐41	  nanoparticles	  were	  

suspended	  in	  3	  mL	  of	  methanol.	  20	  mg	  of	  the	  azobenzene	  polymer	  were	  dissolved	  in	  2	  mL	  

of	  methanol	  and	  added	  drop	  wise	  to	  the	  particle	  suspension.	  The	  solution	  was	  left	  stirring	  

for	  24	  hrs.	  The	  particles	  were	  then	  washed	  twice	  with	  methanol.	  

  

 Loading with a Fluorescent Cargo  

 

The	  particles	  were	  then	  loaded	  with	  propidium	  iodide	  by	  suspending	  the	  particles	  

in	  1	  mL	  methanol	  solution	  of	  2	  mM	  propidium	  iodide.	  The	  particles	  were	  left	  in	  the	  solution	  

for	  two	  days	  and	  then	  washed	  thoroughly	  with	  water.	  
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3.2.2 Activation	  of	  the	  System	  in	  Water	  

	   The	   operation	   of	   the	   system	   was	   monitored	   using	   fluorescence	   spectroscopy.	   A	  

small	  sample	  of	  particles	  was	  placed	  in	  the	  corner	  of	  a	  2	  X	  1	  cm	  cuvette.	  6	  mL	  of	  water	  was	  

carefully	  added	  in	  order	  to	  not	  disturb	  the	  particles,	  and	  the	  cuvette	  was	  placed	  in	  front	  of	  a	  

CCD.	  A	   stirring	  magnet	  was	   carefully	  placed	   in	   the	  opposite	   corner	   and	   the	   solution	  was	  

stirred	  in	  order	  to	  help	  with	  mixing.	  The	  emission	  of	  propidium	  iodide	  was	  measured	  as	  a	  

function	   of	   time	   by	   using	   a	   448	   nm	   probe	   beam	   (15	  mW).	   The	   emission	   spectrum	  was	  

recorded	   as	   a	   function	   of	   time	   at	   1	   second	   intervals.	   The	   activation	   of	   the	   system	   was	  

achieved	   by	   exposing	   the	   particles	   to	   a	   377	   nm	   laser	   (15	   mW).	   A	   release	   profile	   was	  

obtained	   by	   plotting	   luminescence	   intensities	   of	   propidium	   iodide	   at	   the	   emission	  

maximum	  (650	  nm)	  as	  a	  function	  of	  time.	  A	  control	  was	  done	  following	  the	  same	  set	  up,	  but	  

the	  particles	  were	  exposed	  to	  a	  514	  nm	  laser	  (40	  mW)	  instead	  of	  the	  377	  nm	  laser.	  

	  

3.2.3 Cell	  Studies	  

Cell	  Culture	  

	  

Human	   pancreatic	   cancer	   cell	   line,	   MiaPaca-‐2,	   obtained	   from	   the	   American	   Type	  

Culture	   Collection	   were	   cultured	   in	   Dulbecco’s	   modified	   Eagle’s	   medium	   (DMEM)	  

supplemented	  with	  10%	  fetal	  calf	  serum	  (Sigma),	  2%	  L-‐glutamine,	  1%	  penicillin,	  and	  1%	  

streptomycin	  stock	  solutions,	  incubated	  at	  37	  °C	  under	  a	  5%	  CO2	  95%	  air	  atmosphere.	  The	  
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media	  were	   changed	   every	   3	   days,	   and	   the	   cells	  were	   passaged	   by	   trypsinization	   before	  

confluence.	  

	  

Cytotoxicity	  Assay	  

	  

Cells	  were	  cultured	  in	  96-‐well	  plates	  (3000	  cells/well)	  with	  fresh	  DMEM	  at	  37	  °C	  in	  

a	   5%	  CO2/95%	   air	   atmosphere	   for	   24	   hrs.,	   then	  washed	  with	   PBS	   and	   the	  medium	  was	  

changed	  to	  a	  fresh	  medium	  along	  with	  unloaded	  particles	  at	  the	  various	  concentrations.	  24	  

hrs.	  later,	  the	  cells	  were	  washed	  with	  PBS	  to	  remove	  any	  particles	  that	  were	  not	  taken	  up	  

by	   the	   cells	   and	   continued	   incubating	   in	   DMEM	   for	   an	   additional	   48	   hrs.	   10%	   WST-‐8	  

solution	  (cell	  counting	  kit-‐8,	  Dojindo	  Molecular	  Technologies,	  Inc.)	  was	  then	  added	  to	  cells	  

and	   incubated	   for	   another	   2	   hrs.	   The	   absorbance	   of	   each	  well	  was	  measured	   at	   450	   nm	  

with	  a	  plate	  reader.	  	  

	  

Activation	  of	  the	  System	  Invitro	  

	  

	   The	  cells	  were	  incubated	  for	  two	  hours	  with	  particles	  loaded	  with	  propidium	  iodide	  

at	   a	   concentration	   of	   40	   μg/μL.	   A	   403	   nm	   laser	  was	   used	   at	   80	  mW	   and	   the	   beam	  was	  

enlarged	  to	  1	  cm	  in	  order	  to	  expose	  the	  entire	  well.	  The	  each	  well	  was	  exposed	  at	  10	  min	  

intervals	   until	   the	   total	   exposure	   time	   was	   1	   hr.	   To	   determine	   if	   propidium	   iodide	   was	  

released,	  fluorescence	  microscopy	  was	  used.	  	  
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3.2.4 Characterization	  

The	  structure	  of	  MCM-‐41	  was	   investigated	  by	  X-‐ray	  diffraction	  (XRD)	  experiments	  

in	  Bragg-‐Brentano	  geometry	  (θ-‐2θ)	  on	  a	  Philips	  X'Pert	  Powder	  Diffractometer	  operated	  at	  

40	  kV,	  40	  mA	  using	  CuKα	  radiation	  (λ=1.54	  Å).	  To	  measure	  the	  size	  of	  the	  particles	  and	  if	  

the	  polymer	  attached	  onto	  the	  silica	  surface,	  transmission	  electron	  microscopy	  (TEM)	  was	  

used.	  The	  particles	  were	  dispersed	  in	  ethanol	  and	  then	  deposited	  and	  dried	  on	  a	  carbon	  Cu	  

grid.	  Micrographs	  were	  recorded	  on	  a	   JEM1200-‐EX	  (JEOL)	  electron	  microscope	  operating	  

at	  50	  kV.	   Infrared	   (FTIR)	  measurements	  of	   the	  particles	  were	  acquired	  on	  a	   Jasco	  Model	  

420	   spectrometer	   after	   the	   samples	   were	   dried	   at	   room	   temperature.	   A	   Perkin	   Elmer	  

Diamond	   Thermogravimmetric/Differential	   Thermal	   Analyzer	   (TG/DTA)	   was	   used	   to	  

calculate	  the	  how	  much	  of	  the	  polymer	  condensed	  around	  the	  particles.	  

The	  average	  molecular	  weight	  (Mn)	  and	  polydispersity	   index	  (PDI)	  of	  the	  polymer	  

was	  measured	   by	  Gel	   Permeation	   Chromatograph	   (GPC)	   using	   a	  Waters	   515	  Differential	  

Refactometer	  with	  Waters	  410	  HPLC	  pump	  and	   two	   styrage	  HR	  5E	   columns	   in	  THF	   (0.1	  

mg/L)	   as	   an	   eluent	   at	   42	   °C,	   calibrated	   with	   polystyrene	   standards.	   H1	   NMR	   of	   the	  

azobenzene	  monomer	  and	  polymer	  were	  taken	  on	  a	  Bruker	  ARX-‐400.	  UV-‐vis	  spectrum	  of	  

the	  polymer	  was	  taken	  on	  a	  Cary	  5000	  UV-‐vis-‐NIP	  spectrophotometer.	  	  

The	   time	   resolved	   controlled	   released	   profiles	   were	   obtained	   using	   fluorescence	  

spectroscopy	   monitored	   with	   an	   Acton	   SpectraPro	   2300i	   CCD	   spectrophotometer	   and	  

detection	  and	  excitation	  was	  carried	  out	  using	  a	  CUBE	  445	  and	  a	  CUBE	  375	  (Coherent	  Inc.,	  

Santa	  Clara,	  CA,	  USA).	  A	  475	  nm	   filter	  was	  placed	   in	   front	  of	   the	  polarizer	   to	  block	   stray	  
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laser	   light.	   For	   the	   control	   experiment	   the	   probe	   beam	   used	   was	   a	   514	   nm	   line	   of	   a	  

Coherent	   I306C	  argon	   ion	   laser	   (40	  mW).	  For	   the	  cell	   studies,	  a	  CUBE	  405	  set	  at	  80	  mW	  

with	  the	  beam	  1	  cm	  in	  diameter	  (Coherent	  Inc.,	  Santa	  Clara,	  CA,	  USA)	  was	  used	  to	  excite	  the	  

particles	   in	   the	  well	   in	  order	   to	   release	   the	  propidium	   iodide.	  A	   fluorescence	  microscope	  

was	  used	  to	  determine	  if	  any	  propidium	  iodide	  stained	  the	  nuclei.	  	  

 

3.3 Results	  and	  Discussion	  

3.3.1 An	  Azobenzene	  Polymer	  on	  MCM-‐41	  

The Azobenzene Polymer 

 

In	  order	   to	   create	   the	   azobenzene	  polymer,	   the	   first	   step	   is	   to	   synthesize	   trans-‐4-‐

methacryloyloxyazobenzene.	   4-‐hydroxyazobenzene,	   triethylamine,	   2,6-‐di-‐tert-‐butyl-‐p-‐

cresol	  were	  dissolved	  in	  THF.	  The	  solution	  was	  purged	  with	  nitrogen	  gas	  and	  was	  allowed	  

to	  stir	  for	  30	  min	  at	  room	  temperature.	  The	  solution	  was	  then	  brought	  below	  5	  °C	  using	  an	  

ice	   bath.	   Then,	  methacryloyl	   chloride	  was	   slowly	   injected	   into	   the	   solution	   using	   a	   glass	  

syringe.	   The	   solution	   was	   then	   brought	   back	   to	   room	   temperature	   and	   the	   reaction	  

continued	  for	  another	  48	  hrs.	  After	  purification	  of	  the	  product	  was	  done	  as	  described	  in	  the	  

previous	  section,	  the	  trans-‐4-‐methacryloyloxyazobenzene	  was	  dissolved	  in	  methanol	  and	  a	  

H1-‐NMR	   was	   taken	   (Figure	   3.2).	   The	   peaks	   confirm	   that	   trans-‐4-‐

methacryloyloxyazobenzene	  was	  synthesized	  and	  purified.	  
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To	   synthesize	   the	   polymer,	   trans-‐4-‐methacryloyloxyazobenzene	   along	   with	  

methacrylic	  acid,	  and	  vinyltrimethoxysilane	  in	  a	  1:10:1	  ratio	  were	  polymerized	  using	  AIBN	  

in	  THF.	  The	  mixture	  was	  degassed	  under	  vacuum	  by	  freezing	  the	  solution	  in	  liquid	  nitrogen	  

and	  once	  the	  air	  was	  completely	  removed	  the	  solution	  was	  then	  heated	  to	  65	  °C	  for	  72	  hrs.	  

The	   product	   was	   then	   precipitated	   from	  methanol	   and	   then	   purified	   by	   precipitating	   it	  

from	   DCM/methanol	   mixture.	   Figure	   3.3	   in	   a	   H1-‐NMR	   of	   the	   polymer	   dissolved	   in	  

deuterated	  chloroform.	  The	  tallest	  peak	  is	  the	  solvent	  peak	  and	  the	  peaks	  from	  0-‐2	  ppm	  are	  

indication	  of	  C-‐H	  bonds.	  It	  is	  difficult	  to	  see	  any	  aromaticity	  since	  the	  polymer	  contains	  very	  

little	   of	   the	   trans-‐4-‐methacryloyloxyazobenzene.	   However,	   when	   taking	   a	   UV-‐vis	   of	   the	  

polymer	   in	   methanol	   (Figure	   3.4),	   the	   peak	   at	   ~325	   nm	   is	   the	   πàπ*	   transition	   of	  

azobenzene30,	  39	  indicating	  the	  presence	  of	  the	  azobenzene	  in	  the	  polymer	  chain.	  The	  UV-‐vis	  

also	   indicates	  where	   the	   polymer	   should	   be	   excited	   in	   order	   to	   stimulate	   the	   transàcis	  

transition.	  Due	  to	  the	  laser	  lines	  available,	  a	  377	  nm	  laser	  was	  used	  to	  excite	  the	  polymer	  in	  

the	  methanol	  solution	  and	  a	  UV-‐vis	  was	  taken.	  As	  shown	  in	  Figure	  3.4,	  there	  is	  a	  decrease	  in	  

the	  πàπ*	  transition	  peak	  and	  an	  increase	  in	  the	  nàπ*	  transition	  peak	  indicating	  that	  the	  

azobenzene	   has	   gone	   from	   transàcis.30,	   39	   The	   Mw	   of	   the	   polymer	   is	   23,266	   Da,	   Mn	   is	  

11921	  Da,	  with	  a	  polydispersity	  index	  of	  1.95.	  

To	  test	  if	  the	  polymer	  would	  become	  hydrophilic	  enough	  so	  that	  it	  would	  be	  able	  to	  

release	  cargo	  from	  the	  pores	  of	  MCM-‐41,	  small	  samples	  of	  the	  polymer	  were	  placed	  in	  two	  

separate	  vials	  of	  water	  with	  a	  small	  stir	  bar.	  One	  vial	  was	  left	  in	  the	  fume	  hood,	  while	  the	  

other	  vial	  was	  exposed	  to	  a	  377	  nm	  laser.	  Both	  vials	  were	  left	  stirring	  in	  the	  dark	  for	  one	  

hour.	  Figure	  3.5	   is	   the	   image	  of	   the	  vials	  after	  1	  hr.	  On	  the	   left	   is	   the	  vial	   left	   in	  the	   fume	  
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hood	  and	  on	  the	  right	  is	  the	  vial	  exposed	  to	  the	  377	  nm	  laser.	  Since	  the	  polymer	  does	  not	  

dissolve	  in	  water,	  the	  polymer	  in	  the	  vial	  on	  the	  left	  is	  precipitated	  at	  the	  bottom	  of	  the	  vial.	  

However,	   the	  solution	   in	  the	  vial	  on	  the	  right,	  which	  was	  exposed	  to	  the	  377	  nm	  laser,	   is	  

slightly	  cloud	  and	  orange.	  This	  indicates	  that	  the	  polymer	  was	  able	  to	  become	  hydrophilic	  

enough	   to	   slightly	   dissolve	   in	   the	  water	   solution.	   This	  means	   that	  when	   attached	   to	   the	  

MCM-‐41	  nanoparticles	   the	  polymer	  will	  be	  able	   to	  swell	  enough	  to	  allow	  cargo	  to	  escape	  

the	  pores.	  

 

 The Azobenzene Polymer on MCM-41 

 

	   MCM-‐41	  silica	  nanoparticles	  were	  synthesized	  using	  CTAB	  as	  the	  templating	  agent.	  

CTAB	  was	  dissolved	  in	  a	  solution	  of	  water	  and	  NaOH	  was	  added	  to	  make	  the	  solution	  basic.	  

The	  solution	  was	  brought	  to	  80	  °C	  and,	  after	  the	  formation	  of	  the	  micelles,	  TEOS	  was	  added	  

to	  the	  solution	  and	  the	  reaction	  was	  allowed	  to	  continue	  for	  2	  hrs.	  The	  particles	  were	  then	  

washed	   and	   the	   surfactant	   was	   removed	   through	   solvent	   extraction	   under	   acidic	  

conditions.	  The	  pore	  size	  of	  the	  particles	  was	  approximately	  2	  nm	  based	  off	  of	  XRD	  (Figure	  

3.6).	  

	   The	  particles	  and	  a	  sample	  of	  the	  polymer	  were	  placed	  in	  a	  solution	  of	  methanol	  and	  

was	  left	  stirring	  for	  24	  hrs.	  This	  allows	  the	  silane	  groups	  on	  the	  polymer	  to	  condense	  onto	  

the	  surface	  of	  MCM-‐41.	  Figure	  3.7	  is	  an	  IR	  of	  the	  polymer	  (blue),	  unmodified	  MCM-‐41	  silica	  

nanoparticles	   (red)	   and	   azobenzene	   polymer	   modified	   MCM-‐41	   silica	   nanoparticles	  

(green).	  The	  azobenzene	  polymer	  has	  an	  aromatic	  broad	  peak	  around	  3100	  cm-‐1,	  which	  can	  
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be	  slightly	  seen	  in	  the	  green	  trace.	  Figure	  3.8	  are	  TEM	  images	  of	  the	  unmodified	  MCM-‐41	  

silica	   nanoparticles	   (A)	   and	   the	   azobenzene	   modified	   MCM-‐41	   silica	   nanoparticles	   (B).	  

There	   are	   darker	   areas	   on	   the	   particle	   after	   the	   azobenzene	   modified	   MCM-‐41	   silica	  

nanoparticles	  that	  were	  not	  present	  in	  the	  TEM	  image	  before	  the	  modification.	  This	  implies	  

that	  the	  darker	  regions	  on	  the	  particle	  is	  the	  polymer	  on	  the	  surface	  of	  the	  particle.	  Based	  

off	  of	  these	  images,	  these	  particles	  are	  50-‐100	  nm	  in	  diameter.	  Thermogravimetric	  analysis	  

(Figure	  3.9)	  was	  done	  to	  see	  how	  much	  polymer	  condensed	  onto	  the	  surface	  of	  MCM-‐41.	  

The	  data	   indicates	   that	  approximately	  6	  %	  of	   the	  sample’s	  weight	   is	   that	  of	   the	  polymer.	  

This	  proves	  that	  there	  is	  a	  sufficient	  amount	  of	  polymer	  that	  was	  able	  to	  condense	  onto	  the	  

surface	  in	  order	  to	  block	  the	  pore	  openings.	  

 

3.3.2 Release	  Studies	  in	  an	  Aqueous	  Medium	  

 Light Activation of the Azobenzene Polymer 

 

	   The	   operation	   of	   the	   azobenzene	   polymer	   on	   MCM-‐41	   silica	   nanoparticles	   was	  

tested	   by	  monitoring	   the	   fluorescence	   intensity	   of	   propidium	   iodide	   using	   time-‐resolved	  

fluorescence	  spectroscopy.	  After	  the	  polymer	  was	  attached	  onto	  the	  surface	  of	  MCM-‐41,	  the	  

particles	   were	   loaded	   with	   a	   solution	   of	   a	   fluorescent	   molecule,	   propidium	   iodide,	   in	  

methanol.	   A	   small	   sample	   of	   the	   particles	   (~5	   mg)	   was	   placed	   in	   a	   cuvette	   and	   the	  

experiment	  was	  set	  up	  following	  the	  procedure	  stated	  previously.	  The	  probe	  beam	  was	  448	  

nm	  and	   the	  pump	  beam	  was	  377	  nm.	  Figure	  3.10	   shows	   the	   result	  of	   this	   experiment.	  A	  
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baseline	  is	  taken	  for	  about	  2	  hrs.	  with	  only	  the	  probe	  beam	  turned	  on.	  As	  seen	  in	  the	  figure	  

the	   baseline	   is	   relatively	   flat.	   This	   shows	   that	   no	   dye	   leaked	   out	   of	   the	   pores,	   which	  

indicates	  that	  the	  polymer	  is	  effectively	  able	  to	  trap	  the	  propidium	  iodide	  inside.	  After	  the	  

baseline	  is	  taken,	  the	  377	  nm	  laser	  is	  turned	  on	  and	  is	  directed	  on	  the	  sample	  in	  order	  to	  

activate	   the	   system.	  There	   is	   a	   steady	   increase	   in	   intensity	   indicating	   that	   the	  propidium	  

iodide	   is	   diffusing	  out	   of	   the	  pores	   and	  polymer	   layer	   and	  getting	   into	   the	   solution.	  This	  

proves	  that	  the	  system	  is	  activated	  through	  the	  use	  of	  light.	  

 

 On/Off Experiment 

 

	   Since	  the	  polymer	  switches	  from	  hydrophobic	  to	  hydrophilic	   it	   is	  possible	  that	  the	  

system	  can	  be	  turned	  on	  and	  off.	  This	  would	  allow	  drugs	  to	  be	  released	  in	  dosages	  which	  

can	   be	   beneficial	   in	   some	   cases.40	   The	   experiment	  was	   done	   in	   the	   same	  manner	   as	   the	  

previous	  experiment,	  only	  at	  a	  certain	  point	  the	  pump	  beam	  was	  turned	  off.	  The	  result	  of	  

this	   experiment	   is	   shown	   in	   Figure	   3.11.	   The	   baseline	   in	   this	   experiment	   is	   slightly	  

increasing	  over	  time,	  which	  implies	  that	  this	  particular	  sample	  was	  slightly	  leaky.	  However,	  

when	  the	  377	  nm	  is	  turned	  on,	  there	  is	  a	  much	  greater	  increase	  in	  the	  amount	  of	  propidium	  

iodide	  being	  released	  indicating	  that	  the	  leakage	  is	  fairly	  negligible.	  The	  377	  nm	  laser	  was	  

left	   on	   for	   2	   hrs.	   and	   then	   it	   was	   turned	   off	   for	   2	   hrs.	   The	   fluorescence	   intensity	   stops	  

increasing	  at	  this	  point	  proving	  that	  the	  system	  is	  no	  longer	  releasing	  propidium	  iodide	  and	  

that	   the	   polymer	   is	   once	   again	   blocking	   the	   pores.	   Turning	   the	   377	   nm	   back	   on,	   the	  
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fluorescence	   intensity	   starts	   to	   increase	   again	   indicating	   the	   continued	   release	   of	  

propidium	  iodide.	  This	  experiment	  proves	  that	  the	  system	  has	  an	  on/off	  capability.	  

 

 Control Experiment 

 

	   In	   order	   to	  make	   sure	   that	   the	   release	   of	   the	   propidium	   iodide	   is	   caused	   by	   light	  

excitation	   and	   not	   through	   localized	   heating	   from	   the	   laser,	   a	   control	   experiment	   was	  

conducted.	  The	  set	  up	  for	  the	  experiment	  is	  the	  same	  as	  before,	  except	  the	  pump	  beam	  used	  

was	   a	   514	   nm	   laser.	   Since	   514	   nm	   is	   in	   the	   visible	   region,	   there	   should	   not	   be	   and	  

transàcis	  isomerization	  which	  would	  mean	  that	  the	  polymer	  should	  not	  swell	  and	  release	  

propidium	  iodide.	  Figure	  3.12	  shows	  the	  result	  of	  this	  experiment.	  A	  baseline	  was	  taken	  for	  

about	  2	  hrs.	   and	   then	   the	  514	  nm	   laser	  was	   turned	  on.	  There	   is	   no	   increase	   in	   intensity	  

after	  the	  514	  nm	  laser	  was	  turned	  on	  indicating	  that	  no	  propidium	  iodide	  is	  being	  released.	  

This	   proves	   that	   it	   is	   not	   local	   heating	   that	   is	   causing	   the	   dye	   to	   be	   released,	   but	   light	  

activation	  of	  the	  azobenzene	  polymer.	  

 

3.3.3 Cell	  Studies	  

 Toxicity of the Azobenzene Polymer on MCM-41 Silica Nanoparticles 

 

	   Before	  release	  studies	  can	  be	  done	   invitro,	  the	  azobenzene	  modified	  MCM-‐41	  silica	  

nanoparticles	   were	   incubated	   with	   pancreatic	   cancer	   cells,	   MiaPaca-‐2	   and	   tested	   for	  
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toxicity.	   Preparation	   of	   the	   cell	   culture	   and	   the	   cytotoxicity	   assay	   was	   followed	   as	  

previously	  described.	  The	  absorbance	  of	  each	  well	  was	  measured	  at	  450	  nm	  with	  a	  plate	  

reader.	  Since	  the	  absorbance	  is	  proportional	  to	  the	  number	  of	  viable	  cells	   in	  the	  medium,	  

the	   viable	   cell	   number	  was	  determined	  using	   a	  prepared	   calibration	   curve.	  The	   result	   of	  

this	  experiment	  is	  shown	  in	  Figure	  3.13.	  Comparing	  the	  toxicity	  of	  unmodified	  to	  modified	  

MCM-‐41	   silica	   nanoparticles	   at	   various	   concentrations,	   it	   is	   clear	   that	   the	   toxicity	   of	   the	  

polymer	  is	  minimal.	  This	  proves	  that	  the	  azobenzene	  modified	  MCM-‐41	  silica	  nanoparticles	  

are	  non-‐toxic	  up	  to	  100	  μg/μL.	  

 

 Activation of the Azobenzene Polymer in Cells 

 

	   The	   cells	   were	   prepared	   in	   the	   same	   manner	   as	   previously	   described	   only	   with	  

propidium	   iodide	   loaded	   azobenzene	   modified	   MCM-‐41	   silica	   nanoparticles	   at	   a	  

concentration	  of	  40	  μg/μL.	  The	  particles	  were	  incubated	  for	  2	  hrs.	  in	  square	  1	  cm	  wells.	  To	  

activate	  the	  system	  a	  403	  nm	  laser	  was	  used	  since	  the	  377	  nm	  laser	  has	  been	  known	  to	  kill	  

the	   cells	   in	   the	  past.	  The	  403	  nm	   laser	  was	   set	   to	   a	  power	  of	  80	  mW	  and	   the	  beam	  was	  

expanded	  to	  1	  cm	  in	  diameter	  in	  order	  to	  irradiate	  the	  entire	  well.	  One	  well	  was	  irradiated	  

for	  10	  mins.	  and	  then	  the	  beam	  was	  moved	  to	  another	  well	  and	  was	  also	  irradiated	  for	  10	  

mins.	  This	  was	  done	   in	  order	   to	  not	  kill	   the	  cells	  by	  over	  heating	   them.	  The	  process	  was	  

continued	  until	  each	  well	  had	  a	  total	  irradiation	  time	  of	  1	  hr	  in	  order	  to	  give	  the	  dye	  enough	  

time	  to	  diffuse	  through	  the	  polymer	  layer.	  
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	   Figure	   3.14	   are	   images	   of	   the	   cells	   using	   a	   fluorescent	   microscope.	   The	   green	  

fluorescence	   are	   the	   cell	   membranes	   stained	   with	   phosphomolybdic	   acid	   and	   the	   red	  

fluorescence	   is	   the	   nuclei	   stained	  with	   propidium	   iodide.	   The	   image	   on	   the	   left	  was	   not	  

exposed	  to	  the	  403	  nm	  laser	  while	  the	  one	  on	  the	  right	  was.	  There	  is	  a	  small	  amount	  red	  

fluorescence	   shown	   in	   image	   on	   the	   left.	   Since	   these	   cells	   were	   kept	   in	   the	   dark	   the	  

azobenzene	   polymer	   was	   not	   activated.	   The	   small	   amount	   of	   red	   fluorescence	   could	   be	  

caused	  by	  the	  particles	  uptake	  by	  the	  cell,	  or	  some	  slight	  leakage	  of	  the	  propidium	  iodide.	  

The	  nuclei	  on	  the	  right	  has	  a	  lot	  of	  red	  fluorescence	  indicating	  that	  the	  azobenzene	  polymer	  

was	  able	  to	  release	  enough	  propidium	  iodide	  to	  stain	  the	  nuclei	  of	  the	  cell.	  Greater	  than	  80	  

%	   of	   the	   cells	   that	   were	   exposed	   showed	   similar	   results.	   Since	   propidium	   iodide	   is	  

membrane	  impermeable,	  this	  also	  proves	  that	  the	  particles	  had	  to	  have	  been	  up	  taken	  by	  

the	  cells	  and	  activated	   inside	  of	   the	  cell.	  This	   is	  very	   important	   if	   this	   system	  were	   to	  be	  

used	  to	  deliver	  chemotherapy	  drugs	  to	  cancer	  cells.	  

 

3.4 Conclusions	  

	   A	   light	   activated	   system	   consisting	   of	   an	   azobenzene	   polymer	   and	  MCM-‐41	   silica	  

nanoparticles	  were	  synthesized.	  The	  azobenzene	  within	  the	  polymer,	  when	  exposed	  to	  UV	  

light,	  under	  goes	  a	  transàcis	  isomerization.	  This	  leads	  to	  an	  overall	  change	  in	  the	  way	  the	  

polymer	  interacts	  with	  water,	  making	  it	  go	  from	  a	  hydrophobic	  state	  to	  a	  hydrophilic	  state.	  

This	   change	   allows	   the	   polymer	   to	   trap	   and	   release	   cargo	   molecules	   from	   the	   pores	   of	  

MCM-‐41	  when	  it	  is	  condensed	  onto	  the	  silica	  surface.	  Not	  only	  can	  it	  release	  the	  cargo,	  but	  
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it	   possesses	   an	  on/off	   capability.	   This	   allows	   a	   greater	   control	   over	   the	   amount	  of	   cargo	  

released	   from	   the	   system,	   enabling	   controlled	   dosages	   to	   be	   delivered	   instead	   of	   a	  

continuous	  delivery.	  This	  system	  is	  also	  proven	  to	  be	  a	  light	  activated	  system	  rather	  than	  

activation	  through	  local	  heating.	  Further	  studies	  on	  this	  system	  would	  be	  to	  investigate	  the	  

amount	  of	  propidium	  iodide	  released	  upon	  light	  excitation	  to	  test	  the	  overall	  efficiency	  of	  

this	  drug	  deliver	  devise.	  

	   This	  light	  activated	  system	  has	  little	  to	  no	  toxicity	  to	  cells,	  which	  is	  very	  important	  if	  

this	  system	  were	  to	  be	  used	  for	  biological	  applications.	  It	  has	  been	  demonstrated	  that	  these	  

particles	  also	  get	  up	  taken	  by	  the	  cells	  and	  can	  be	  activated	  inside	  the	  cells	  without	  killing	  

them.	  This	  system	  is	  a	  great	  candidate	  for	  a	  drug	  delivery	  devise	  since	  it	  has	  shown	  that	  it	  

has	  an	  on	  command	  activation	  of	  the	  system,	  in	  an	  aqueous	  solution	  and	  inside	  of	  cells,	  and	  

is	   non-‐toxic.	   The	   results	   obtained	   with	   human	   cancer	   cells	   are	   preliminary	   and	   further	  

studies	  still	  need	   to	  be	  conducted	   to	  optimize	   this	  drug	  deliver	  devise.	  Such	  experiments	  

would	   include	   increasing	   the	  concentration	  of	  propidium	   iodide	   loaded	   into	   the	  particles	  

and	  modifying	  the	  amount	  of	  polymer	  on	  the	  surface.  
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3.5 Figures	  and	  Tables 

	  

Figure	  3.1	  The	  operation	  of	  the	  light	  activated	  system.	  Under	  visible	  light,	  the	  azobenzene	  
is	  in	  its	  trans	  state	  and	  is	  hydrophobic.	  This	  causes	  the	  polymer	  to	  shrink	  around	  the	  MCM-‐
41’s	  surface,	  enabaling	   it	   to	  block	  the	  pores.	  When	  exposed	  to	  UV	  light,	   the	  polymer	  goes	  
from	   transàcis	   and	   the	   polymer	   becomes	   hydrphlic.	   This	   causes	   the	   polymer	   to	   swell,	  
allowing	  cargo	  to	  escape	  the	  pores. 
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Figure	  3.2	  H1-‐NMR	  of	  the	  trans-‐4-‐methacryloyloxyazobenzene 
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Figure	  3.3	  	  H1-‐NMR	  of	  the	  azobenzene	  polymer.	  There	  is	  a	  small	  peak	  at	  around	  10	  ppm	  
that	  could	  be	  COOH.	  Peaks	  at	  around	  0-‐2	  ppm	  are	  C-‐H.	  The	  peak	  at	  around	  7	  is	  the	  solvent.	  
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Figure	  3.4	  	  UV-‐vis	  of	  the	  azobenzene	  polymer	  in	  its	  trans	  state	  (blue)	  and	  its	  cis	  state	  (red)	  
after	  being	  excited	  with	  377	  nm.	  
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Figure	  3.5	  Vial	  on	  the	  left	  was	  left	  stirring	  in	  the	  fume	  hood	  while	  the	  vial	  on	  the	  right	  was	  
excited	  with	  377	  nm	  for	  1	  hr. 
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Figure	  3.6	  	  XRD	  of	  MCM-‐41	  nanoparticles	  
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Figure	   3.7	   IR	   of	   the	   azobenzene	   polymer	   (blue),	  MCM-‐41	   silica	   nanoparticles	   (red)	   and	  
modified	  MCM-‐41	  with	  the	  azobenzene	  polymer.	  
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Figure	   3.8	   TEM	   images	   of	   MCM-‐41	   (A)	   and	   modified	   MCM-‐41	   with	   the	   azobenzene	  
polymer	  (B).	  
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Figure	  3.9	  TGA	  of	  the	  polymer	  on	  MCM-‐41	  silica	  nanoparticles.	  
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Figure	  3.10	  	  Release	  profile	  of	  the	  system.	  A	  baseline	  was	  taken	  for	  2	  hours,	  after	  which	  
the	  377	  nm	  laser	  was	  turned	  on	  to	  activate	  the	  system.	  
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Figure	   3.11	   On/Off	   release	   experiment.	   After	   a	   2	   hour	   baseline,	   the	   377	   nm	   laser	   was	  
turned	  on	  for	  2	  hours.,	  then	  off	  for	  2	  hours,	  and	  then	  turned	  on	  again. 
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Figure	  3.12	  	  Control	  experiment	  where	  the	  particles	  were	  exposed	  to	  a	  514	  nm	  laser.	  
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Figure	  3.13	  	  Cell	  toxicity	  study.	  Cells	  were	  incubated	  with	  unmodified	  and	  modified	  MCM-‐
41	  nanoparticles	  under	  various	  concentrations.	  
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Figure	   3.14	  Operation	  of	   the	  azobenzene	  polymer	  modified	  MCM-‐41	  silica	  nanoparticles	  
inside	  of	  cells.	  The	  images	  above	  are	  representiatve	  of	  the	  results	  found.	  Left	  is	  an	  image	  of	  
a	  cell	  that	  was	  not	  exposed	  to	  403	  nm	  and	  the	  right	  is	  a	  cell	  that	  was	  exposed	  to	  403	  nm.	  
The	   green	   fluorescence	   are	   the	   cell	  membranes	   stained	  with	  phosphomolybdic	   acid.	   The	  
red	  fluorescence	  is	  due	  to	  propidium	  iodide	  binding	  to	  the	  DNA	  of	  the	  nuclei.	   
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4.1 Introduction	  

Core/shell	  nanoparticles	  have	  attracted	  much	  attention	  in	  recent	  years	  due	  to	  their	  

adaptability	  to	  many	  different	  fields	  such	  as	  electronics,1-‐3	  biomedical,4-‐7	  pharmaceutical,8	  

optics,9-‐11	   and	   catalysis.12,	   13	   As	   the	   name	   suggests,	   these	   materials	   can	   be	   defined	   as	  

comprising	  of	   two	  or	  more	  materials	  where	   the	   inner	  material	   (core)	  and	  an	  outer	   layer	  

material	   (shell)	  differ.14	  Core/shell	  nanoparticles	   can	  be	   created	  with	  properties	   that	   are	  

not	   available	   in	   normal	   one	   component	   nanoparticles.15	   A	   component	   in	   core/shell	  

nanoparticles	   that	   has	   attracted	   interest	   is	   mesoporous	   silica	   due	   to	   their	   robust	  

framework,	   versatility,	   and	   the	   potential	   for	   high	   storage	   capacity.	   Hollow	   mesoporous	  

silica	  nanoparticles	  are	  of	  particular	  interest	  because	  the	  presence	  of	  the	  hollow	  cavity	  can	  

act	   as	   a	   reservoir,	   which	   can	   be	   controllably	   filled	   with	   another	   material	   yielding	   a	  

core/shell	  nanoparticle.16	  	  

In	   this	   chapter,	   Pt(tpy)Cl]PF6	   (1�PF6)17	   (Scheme	   4.1)	   will	   be	   crystalized	   inside	  

mechanized	  hollow	  mesoporous	  silica	  nanoparticles	  to	  create	  a	  “smart	  sand”.	  This	  “smart	  

sand”	   is	   a	   core/shell	   nanoparticle	   that	   can	   detect	   perchlorate	   anions	   (Figure	   4.1).	  

Perchlorate	  is	  used	  in	  munitions	  and	  explosives	  manufacturing	  and	  has	  led	  to	  groundwater	  

and	   food	   supply	   contamination,	   which	   has	   led	   to	   many	   health	   concerns.	   Perchlorate	  

interferes	  with	  the	  thyroid	  gland’s	  ability	  to	  uptake	  iodine,	  which	  can	  cause	  disruption	  of	  

thyroid	   function.18-‐20	  However,	   the	  detection	  of	  specific	  anions	  has	  been	  a	  great	  chemical	  

challenge.21,	  22	  1�PF6	  has	  been	  previously	  reported	  to	  be	  the	  first	  solid-‐state	  material	  used	  

for	   the	   unambiguous	   rapid	   selective	   detection	   of	   perchlorate	   in	   an	   aqueous	   solution.22	  
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1�PF6	  is	  a	  semi-‐soluble	  salt	  that	  crystallizes	  as	  yellow	  needles	  and	  when	  exposed	  to	  ClO4-‐	  

converts	  to	  [Pt(tpy)Cl]ClO4�H2O	  (1�ClO4�H2O)	  turning	  the	  crystals	  red.	  	  

The	  absorption	  spectrum	  of	  the	  crystals	  has	  an	  intense	  tpy-‐centered	  π–π*	  transition	  

near	   340	   nm,	   similar	   to	   the	   Pt(tpy)Cl+	   chromophore.17	   Immersion	   of	   the	   crystals	   in	  

NH4ClO4	  resulted	  in	  the	  appearance	  of	  a	  new	  absorption	  band	  at	  around	  525	  nm.	  The	  band	  

is	   attributed	   to	   a	   metal–metal-‐to-‐ligand	   charge-‐transfer	   where	   the	   dσs*	   arises	   from	   the	  

interaction	   of	   the	   dz2(Pt)	   orbitals	   of	   adjacent	   complexes.17,	   23	   Emission	   studies	   were	  

performed	   and	   a	   532	   nm	   laser	   was	   used	   to	   selectively	   excite	   the	   metal-‐metal-‐to-‐ligand	  

charge-‐transfer	  transition.	  What	  was	  observed	  was	  that	  the	  emission	  from	  1�PF6	  was	  very	  

weak,	  but	  once	  the	  crystals	  were	  exposed	  to	  NH4ClO4,	  there	  was	  an	  intense	  metal-‐metal-‐to-‐

ligand	  charge-‐transfer	  emission	  at	  670	  nm.	  This	  is	  due	  to	  the	  fact	  that	  within	  each	  crystal	  

structure	   the	   square	   planar	   cations	   stack	   in	   a	   head-‐to-‐tail	   arrangement	   to	   form	   one-‐

dimensional	   columns	   (Figure	   4.2).	   The	   Pt-‐-‐-‐Pt	   distances	   in	   the	   yellow	   crystals	   of	   1�PF6	  

alternate	  between	  short	  and	  long,	  whereas	  the	  Pt	  atoms	  in	  red	  crystals	  of	  1�ClO4�H2O	  form	  

a	  nearly	  linear	  chain	  with	  short	  Pt-‐-‐-‐Pt	  distances.	  

Crystalizing	   1�PF6	   inside	   a	   mechanized	   mesoporous	   silica	   hollow	   particle	   will	  

enable	  a	  controlled	  activation	  of	  the	  sensor.	  The	  mechanized	  silica	  outer	  shell	  protects	  and	  

entraps	  1�PF6	  from	  external	  forces	  until	  activation	  of	  the	  sensor	  is	  desired	  (Figure	  4.1).	  The	  

machine	   picked	   is	   and	   acid	   valve	   composed	   of	   N-‐phenylaminomethyltriethoxysilane	  

(PhAMTES)	  and	  α-‐cyclodextrin	  that	  has	  been	  previously	  reported.16	  It	  has	  been	  shown	  that	  

α-‐cyclodextrin	   has	   a	   strong	   susceptibility	   for	   binding	   to	   benzene	   and	   some	   of	   its	  

derivatives	  due	  to	  hydrophobic	  interactions.16,	  24,	  25	  When	  the	  pH	  changes	  from	  7	  to	  3,	  the	  
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anilinoalkane	  protonates	  and	  thus	  lowers	  the	  binding	  affinity	  causing	  the	  α-‐cyclodextrin	  to	  

dissociate.	   This	   will	   allow	   the	   α-‐cyclodextrin	   to	   block	   the	   pore	   openings	   at	   neutral	   pH,	  

preventing	   perchlorate	   from	   entering	   the	   pores	   until	   activation	   is	   desired.	   Even	   though	  

perchlorate	  is	  a	  small	  anion	  it	   is	  actually	  one	  of	  the	  more	  hydrophobic	  inorganic	  anions26	  

and	  thus	  the	  hydrophilic	  exterior	  of	  α-‐cyclodextrin	  will	  help	  keep	  the	  anions	  away	  from	  the	  

pore	  openings.	  In	  turn,	  this	  will	  keep	  1�PF6	  safe	  from	  perchlorate	  until	  activation	  is	  desired.	  

	  

4.2 	  Experimental	  Section	  

4.2.1 Hollow	  Mesoporous	  Silica	  Nanoparticles	  

Hollow	   mesoporous	   silica	   nanoparticles	   will	   be	   synthesized	   using	   the	   sol-‐gel	  

method.	  First,	  highly	  charged	  monodispersed	  polystyrene	  beads	  will	  be	  made	  by	  emulsion	  

polymerization.27,	  28	  The	  polystyrene	  beads	  will	  act	  as	  the	  template	  for	  the	  hollow	  cavity.	  A	  

modified	  procedure	  using	  DI	  water,	  dodecyltrimethylammonium	  bromide	   (DTAB),	  NaOH,	  

tetraethylorthosilicate	  (TEOS),	  and	  the	  polystyrene	  beads	  will	  be	  used	  to	  make	  the	  hollow	  

mesoporous	  silica	  nanoparticles.29,	  30	  

	  

Synthesis	  of	  Polystyrene	  Beads	  

	   	  

Polystyrene	   beads	   were	   made	   using	   a	   previously	   published	   procedure.28	   In	   a	  

reaction	   vessel,	   0.171	   g	   of	   sodium	   bicarbonate	   was	   added	   to	   138	   mL	   of	   water	   under	  
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nitrogen.	   The	   water	   solution	   was	   then	   deoxygenated	   by	   bubbling	   nitrogen	   through	   the	  

solution	   for	  40	  minutes.	  Afterwards,	  2.5	  g	  of	  Aerosol	  MA-‐80-‐1	  was	  dissolved	   in	  10	  mL	  of	  

water	   and	   then	   added	   to	   the	   solution.	   The	   solution	  was	   brought	   to	   50	   °C	   and	   2.33	   g	   of	  

divinyl	   benzene	   and	   60	   mL	   of	   styrene	   was	   slowing	   added.	   	   Sodium	   1-‐	   allyloxy-‐2-‐

hydroxypropane	  sulfonate	  was	  dissolved	  in	  10	  mL	  of	  water	  and	  was	  immediately	  injected	  

into	   the	   solution	   5	   minutes	   after	   the	   addition	   of	   divinyl	   benzene	   and	   styrene.	   The	  

temperature	  was	  then	  brought	  to	  70	  °C	  at	  which	  point	  a	  solution	  of	  0.75	  g	  of	  ammonium	  

persulfate	  in	  5	  mL	  of	  water	  was	  injected.	  The	  reaction	  continued	  for	  4	  hours.	  The	  particles	  

were	  washed	  through	  dialysis	  for	  3	  days	  changing	  the	  water	  twice	  a	  day.	  They	  were	  then	  

centrifuged	  with	  water	  twice	  and	  then	  with	  methanol	  two	  more	  times.	  They	  were	  then	  left	  

to	  dry	  under	  vacuum.	  The	  size	  of	  the	  particles	  was	  confirmed	  by	  taking	  a	  TEM	  image	  of	  the	  

particles.	  

	  

	   Synthesis	  of	  Hollow	  Mesoporous	  Silica	  Nanoparticles	  

	  

	   Hollow	  mesoporous	  silica	  nanoparticles	  were	  synthesized	  by	  adding	  0.5	  g	  of	  DTAB	  

and	  0.25	  g	  of	  the	  polystyrene	  beads	  into	  20	  mL	  of	  water.	  	  The	  solution	  was	  sonicated	  for	  20	  

minutes	   and	   then	   allowed	   to	   rest	   for	   30	   minutes	   to	   allow	   any	   large	   aggregates	   of	   the	  

polystyrene	  beads	  to	  settle.	  The	  solution	  was	  then	  carefully	  poured	  into	  100	  mL	  of	  water	  

and	  450	  μL	  of	  2	  M	  NaOH	  was	  added.	  After	  30	  minutes,	  500	  μL	  of	  TEOS	  was	  added	  and	  the	  

reaction	  was	  left	  at	  room	  temperature	  for	  24	  hours.	  The	  particles	  were	  washed	  thoroughly	  

with	  water	   and	  methanol	   and	   then	   calcined	   at	   500	   °C	   to	   remove	   the	   surfactant	   and	   the	  
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polystyrene	  beads.	  XRD	  was	  used	  to	  confirm	  the	  pore	  size	  and	  TEM	  images	  were	  taken	  to	  

confirm	   the	   presence	   of	   the	   hollow	   cavity	   as	   well	   as	   to	   determine	   the	   particles	   shell	  

thickness.	  

	  

4.2.2 Hollow	  Particles	  as	  “Smart	  Sand”	  

Surface	  Modification	  of	  the	  Hollow	  Mesoporous	  Silica	  Nanoparticles	  

	   	  

	   50	  mg	  of	  the	  hollow	  mesoporous	  silica	  nanoparticles	  and	  50	  μL	  of	  PhAMTES	  were	  

placed	  in	  3	  mL	  of	  toluene	  and	  the	  reaction	  was	  left	  overnight	  stirring	  at	  room	  temperature.	  

The	  particles	  were	   then	  washed	  with	  methanol	   and	   then	  with	  water	   and	   then	  dried	   in	   a	  

vacuum.	  An	  IR	  spectrum	  of	  the	  particles	  was	  taken	  to	  confirm	  the	  presence	  of	  PhAMTES.	  

	  

	   Crystalizing	  1�PF6	  Inside	  the	  Hollow	  Core	  

	  

	   A	  highly	  concentrated	  solution	  of	  1�PF6	  was	  made	  by	  taking	  10	  mg	  of	  the	  crystal	  and	  

dissolving	   it	   in	   300	   μL	   of	   dimethyl	   sulfoxide.	   20	  mg	   of	   the	   particles	   were	   added	   to	   the	  

solution	   and	   was	   left	   stirring	   for	   24	   hours.	   The	   solution	   was	   then	   allowed	   to	   slowly	  

evaporate	  until	  the	  particles	  were	  dry.	  

	  

	   Blocking	  the	  Pore	  Openings	  with	  α-‐Cyclodextrin	  
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	   The	  particles	  were	  washed	  twice	  with	  dimethyl	  sulfoxide	  and	  then	  twice	  with	  water	  

to	  remove	  any	  1�PF6	  from	  the	  surface	  of	  the	  hollow	  particles.	  The	  particles	  were	  then	  left	  in	  

1.5	   mL	   of	   water	   and	   50	   mg	   of	   α-‐cyclodextrin	   was	   added.	   The	   particles	   were	   then	   left	  

stirring	   overnight.	   TEM	   images	   were	   taken	   to	   confirm	   the	   presence	   of	   1�PF6	   inside	   the	  

hollow	  core	  as	  well	  as	  to	  confirm	  the	  absence	  of	  1�PF6	  on	  the	  surface	  of	  the	  particles.	  

	  

	   Controlled	  Activation	  of	  the	  “Smart	  Sand”	  

	  

	   The	  operation	  of	  the	  “smart	  sand”	  was	  monitored	  using	  fluorescence	  spectroscopy.	  10	  

mg	  of	  the	  particles	  were	  placed	  in	  an	  NMR	  tube.	  Enough	  water	  was	  added	  to	  just	  wet	  the	  

particles	   and	   the	   NMR	   tube	   was	   placed	   in	   front	   of	   a	   CCD.	   The	   emission	   of	   1�PF6	   was	  

measured	  as	  a	  function	  of	  time	  at	  1	  second	  intervals	  by	  using	  a	  514	  nm	  excitation	  beam	  (40	  

mW).	   The	   activation	   profile	   of	   the	   “smart	   sand”	   was	   obtained	   by	   plotting	   luminescence	  

intensities	  of	  1�PF6	  at	  the	  emission	  maximum	  (670	  nm)	  as	  a	  function	  of	  time.	  40	  μL	  of	  a	  30	  

mM	   solution	   of	   NaClO4	   was	   added	   to	   the	   sample	   followed	   by	   adding	   40	   μL	   of	   an	   acid	  

solution	  to	  bring	  the	  pH	  to	  3	  in	  order	  to	  activate	  the	  “smart	  sand”.	  
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4.2.3 Characterization	  Methods	  

The	   structure	   of	   hollow	   mesoporous	   silica	   nanoparticles	   was	   confirmed	   by	   X-‐ray	  

diffraction	   (XRD)	   experiments	   in	   Bragg-‐Brentano	   geometry	   (θ-‐2θ)	   on	   a	   Philips	   X'Pert	  

Powder	   Diffractometer	   operated	   at	   40	   kV,	   40	   mA	   using	   CuKα	   radiation	   (λ=1.54	   Å).	   To	  

confirm	   the	   presence	   of	   the	   hollow	   core,	   shell	   thickness,	   and	   confirmation	   that	   1�PF6	  

crystalized	  inside	  the	  hollow	  core,	  transmission	  electron	  microscopy	  (TEM)	  was	  done.	  The	  

particles	   were	   dispersed	   in	   ethanol	   and	   then	   deposited	   and	   dried	   on	   a	   carbon	   Cu	   grid.	  

Images	  were	   recorded	  on	   a	   JEM1200-‐EX	   (JEOL)	   electron	  microscope	  operating	   at	   50	  kV.	  

Infrared	   (FTIR)	   measurements	   were	   acquired	   on	   a	   Jasco	   Model	   420	   spectrometer	   to	  

confirm	   the	   attachment	   of	   PhAMTES.	   For	  monitoring	   the	   emission	   of	   1�PF6,	   the	   samples	  

were	  illuminated	  using	  the	  514	  nm	  line	  of	  a	  Coherent	  I306C	  argon	  ion	  laser	  (40	  mW).	  The	  

photoluminescence	   spectra	   of	   the	   samples	   were	   collected	   using	   an	   Acton	   2300i	  

monochromator	  and	  a	  Princeton	  Instruments	  CCD.	  A	  550	  nm	  filter	  was	  placed	  in	   front	  of	  

the	  CCD	  to	  block	  stray	  laser	  light.	  

	  

4.3 Results	  and	  Discussion	  

4.3.1 Hollow	  Mesoporous	  Silica	  Particles	  

	   Hollow	  mesoporous	  silica	  nanoparticles	  were	  synthesized	  using	  polystyrene	  beads	  
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as	   a	   templating	   agent	   and	   DTAB	   for	   the	   formation	   of	   the	   pores.	   The	   first	   step	   was	   to	  

synthesize	   the	   polystyrene	   beads.	   The	   polystyrene	   beads	  were	   synthesized	   by	   emulsion	  

polymerization	  based	  on	  an	  already	  published	  procedure.28	  Figure	  4.3	  are	  TEM	  images	  of	  

the	  polystyrene	  beads.	  The	  polystyrene	  beads	  are	  well	  dispersed	  and	  are	  approximately	  90	  

nm	  in	  diameter.	  The	  polystyrene	  beads	  were	  then	  placed	  in	  a	  solution	  of	  water	  along	  with	  

DTAB	  and	  NaOH.	  After	  the	  formation	  of	  the	  micelles,	  TEOS	  was	  added	  to	  the	  solution	  and	  

the	   reaction	  was	   allowed	   to	   continue	   for	   24	   hours.	   The	   particles	  were	   then	  washed	   and	  

calcined	  to	  remove	  the	  surfactant	  and	  the	  polystyrene	  beads.	  Figure	  4.4	  are	  TEM	  images	  of	  

the	  particles	  after	  calcination.	  Based	  on	  these	  images	  it	  appears	  that	  the	  shell	  thickness	  was	  

around	   5	   nm.	   The	   pore	   size	   of	   the	   particles	   was	   approximately	   1.7	   nm	   based	   on	   XRD	  

(Figure	  4.5).	  

	  

4.3.2 Hollow	  Particles	  as	  “Smart	  Sand”	  

The	  particles	  were	  then	  placed	  in	  toluene	  and	  PhAMTES	  was	  added	  to	  the	  solution.	  

The	   reaction	   was	   left	   stirring	   overnight	   at	   room	   temperature.	   The	   particles	   were	   then	  

washed	  with	  water	  and	  IR	  was	  taken	  to	  confirm	  the	  attachment	  of	  the	  valve	  (Figure	  4.6).	  

Comparing	  the	  IR	  from	  the	  underivatized	  hollow	  particles	  to	  that	  of	  the	  ones	  treated	  with	  

PhAMTES	  there	  is	  a	  broad	  peak	  at	  around	  2900	  cm-‐1	  which	  indicates	  C-‐H	  stretches	  and	  a	  

peak	   at	   around	   1475	   cm-‐1	  which	   indicates	   aromatic	   C=C	   stretches	   from	   the	   phenol	   ring.	  

This	  shows	  that	  PhAMTES	  has	  condensed	  onto	  the	  surface	  of	  the	  hollow	  particles.	  In	  order	  
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to	  grow	  the	  1�PF6	  crystals	  in	  the	  hollow	  cavity,	  a	  saturated	  solution	  of	  1�PF6	  was	  made	  by	  

dissolving	   the	   crystals	   in	   a	   solution	   of	   DMSO/H2O.	   The	   particles	   were	   added	   to	   the	  

concentrated	  solution	  and	   left	   to	  dry	   in	   the	   fume	  hood.	  After	   the	  particles	  were	  dry,	   they	  

were	  washed	  twice	  with	  DMSO.	  This	  was	  to	  ensure	  that	  the	  surface	  of	  the	  particles	  didn’t	  

have	   any	   crystalized	  1�PF6	   on	   the	   surface.	   If	   1�PF6	  was	   crystalized	   onto	   the	   surface,	   the	  

PhAMTES	   would	   be	   covered	   and	   the	   α-‐cyclodextrin	   would	   not	   be	   able	   to	   bind	   to	   the	  

benzene.	  The	  particles	  were	  then	  washed	  with	  DI	  water	  and	  α-‐cyclodextrin	  was	  added	  to	  

block	  the	  pore	  openings.	  Figure	  4.7	  are	  the	  TEM	  images	  of	  the	  mechanized	  hollow	  particles	  

loaded	  with	  the	  crystalized	  1�PF6.	  It	  is	  clear	  to	  see	  that	  the	  hollow	  cores	  are	  partially	  filled	  

with	   1�PF6.	  While	   not	   all	   the	   particles	   are	   loaded,	  most	   of	   them	   contain	   the	   crystalized	  

sensor.	  

	  

4.3.3 Controlled	  Activation	  of	  the	  “Smart	  Sand”	  

The	  “smart	  sand”	  was	  tested	  by	  monitoring	  the	  fluorescence	  intensity	  of	  1�PF6	  using	  

time-‐resolved	   fluorescence	   spectroscopy.	   A	   small	   sample	   of	   the	   particles	   (~10	  mg)	   was	  

placed	  in	  an	  NMR	  tube	  with	  a	  small	  amount	  of	  water	  in	  order	  to	  wet	  the	  sample.	  The	  NMR	  

tube	  was	  placed	  in	  front	  of	  a	  CCD	  and	  a	  514	  nm	  laser	  was	  used	  to	  excite	  the	  “smart	  sand”	  so	  

that	  any	  change	  in	  fluorescence	  could	  be	  monitored.	  The	  result	  of	  this	  experiment	  is	  shown	  

in	  Figure	  4.8.	  A	  baseline	  was	  taken	  for	  the	  first	  45	  minutes	  to	  establish	  the	  initial	  intensity	  

of	  1�PF6.	  Then	  40	  μL	  of	  .03	  M	  NaClO4	  was	  added	  to	  the	  NMR	  tube.	  As	  seen	  in	  Figure	  4.8B,	  

there	  was	  no	  increase	  in	  intensity	  after	  the	  addition	  of	  NaClO4.	  The	  small	  jump	  in	  intensity	  



	   95	  

was	  caused	  by	  the	  particles	  shifting	  when	  the	  40	  μL	  of	   .03	  NaClO4	  came	  into	  contact	  with	  

the	   surface	   of	   the	   particles.	   No	   further	   increase	   in	   intensity	  was	   observed	   and	   after	   2.5	  

hours,	   the	   system	   was	   brought	   to	   a	   pH	   of	   3	   with	   the	   addition	   of	   acid.	   Immediately	  

afterwards,	   the	   fluorescence	   intensity	   increased.	   This	   indicates	   that	   the	   α-‐cyclodextrin	  

became	   unbound	   from	   the	   anilinoalkane	   group	   allowing	   the	   ClO4-‐	   to	   enter	   inside	   the	  

particles,	   converting	   1�PF6	   to	   1�ClO4�H2O.	   Figure	   4.8C	   shows	   the	   fluorescence	   intensity	  

peak	   at	   various	   times	   throughout	   the	   experiment,	   which	   coincides	   with	   what	   has	   been	  

presented	  previously	  in	  literature.22	  

In	  order	  to	  ensure	  that	  the	  increase	  in	  intensity	  was	  caused	  by	  the	  perchlorate	  and	  

not	  the	  pH	  change,	  the	  same	  experiment	  was	  conducted	  only	  no	  perchlorate	  was	  added	  to	  

the	  “smart	  sand”.	  Figure	  4.9	  shows	  the	  result	  of	  that	  control	  experiment.	  After	  one	  hour	  of	  

baseline	  collection,	  acid	  was	  added	  to	  the	  particles	  to	  bring	  the	  solution	  to	  pH	  3.	  Once	  again	  

the	  initial	  change	  in	  intensity	  is	  caused	  by	  the	  particles	  shifting,	  but	  afterwards	  there	  was	  

no	  change	  in	  intensity.	  	  This	  indicates	  that	  the	  acid	  had	  no	  effect	  on	  the	  increase	  in	  intensity	  

from	   the	   previous	   experiment	   and	   that	   the	   increase	   intensity	   was	   caused	   only	   by	   the	  

change	  from	  1�PF6	  to	  1�ClO4�H2O.	  

	  

4.4 Conclusion	  

	   In	  summary,	  hollow	  mesoporous	  silica	  nanoparticles	  were	  synthesized	  and	  used	  to	  

make	  “smart	  sand”.	  The	  particles	  had	  a	  shell	  thickness	  of	  5	  nm	  and	  a	  pore	  size	  of	  1.7	  nm.	  

The	   particles	   were	   mechanized	   with	   a	   known	   acid	   valve,	   PhAMTES,	   and	   had	   the	  



	   96	  

perchlorate	   sensor,	   1�PF6,	   crystalized	   inside	   the	   hollow	   core.	   The	   machine	   was	   able	   to	  

protect	   the	   sensor	   from	  perchlorate	  until	   the	  machine	  was	  activated.	  Once	  activated,	   the	  

emission	   intensity	   of	   the	   sensor	   will	   only	   increase	   in	   the	   presence	   of	   perchlorate.	   This	  

“smart	   sand”	   could	   be	   useful	   in	   the	   detection	   and	   monitoring	   of	   perchlorate	   because	   it	  

offers	  the	  ability	  to	  have	  a	  controlled	  activation	  of	  the	  sensor.	  
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4.5 Figures	  and	  Tables	  

 

	  
Scheme	  4.1	  	  1�PF6	  converting	  to	  1�ClO4�H2O	  upon	  addition	  of	  perchlorate. 
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Figure	  4.1	  	  The	  fully	  assembled	  system	  (left)	  protects	  the	  sensor	  from	  perchlorate	  until	  pH	  
3	  is	  reached.	  After	  the	  cap	  comes	  off,	  the	  perchlorate	  is	  able	  to	  travel	  through	  the	  pores	  of	  
the	  hollow	  particles	  and	  reach	  the	  sensor	  crystal	  and	  thus	  activates	  it	  (right).	  
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Figure	  4.2	  	  Conversion	  of	  yellow	  1�PF6	  (left)	  to	  red	  1�ClO4-‐�H2O	  (right)	  upon	  exposure	  to	  
aqueous	  ClO4-‐	  
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Figure	  4.3	  	  TEM	  images	  of	  the	  polystyrene	  beads.	  
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Figure	  4.4	  	  TEM	  images	  of	  the	  hollow	  mesoporous	  silica	  nanoparticles.	  
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Figure	   4.5	   	   XRD	   of	   hollow	  mesoporous	   silica	   nanoparticles.	   The	   peak	   is	   approximately	  
around	  2.3°,	  giving	  a	  d	  spacing	  of	  37	  Å.	  It	  was	  then	  calculated	  that	  the	  pore	  size	  is	  around	  
1.7	  nm	  in	  diameter.	  
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Figure	  4.6	  	  IR	  spectra	  of	  hollow	  particles	  and	  hollow	  particles	  after	  PhAMTES	  modification.	  
2900	  cm-‐1	  indicates	  C-‐H	  streches	  and	  1475	  cm-‐1	  indicates	  aromatic	  C=C	  streches.	  
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Figure	  4.7	   	  TEM	  images	  of	  mesoporous	  silica	  nanoparticles	  with	  1�PF6	  crystalized	  inside.	  
Comparing	   the	   loaded	  particles	   to	   the	  unloaded	  ones,	   the	  unloaded	  particles	   still	   retains	  
the	   void	   in	   the	   center.	  However,	   the	   center	   void	   for	   the	   of	   the	   particles	   that	   have	   1�PF6	  
crystalized	  inside	  either	  has	  shrunk	  or	  is	  no	  longer	  present,	  which	  can	  be	  seen	  by	  the	  TEM.	  
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Figure	   4.8	   	   Time	   resolved	   florescence	   spectroscopy	   of	   the	   system	   (Figure	   2A).	   	   At	  ~45	  
mins	  NaClO4-‐	  was	  added	  and	  after	  2.5	  hours	  the	  system	  was	  brought	  to	  a	  ph	  of	  3.	  	  Figure	  2B	  
is	  close	  up	  of	  when	  NaClO4-‐	  was	  added	  and	  when	  the	  system	  changed	  to	  a	  ph	  of	  3.	  Figure	  2C	  
is	  the	  emission	  spectrum	  taken	  at	  various	  points.	  	  
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Figure	  4.9	   	  After	  ~	  1hr.	  the	  sensor	  loaded	  hollow	  particles	  were	  brought	  to	  a	  pH	  of	  3	  and	  
the	  emission	  was	  monitored.	  
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5.1 Introduction	  

 Since	   its	   first	   discovery	   in	   1992,	   periodic	   mesoporous	   silica	   has	   garnered	   much	  

attention.1	  Creating	  materials	  with	  ordered	  and	  uniform	  pores	  around	  2	  nm	  would	  allow	  

for	  host-‐guest	  chemistry	  with	   large	  molecules.	   It	  has	  been	  shown	  that	  the	  co-‐assembly	  of	  

surfactant	   micelles	   and	   a	   silica	   precursor,	   like	   tetraethyl	   orthosilicate	   (TEOS),	   forms	   a	  

nanocomposite	   with	   ordered	   cylindrical	   pores.2-‐4	   After	   this	   discovery	   there	   was	   much	  

research	   in	   incorporating	  organic	  groups	   into	   the	  silica	  matrix.	  This	  gained	  must	   interest	  

because	  it	  would	  allow	  the	  material	  to	  be	  imbued	  with	  different	  properties.	  This	  was	  either	  

done	  by	  grafting	  organic	  groups	  onto	  the	  pore	  walls	  by	  reacting	  the	  silanol	  groups	   in	  the	  

material	   after	   synthesis,	   or	   by	   co-‐condensation	   techniques	   using	   TEOS	   and	   an	  

organosiloxane	   group	   of	   type	   RSi(OEt)3.5-‐7	   There	   are,	   however,	   limitations	   to	   these	  

approaches.8,	  9	  Both	  of	  these	  synthesis	  methods	  can	  lead	  to	  an	  inhomogeneous	  distribution	  

of	   the	   organic	   groups	   throughout	   the	  material.	   Also,	   the	   silsesquioxane	   precursors	   with	  

organic	   groups	  must	   be	   co-‐condensed	  with	   TEOS	   to	   form	   a	   stable	   periodic	  mesoporous	  

structure.	  This	  can	  limit	  the	  amount	  of	  organic	  content	  in	  the	  material.	  

	   To	   solve	   these	   issues,	   a	   new	   class	   of	   organic/inorganic	   nano	  materials	  was	  made	  

known	  as	  “periodic	  mesoporous	  organosilicas”,	  or	  PMOs.10-‐13	  The	  organic	  groups	  in	  PMOs	  

are	  located	  within	  the	  pore	  walls	  as	  bridges	  between	  the	  Si	  centers,	  (EtO)3Si-‐R-‐Si-‐(OEt)3.14-‐

17	  These	  materials	  are	  prepared	  similarly	  to	  periodic	  mesoporous	  silica	  and	  posses	  the	  high	  

degree	   of	   order	   and	   uniformity	   of	   pores.	   This	   occurs	   as	   long	   as	   the	   organic	   group,	   R,	   is	  

short	   and	   rigid	   and	   the	   molecule	   has	   favorable	   condensation	   kinetics.	   This	   helps	   in	  
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ensuring	  a	  homogenous	  distribution	  of	  the	  organic	  groups	  in	  the	  pore	  walls.	  Many	  bridge-‐

bonded	  organic	  groups	  have	  been	  incorporated	  and	  studied	  in	  PMOs.18	  

	   In	  this	  chapter	  PMOs	  were	  synthesized	  using	  TEOS	  and	  the	  bridged	  silsesquioxane	  

bis[(3-‐trimethoxysilyl)propyl]amine	   (BTMSPA).	   This	   silsesquioxane	   has	   been	   used	  

previously	  along	  with	  1,2-‐bis(triethoxysilyl)ethane	  in	  order	  to	  make	  a	  dual	  bridged	  amine	  

PMO	  particle.19	  By	   taking	  TEOS	  and	   co-‐condensing	   it	  with	  BTMSPA	   the	  number	  of	   Si-‐OH	  

groups	  on	  the	  surface	  would	  be	  greater	  than	  that	  of	  a	  pure	  BTMSPA	  PMO.	  This	  allows	  for	  

further	   modification	   after	   synthesis.	   By	   condensing	   a	   previously	   studied	   acid	   valve,	   N-‐

phenylaminopropyltrimethoxysilane	   (PhAPTMS),14,	   20	   onto	   the	   surface	   and	   using	   α-‐

cyclodextrin	   as	   a	   capping	   agent,	   the	   PMO	   would	   become	   mechanized	   and	   allow	   the	  

entrapment	  of	  cargo	  molecules	  inside	  the	  pores	  (Figure	  5.1).	  Under	  neutral	  conditions,	  the	  

α-‐cyclodextrin	  will	   bind	  with	   the	   anilinoalkane	   group	   and,	   due	   to	   it’s	   size,	  will	   block	   the	  

pore	   openings.	   However,	   when	   the	   pH	   is	   lowered	   to	   5	   the	   binding	   affinity	   between	   α-‐

cyclodextrin	   and	   the	   anilinoalkane	   group	   diminishes	   because	   of	   the	   protonation	   of	   the	  

aniline,	  which	  causes	  the	  dissociation	  of	  the	  α-‐CD	  and	  the	  unblocking	  of	  the	  pore	  openings.	  

In	   this	   chapter,	   two	   PMOs	   were	   synthesized	   with	   different	   ratios	   of	   BTMSPA/TEOS	  

incorporated	   into	   the	   silica	  matrix.	   PMO	  1	   has	   a	   ratio	   of	   1/10	   and	  PMO	  2	   has	   a	   ratio	   of	  

1/20.	  The	  physical	  properties	  of	  these	  particles	  were	  studied	  as	  well	  as	  their	  ability	  to	  trap	  

and	  release	  cargo	  molecules.	  
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5.2 Experimental	  Section	  

	   The	   first	   step	   is	   to	   synthesize	   PMO	   1	   and	   PMO	   2	   using	   different	   ratios	   of	  

BTMSPA/TEOS.	  The	  properties	  of	  these	  particles	  will	  be	  studied	  before	  the	  attachment	  of	  

the	   machine.	   The	   machine	   used	   for	   the	   release	   studies	   is	   an	   acid	   valve	   based	   off	   on	  

PhAPTMS	  and	  α-‐cyclodextrin,	  which	  operates	  at	  pH	  5.	  	  

	  

5.2.1 Synthesis	  of	  PMOs	  

	   To	  synthesize	  PMO	  1,	  219	  mg	  of	  CTAB	  was	  dissolved	  in	  116	  mL	  of	  water	  and	  17	  mL	  

of	  ethylene	  glycol.	  6	  mL	  of	  NH4OH	  was	  added	  to	  make	  the	  solution	  basic.	  The	  solution	  was	  

brought	  to	  60	  °C	  and	  0.67	  mL	  of	  TEOS	  and	  0.05	  BTMSPA	  were	  added	  slowly.	  The	  reaction	  

was	  left	  to	  continue	  for	  4	  hrs.	  while	  stirring.	  Afterwards,	  the	  stir	  plate	  was	  turned	  off	  and	  

the	  solution	  remained	  at	  60	  °C	  for	  20	  hrs.	  under	  static	  conditions.	  The	  particles	  were	  then	  

collected	   by	   centrifugation	   and	   washed	   with	   water	   and	   methanol.	   The	   surfactant	   was	  

removed	  by	   refluxing	   the	  particles	   in	   40	  mL	  of	   ethanol	   and	  2	  mL	  of	  HCl	   for	   16	  hrs.	   The	  

particles	  were	  then	  left	  to	  dry	  at	  room	  temperature.	  In	  order	  to	  make	  PMO	  2	  the	  same	  exact	  

procedure	  was	  followed	  except	  that	  0.10	  mL	  of	  BTMSPA	  was	  used.	  
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5.2.2 Mechanized	  PMOs	  

	   50	  mg	  of	  the	  PMO	  particles	  were	  placed	  in	  5	  mL	  of	  toluene.	  40	  μL	  of	  PhAPTMS	  was	  

added	   to	   the	   solution	   and	   the	   reaction	   was	   left	   for	   24	   hrs.	   to	   make	   sure	   PhAPTMS	  

condenses	   fully	  onto	   the	   surface	  of	   the	  PMOs.	  The	  particles	  were	  washed	  with	  methanol	  

and	  allowed	   to	  dry.	  Once	   the	  particles	  are	   completely	  dry	   they	  were	   submerged	   in	  1	  mL	  

aqueous	  solution	  of	  1	  mM	  Rhodamine	  B	  solution.	  The	  particles	  were	  left	  to	  load	  for	  a	  day	  

and	  then	  50	  mg	  of	  α-‐cyclodextrin	  was	  added	  to	  the	  solution.	  This	  was	  left	  for	  two	  days	  to	  

ensure	   that	   the	   α-‐cyclodextrin	   associates	   with	   the	   anilinoalkane	   group	   in	   PhAPTMS	   in	  

order	   to	   efficiently	   block	   the	  pore	   openings.	   The	  particles	  were	   then	  washed	   thoroughly	  

with	  water	  and	  allowed	  to	  dry.	  

	  

5.2.3 Characterization	  

The	  structure	  of	  MCM-‐41	  was	  investigated	  by	  X-‐ray	  diffraction	  (XRD)	  experiments	  in	  

Bragg-‐Brentano	  geometry	  (θ-‐2θ)	  on	  a	  Philips	  X'Pert	  Powder	  Diffractometer	  operated	  at	  40	  

kV,	  40	  mA	  using	  CuKα	  radiation	  (λ=1.54	  Å).	  To	  see	  the	  size	  of	   the	  particles,	   transmission	  

electron	  microscopy	   (TEM)	  was	   used.	   The	   particles	  were	   dispersed	   in	   ethanol	   and	   then	  

deposited	   and	   dried	   on	   a	   carbon	   Cu	   grid.	  Micrographs	  were	   recorded	   on	   a	   JEM1200-‐EX	  

(JEOL)	   electron	  microscope	   operating	   at	   50	   kV.	   Zeta-‐potential	   values	   for	   the	   samples,	   as	  

well	  as	  dynamic	  light	  scattering	  (DLS)	  measurements,	  were	  measured	  by	  a	  ZetaSizer	  Nano	  
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(Malvern	   Instruments	   Ltd.,	   Worcestershire,	   UK).	   For	   elemental	   analysis,	   20	   mg	   of	   the	  

samples	  were	  shipped	  to	  Midwest	  Microlabs	  in	  Indianapolis,	  Indiana.	  	  

The	   time	   resolved	   controlled	   released	   profiles	   were	   obtained	   using	   fluorescence	  

spectroscopy	  recorded	  by	  Acton	  SpectraPro	  2300i	  and	  a	  CCD.	  The	  excitation	  source	  was	  a	  

CUBE	  375	  (Coherent	  Inc.,	  Santa	  Clara,	  CA,	  USA).	  A	  430	  nm	  filter	  was	  placed	  in	  front	  of	  the	  

CCD	  to	  block	  stray	  laser	  light.	  

	  

5.3 Results	  and	  Discussion	  

5.3.1 Physical	  Properties	  of	  the	  PMOs	  

	   Elemental	  Analysis	  

	  

	   Samples	  of	  PMO	  1	  and	  PMO	  2	  were	  sent	  to	  Midwest	  Laboratories	  in	  order	  to	  find	  the	  

carbon,	  nitrogen,	  oxygen,	  and	  hydrogen	  content	  of	  these	  particles.	  Table	  5.1	  are	  the	  results	  

of	   the	  elemental	  analysis.	  The	  percent	  ash	   is	   the	  remaining	  SiO2	   for	   the	  particles	  and	   the	  

percent	   oxygen	   is	   the	  oxygen	   that	  was	   absorbed	  onto	   the	   surface	  of	   SiO2.	  As	   seen	   in	   the	  

table,	  the	  amount	  of	  carbon	  and	  nitrogen	  slightly	  increases	  from	  PMO	  1	  and	  PMO	  2.	  This	  is	  

to	  be	  expected	   since	   the	  amount	  of	  BTMSPA	   that	  was	  added	   to	  PMO	  2	   is	   twice	  as	  much.	  

However,	  the	  percentage	  of	  nitrogen	  does	  not	  double	  from	  PMO	  1	  and	  PMO	  2.	  This	  means	  

that	  even	  though	  twice	  as	  much	  of	  BTMSPA	  was	  added,	  not	  all	  of	  it	  was	  co-‐condensed	  with	  

the	  TEOS.	  
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	   Table	  5.2	  shows	  the	  theoretical	  mass	  ratios	  of	  nitrogen/carbon	  and	  nitrogen/silica	  

compared	   with	   the	   elemental	   analysis	   conducted	   by	   Midwest	   Laboratories.	   The	  

nitrogen/carbon	  ratio	  should	  be	  the	  same	  for	  both	  samples	  since	  in	  BTMSPA	  there	  is	  one	  

nitrogen	  per	   six	   carbons.	  Looking	  at	   the	   table,	  PMO	  2	  comes	  very	   close	   to	   that	   ratio,	  but	  

PMO	  1	  is	  slightly	  off.	  When	  comparing	  the	  nitrogen/silica	  ratio	  the	  values	  for	  both	  PMO	  1	  

and	  PMO	  2	  are	  slightly	  more	  than	  what	  was	  expected.	  The	  reason	  why	  all	  these	  values	  are	  

off	   is	  because	   there	  was	  such	  a	  small	  amount	  of	  nitrogen	   in	   the	  PMOs	  that	   the	  elemental	  

analysis	   could	   have	   a	   significant	   error.	   Despite	   this,	   the	   ratio	   of	   nitrogen/silica	   does	  

increase	   as	  well	   as	   the	  percent	   of	   nitrogen	   from	  PMO	  1	   to	  PMO	  2	   indicating	   that	  PMO	  2	  

does	  contain	  more	  of	  the	  BTMSPA	  in	  its	  silica	  matrix.	  

	  

	   Size	  and	  Pore	  Diameter	  of	  the	  PMOs	  

	  

	   In	  order	  to	  determine	  the	   individual	  size	  of	   the	  particles,	  TEM	  images	  (Figure	  5.2)	  

were	   taken	  of	  PMO	  1	  and	  PMO	  2.	  Based	  on	   these	   images	   the	  particles	   appear	   to	  be	  well	  

dispersed	  with	  a	  size	  distribution	  of	  50-‐100	  nm	  in	  diameter.	  DLS	  was	  conducted	  on	  these	  

particles	   in	   water	   (Figure	   5.3)	   and	   the	   average	   diameter	   for	   PMO	   1	   and	   PMO	   2	   are	  

approximately	  600	  nm	  and	  500	  nm	  respectively.	  This	  indicates	  that	  in	  an	  aqueous	  solution,	  

these	  particles	  start	  to	  aggregate	  together.	  To	  see	  how	  these	  particles	  react	  in	  a	  cell	  culture	  

medium,	   the	   PMOs	   were	   placed	   in	   Dulbecco’s	   Modified	   Eagle	   Medium	   (DMEM),	   which	  

contains	  10%	  fetal	  calf	  serum,	  100	  μ/mL	  penicillin,	  100	  μg/mL	  streptomycin,	  and	  2	  mM	  L-‐

glutamine.	  As	  shown	  in	  Figure	  5.4,	  the	  particles	  aggregate	  even	  more	  bringing	  the	  average	  
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size	   to	   around	   900	   nm	   for	   both	   PMO	   1	   and	   PMO	   2.	   This	   is	   most	   likely	   caused	   by	   the	  

interaction	   of	   these	   PMOs	   with	   the	   proteins	   in	   the	   solution.	   The	   BTMSPA	   could	   be	   the	  

reason	  why	  these	  particles	  aggregate	  in	  solution.	  

	   The	   pore	   size	   of	   these	   particles	  was	   determined	   by	   XRD	   (Figure	   5.5).	   PMO	  1	   and	  

PMO	  2	  both	  have	  pore	  sizes	  around	  2	  nm.	  

	  

	   Zeta	  Potential	  

	  

	   Zeta	  potentials	  of	  these	  particles	  were	  taken	  at	  various	  pH	  conditions	  in	  an	  aqueous	  

solution.	  Figure	  5.6	   is	  the	  results	  of	  those	  experiments.	  Under	  neutral	  conditions	  the	  zeta	  

potential	   of	   PMO	   1	   is	   28	   and	   PMO	   2	   is	   33.	   This	  makes	   sense	   since	   there	   is	  more	   of	   the	  

BTMSPA	  in	  PMO	  2	  and	  thus	  those	  particles	  should	  be	  more	  positively	  charged.	  When	  the	  

pH	   decreases	   the	   zeta	   potential	   plateaus,	   indicating	   that	   the	   particle	   is	   fully	   protonated.	  

However,	  when	  the	  pH	  increases	  the	  zeta	  potential	  goes	  to	  negative	  values.	  This	  is	  because	  

the	  BTMSPA	  is	  getting	  deprotonated	  causing	  the	  particles	  to	  become	  negatively	  charged.	  

	  

5.3.2 Release	  Studies	  

	   A	   small	   sample	  of	   the	  mechanized	  PMO	  1	  was	  placed	   in	   the	   corner	  of	   a	  1	  X	  2	   cm	  

cuvette.	  The	  cuvette	  was	  filled	  with	  6	  mL	  of	  water	  and	  placed	  on	  a	  stir	  plate	  in	  front	  of	  the	  

CCD.	   A	   377	   nm	   laser	   was	   used	   to	   track	   the	   fluorescence	   of	   Rhodamine	   B.	   After	   a	   2	   hr.	  

baseline	  was	  taken,	  a	  solution	  of	  acid	  was	  added	  into	  the	  cuvette,	  which	  brought	  the	  pH	  to	  
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5.	  The	  same	  procedure	  was	   followed	  for	   the	  release	  study	  of	  PMO	  2.	  The	  results	  of	   these	  

experiments	  are	   shown	   in	  Figure	  5.7.	  The	  baseline	   for	  both	  samples	   shows	   that	   they	  are	  

leaky.	   This	   is	   because	   Rhodamine	   B	   is	   a	   positively	   charged	   dye	   and	   any	   dye	   that	   got	  

adhered	  onto	  the	  surface	  of	  the	  PMOs,	  which	  are	  also	  positively	  charged,	  easily	  comes	  off	  

the	  surface	  due	  to	  repulsion.	  As	  shown	  in	  Figure	  5.7,	  PMO	  2’s	  baseline	  has	  a	  slightly	  higher	  

slope.	  This	  is	  because	  PMO	  2	  is	  more	  positively	  charged	  than	  PMO	  1,	  which	  was	  confirmed	  

by	  its	  zeta	  potential.	  After	  the	  addition	  of	  acid,	  both	  particles	  show	  a	  release	  of	  Rhodamine	  

B.	  PMO	  1,	  however,	  releases	  more	  Rhodamine	  B	  than	  PMO	  2.	  This	  is	  because	  PMO	  2	  is	  more	  

positively	   charged.	   Therefore,	   the	   positively	   charged	   Rhodamine	   B	   has	   a	   harder	   time	  

entering	  the	  pores	  of	  PMO	  2.	  However,	  despite	  both	  particles	  having	  BTMSPA	  incorporated	  

into	  the	  silica	  matrix,	  both	  particles	  successfully	  had	  PhAPTMS	  condensed	  onto	  the	  surface	  

of	  the	  particles,	  both	  particles	  were	  able	  to	  have	  Rhodamine	  B	  loaded	  into	  the	  pores,	  and	  

both	  particles	  were	  able	  to	  demonstrate	  a	  controlled	  release	  of	  Rhodamine	  B.	  

	  

5.4 Conclusion	  

	   PMOs	  were	  synthesized	  with	  different	  amounts	  of	  BTMSPA.	  The	  pore	  size	  of	  these	  

particles	  was	  ~2	  nm	  in	  diameter	  which	  was	  confirmed	  through	  XRD.	  The	  range	  of	  size	  of	  

these	  particles,	  determined	  by	  TEM,	  was	  approximately	  50-‐100	  nm	  in	  diameter.	  However,	  

according	  to	  DLS	  measurements	  the	  particles	  have	  a	  tendency	  to	  slightly	  aggregate	  under	  

aqueous	  conditions	  and	  form	  large	  aggregates	  when	  placed	  in	  a	  cell	  culture	  medium.	  PMO	  2	  

has	  a	  higher	  zeta	  potential	  and	  is	  more	  positively	  charged	  than	  PMO	  1	  due	  to	  the	  increased	  
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amount	   of	   BTMSPA.	   The	   carbon	   and	  nitrogen	   content	   of	   these	   particles	  was	   determined	  

through	  elemental	  analysis.	  

	   Release	  studies	  of	  these	  particles	  were	  conducted	  and	  it	  was	  found	  that	  with	  more	  

BTMSPA	  in	  the	  silica	  matrix	  the	  less	  Rhomdaine	  B	  gets	  loaded	  into	  the	  pores.	  This	  is	  due	  to	  

the	   fact	   that	   the	   particles	   and	   Rhodamine	   B	   are	   positively	   charged.	   Despite	   this,	   both	  

particles	  were	  able	  to	  trap	  and	  release	  dye	  through	  the	  use	  of	  an	  acid	  valve.	  

	  

	  

  



	   120	  

5.5 Figures	  and	  Tables	  

 

	  
	  
Figure	  5.1	   	  Overall	  scheme	  of	  the	  system.	  PhAPTMS	  is	  condensed	  onto	  the	  surface	  of	  the	  
PMO,	  loaded	  with	  Rhodamine	  B	  and	  capped	  with	  α-‐cyclodextrin.	  When	  the	  pH	  is	  brought	  to	  
5	   the	   α-‐cyclodextrin	   dissociates	   from	   the	   PhAPTMS	   allowing	   the	   Rhodamine	   B	   to	   be	  
released.	  
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Table	  5.1	  	  Elemental	  analysis	  of	  PMO	  1	  and	  PMO2.	  
 

 

  

PMO$1! PMO$2!

%C! 7.84! 10.36!
%H! 2.15! 2.8!
%N! 1.29! 1.99!
%O*! 5.57! 4.2!
%$Ash! 83.1! 80.2!
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Table	  5.2	  	  Calculated	  and	  actual	  ratios	  of	  N/C	  and	  N/Si	  in	  PMO	  1	  and	  PMO	  2.	  
 

 

  

PMO$1! PMO$2!

N/C$ra,o$Theore,cal! 0.1944! 0.1944!

Actual! 0.1645! 0.1921!

N/SI$ra,o$Theore,cal! 0.0227! 0.0417!

Actual! 0.0332! 0.0529!
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Figure	  5.2	  	  TEM	  images	  of	  PMO	  1	  (left)	  and	  PMO	  2	  (right).	  The	  size	  distribution	  is	  roughly	  
50-‐100	  nm.	  
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Figure	  5.3	  	  DLS	  of	  PMO	  1	  and	  PMO	  2	  in	  deionized	  water.	  
 

 

  

PMO$1$
$

Eff.$Diameter$:$ $611.1$nm$
Polydispersity:$ $0.314$
$

Avg.$Count$Rate: $201.9$kcps$
Baseline$Index: $0.0/100.00%$
$

Elapsed$Time: $00:03:00$

100#

75#

50#

25#

0#
5000.0#######50.0#

In
te
ns
ity

#

Diameter#(nm)#

PMO$2$
$

Eff.$Diameter$:$ $494.6$nm$
Polydispersity:$ $0.330$$
$

Avg.$Count$Rate: $256.7$kcps$
Baseline$Index: $0.0/100.00%$
$

Elapsed$Time: $00:03:00$

100#

75#

50#

25#

0#
5000.0#######50.0#

In
te
ns
ity

#

Diameter#(nm)#



	   125	  

	  
Figure	  5.4	  	  DLS	  of	  PMO	  1	  and	  PMO	  2	  in	  DMEM.	  
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Figure	  5.5	  	  XRD	  of	  PMO	  1	  (red	  trace)	  and	  PMO	  2	  (green	  trace).	  
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Figure	  5.6	  	  Zeta	  potentials	  of	  PMO	  1	  (red	  trace)	  and	  PMO	  2	  (green	  trace)	  under	  various	  pH	  
conditions.	  
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Figure	  5.7	  	  Release	  profiles	  of	  PMO	  1	  (red	  trace)	  and	  PMO	  2	  (green	  trace)	  using	  
Rhodamine	  B	  as	  the	  cargo.	  
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