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ABSTRACT	  
	  

This	  research	  project	  was	  done	  to	  develop	  a	  chemical	  sensor	  for	  detection	  of	  

a	  specific	  pesticide,	  a	  chlorinated	  herbicide	  called	  alachlor.	  Alachlor	  is	  an	  herbicide	  

used	  to	  kill	  broadleaf	  weeds	  that	  grow	  mainly	   in	  corn,	  peanuts,	  and	  soybeans.	  The	  

purpose	   of	   this	   project	  was	   to	   develop	   an	   environmentally	   friendly	   sensor	   in	   the	  

form	  of	  an	  electrode	  that	  will	  be	  able	  to	  detect	  alachlor	  in	  aqueous	  samples.	  The	  way	  

this	   was	   done	   was	   by	   using	   an	   electrochemical	   instrumentation	   technique	   called	  

cyclic	   voltammetry.	   Polyaniline,	   a	   conducting	   polymer,	   was	   grown	   on	   a	   platinum	  

substrate	   and	   the	   resulting	   electrode	   was	   cycled	   in	   various	   concentrations	   of	  

alachlor	  in	  aqueous	  buffered	  samples	  at	  pH	  4.	  By	  monitoring	  the	  current	  produced	  

from	   the	   polymer	   on	   the	   metal	   substrate,	   a	   change	   in	   electrical	   current	   from	  

interaction	   with	   the	   herbicide	   signaled	   its	   detection.	   Through	   additional	  

instrumentation	   by	   SEM	   and	   FTIR	   it	   was	   suggested	   that	   a	   chemical	   reaction	  was	  

responsible	  for	  the	  change	  in	  current	  produced	  by	  polyaniline.	  
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CHAPTER	  1:	  INTRODUCTION	  
	  
A.) Introduction	  to	  Thesis	  
	  
1.)	  Description	  of	  Thesis	  
	  
	   This	  thesis	   is	  an	  outgrowth	  from	  an	  experience	  that	  I	  had	  in	  the	  summer	  of	  

2011	   when	   I	   worked	   for	   a	   private	   company	   doing	   research	   with	   energy	   storage	  

devices	  that	  encompassed	  using	  the	  polymer,	  polyaniline,	  as	  a	  basis	  for	  the	  research.	  

I	  then	  had	  the	  idea	  to	  assimilate	  the	  things	  I	  learned	  and	  experienced	  on	  this	  project	  

into	  what	  would	  become	  the	  basis	  for	  my	  senior	  undergraduate	  thesis.	  	  

	   In	  working	  with	  polyaniline,	  which	  will	  be	  described	   later	   in	   this	  chapter,	   I	  

found	  that	  due	  to	  the	  nature	  of	  its	  versatility,	  especially	  on	  the	  level	  of	  conductivity,	  

it	   might	   demonstrate	   the	   necessary	   qualities	   needed	   to	   detect	   something	  

electrochemically.	   I	   wanted	   this	   project	   that	   was	   being	   created	   to	   be	   useful	   and	  

beneficial	  to	  society	  in	  some	  manner.	  In	  determining	  what	  sort	  of	  species	  would	  be	  

appropriate	  to	  use	  for	  detection	  I	  came	  across	  the	  water	  contaminant	  list	  for	  the	  U.S.	  

environmental	  protection	  agency	  (EPA).	  The	  list	  is	  composed	  of	  harmful	  substances	  

that	  are	  found	  in	  water	  by	  either	  pollution	  or	  by	  natural	  occurrence.	  From	  this	  list	  I	  

chose	  the	  pesticide,	  alachlor,	  to	  which	  the	  maximum	  tolerance	  level	  was	  0.002	  mg/L.	  

The	  environmental	  concerns	  of	  pesticides	  will	  be	  discussed	  in	  the	  next	  section.	  	  

	   I	   proposed	   to	   use	   polyaniline	   as	   a	   coating	   over	   a	  metal	   surface	   to	   create	   a	  

basic	   sensing	   electrode.	   With	   this	   electrode,	   in	   an	   aqueous	   based	   system,	   I	   then	  

would	  look	  for	  some	  interaction	  between	  the	  polymer	  and	  the	  pesticide	  that	  would	  

signal	  a	  detection	  correlating	  to	  an	  actual	  concentration	  of	  the	  pesticide.	  	  
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It	  was	  my	  theoretical	  idea	  that	  with	  time	  and	  development	  that	  this	  electrode	  

would	   become	   cheap	   and	   disposable.	   I	   visualized	   a	   portable	   device	   that	  

environmental	  scientists	  could	  use	  with	  this	  developed	  electrode	  to	  run	  controlled	  

current	  experiments	  in	  the	  field	  to	  give	  quick	  analyses	  on	  aqueous	  samples;	  in	  order	  

to	  avoid	  the	  time	  and	  expense	  of	  sending	  samples	  off	  to	  a	  lab	  for	  costly	  analysis.	  This	  

would	  be	  a	  way	  to	  create	  a	  list	  of	  “hotspots”	  that	  would	  tell	  you	  what	  water	  sources	  

were	  more	  concentrated	  than	  others.	  	  

However,	   due	   to	   time	   constraints	   this	   project	   became	   more	   of	   a	   study	   to	  

show	  a	  proof	  of	  concept.	  The	  results	  would	  suggest	  a	  possible	  interaction	  between	  

alachlor	  and	  polyaniline	  that	  could	  be	  potentially	  useful	  for	  the	  detection	  of	  alachlor	  

in	  the	  environment.	   In	  merely	   just	  picking	  a	  pesticide	  and	  hoping	  for	  some	  sort	  of	  

sensing	   interaction,	   I	   took	   a	   risk	   in	   my	   education	   and	   in	   science	   to	   reach	  

breakthrough	  and	  success	  throughout	  the	  process	  of	  this	  project.	  

	  
2.)	  Environmental	  Concerns	  of	  Pesticides	  and	  Alachlor	  
	  
i.)	  Concerns	  of	  Pesticides	  
	  
	   Pesticides	  are	  compounds	  that	  are	  used	  to	  control	  pestilences	  that	  affect	  both	  

domestic	  and	  agricultural	  places	  in	  society.	  There	  are	  many	  benefits	  to	  using	  them	  

such	   as	   cheaper	   food	   and	   faster	   growth.	   However,	   there	   are	  many	   concerns	   that	  

come	  with	  pesticides	  such	  as	  the	  human	  exposure	  to	  them.	  Humans	  can	  be	  exposed	  

to	   pesticides	   by	   way	   of	   food	   when	   it	   is	   absorbed	   by	   plant	   roots	   and	   through	  

accumulation	  on	  the	  surface	  of	   food.	  Humans	  can	  also	  be	  exposed	  to	  pesticides	  by	  

way	   of	  water	   that	   has	   been	   contaminated.	   Contamination	   of	  water	   occurs	  mostly	  

when	  pesticide	  that	  has	  been	  sprayed	  runs	  off	  into	  the	  field	  and	  then	  seeps	  into	  the	  
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ground	  water.	  This	  run-‐off	  travels	  into	  wells,	  lakes,	  and	  rivers;	  which	  can	  be	  human	  

water	  sources.	  There	  are	  also	  concerns	  with	  the	  contamination	  of	  the	  environment	  

itself	   and	   not	   just	   humans	   by	   the	   same	  mechanism	   stated	   before;	   in	   addition	   the	  

occurrence	  of	  drifting	  and	   leeching	  will	  affect	  wildlife	  and	  plant	   life.	  These	   factors	  

are	   important	   motivators	   to	   develop	   better	   chemical	   principles	   and	   portable	  

sensors	   that	   will	   be	   able	   to	   identify	   areas	   of	   contamination	   for	   treatment	   and	  

avoidance.	  	  

	  
ii.)	  Alachlor	  
	  

Alachlor	   is	   a	   type	   of	   chlorinated	   pesticide,	   more	   specifically	   an	   herbicide,	  

classified	  as	  an	  organochlor.	  An	  herbicide	  is	  a	  pesticide	  whose	  primary	  function	  is	  to	  

kill	   weeds.	   The	   molecular	   formula	   is	   C14H20ClNO2	   and	   its	   chemical	   structure	   is	  

depicted	  in	  Figure	  1.1	  below.	  

	  

	  
Figure	  1.1:	  Chemical	  structure	  of	  Alachlor	  

	  
	  
Alachlor	  has	  been	  produced	   and	   registered	  by	  Monsanto	  Chemical	   Co.	   since	  1969	  

and	  is	  used	  pre-‐	  or	  early	  post-‐emergence	  to	  control	  annual	  grasses	  as	  well	  as	  many	  

broad-‐leaved	  weeds.2	  The	   types	  of	   crops	  alachlor	   is	  used	   to	  help	  control	  weeds	   in	  

are	  maize	  (corn),	  cotton,	  peanuts,	  soybeans,	  and	  sugar	  cane3,	  all	  of	  which	  are	  heavily	  

produced	  in	  the	  United	  States.	  The	  concerns	  of	  alachlor	  are	  that	  it	  can	  enter	  water	  
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systems	   by	   either	   runoff	   from	   agricultural	   fields	   to	   surface	   water	   or	   by	   leaching	  

downward	   into	   groundwater	   through	   the	   soil.	   Alachlor	   does	   not	   readily	   degrade	  

once	   it	   reaches	   an	   aquatic	   system.	   Its	   tendency	   to	   leach	   is	   lessened	   because	   of	  

biological	  degradation	  in	  soil,	  however,	  in	  areas	  where	  there	  is	  little	  of	  this	  and	  fast	  

recharge	  to	  ground	  water	  alachlor	   is	  easily	  transported	  to	  ground	  water	  aquifers.2	  

Alachlor	  dissipates	  from	  soil	  primarily	  by	  means	  of	  volatilization,	  photo	  degradation,	  

and	   biodegradation.3	   In	   a	   phone	   interview	   with	   John	   Combest,	   a	   Monsanto	  

communications	   representative,	   I	   asked	  him	  about	   the	  current	   sales	  of	  alachlor	   in	  

the	  U.S.	  and	  on	  a	  global	  scale.	  He	  responded	  with	  a	  quote	  saying:	  	  

	  
“The	   sales	   of	   products	   containing	   alachlor	   are	   very	   small	  when	   compared	   to	  
our	  company’s	  sales	  of	  other	  chemistries,	  particularly	  our	  branded	  glyphosate	  
products.”	  

	  
Even	  though	  the	  production	  of	  alachlor	  is	  much	  smaller	  than	  it	  was	  20	  years	  ago,	  the	  

breakdown	  under	  ground	  and	  in	  water	  is	  very	  slow.	  Remnants	  of	  alachlor	  can	  still	  

be	  found	  in	  ground	  water	  with	  a	  maximum	  contaminant	  level	  of	  0.002	  mg/L.4	  This	  is	  

still	   good	   cause	   for	   detection	   of	   alachlor	   and	  making	   sure	   that	   its	   contamination	  

goes	  to	  its	  target	  level	  at	  0	  mg/L.	  	  

	  
iii.)	  Methods	  of	  Pesticide	  Detection	  
	  

The	   method	   of	   detection	   for	   a	   pesticide	   is	   important	   for	   locating	  

contaminated	  areas	  in	  the	  environment	  due	  to	  the	  effects	  of	  pesticides	  on	  the	  health	  

of	   humans	   (food	   and	   water	   contamination)	   and	   the	   environment.	   Methods	   vary	  

depending	   on	   the	   class	   of	   pesticide.	   Types	   of	   pesticides	   can	   be	   classified	   by	   the	  

functional	   groups	   attached,	   such	   as	   organochlorine	   pesticides	   (OCPs),	  
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organophosphorous	   pesticides	   (OPPs),	   organonitrogen	   pesticides	   (ONPs),	  

carbamates	   (carbamate	   ester,	   carbamic	   acid	   group),	   and	   pyrethroids	   (many	  

different	   functional	   groups).	   Pesticides	   can	   be	   classified	  more	   broadly	   as	   polar	   or	  

non-‐polar	  based	  on	  their	  solubility	  in	  various	  solvents.	  	  

A	   pesticide	   detection	   method	   utilizes	   a	   chemical	   technique	   of	   isolation,	  

extraction	   and	  usually	  pre-‐concentration	  of	   the	  pesticide	  before	  quantification	  via	  

chemical	   instrumentation	   in	   a	   laboratory.	  The	  extraction	  part	   of	   this	  procedure	   is	  

not	   necessarily	   done	   in	   a	   lab,	   but	   for	   more	   accurate	   results,	   a	   lab	   is	   a	   more	  

appropriate	   environment	   for	   extraction.	   The	   method	   of	   detection	   varies	   in	   the	  

detection	   limit	   for	   a	   certain	   pesticide.	   An	   example	   of	   this	   is	   in	   a	   study	   by	   M.	  

Tankiewicz	   et	   al.5	   Various	   carbamates	   and	   triazines	   in	   drinking	   water	   detection	  

limits	  by	  the	  field	  method	  of	  solid-‐phase	  extraction	  (SPE)	  were	  found	  to	  be	  between	  

0.1	   -‐	  0.5	  μgL-‐1.	  However,	   for	  similar	  carbamates	   found	   in	  drinking	  water,	  by	  solid-‐

phase	  micro-‐extraction	   (SPME)	   the	   detection	   limits	  were	   in	   the	   range	   of	   0.6	   -‐	   19	  

μgL-‐1.	  This	  is	  a	  much	  higher	  detection	  limit	  than	  that	  of	  SPE.	  Therefore	  the	  method	  of	  

detection	  does	  matter	  for	  the	  type	  of	  compound	  and	  the	  analytical	  study.	  Table	  1.1	  

below	  shows	  a	  summary	  of	  current	  detection	  methods	  implemented	  for	  pesticides.	  
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iv.)	  Lab	  Instrumentation	  

	   The	   identification	   of	   a	   pesticide	   compound,	   quantification	   of	   its	  

concentration,	   and	   the	   limits	   of	   detection	   are	   all	   determined	   in	   a	   controlled	  

laboratory	  environment	  in	  order	  to	  obtain	  accurate	  and	  precise	  results.	  Results	  are	  

obtained	  due	  to	  more	  suitable	  equipment	  and	   lower	  sources	  of	  error	   in	   lab	  rather	  

than	  out	  in	  the	  field	  where	  there	  is	  more	  error.	  	  

After	  extraction	  and	  pre-‐concentration,	  a	  sample	   is	   injected	   into	  the	  proper	  

instrument	   able	   to	   process	   the	   pesticide	   based	   on	   its	   physical	   properties.	   Most	  

instrument	   techniques	   are	   chromatographic	  with	   a	   specific	  detector	   attached.	   Lab	  

instruments	  used	  are	  gas	  chromatography	  (GC),	  which	  is	  used	  for	  compounds	  that	  

are	   volatile	   and	   thermodynamically	   stable.	   High	   performance	   liquid	  

chromatography	   (HPLC)	   in	   reversed	   phase	   mode	   is	   used	   for	   heavier	   compounds	  

that	  usually	  cannot	  be	  determined	  by	  GC.	  Pesticides	  determined	  by	  HPLC	  are	  polar	  

and	  thermally	  unstable.	  

	   The	   most	   common	   types	   of	   detectors	   that	   are	   coupled	   with	   GC	   are	   mass	  

spectrometry	   (MS),6	   nitrogen	   phosphorous	   detector	   (NPD),7	   electron	   capture	  

detector	   (ECD),7	   flame	   ionization	  detector	   (FID),8	   and	   thermionic	   specific	  detector	  

(TSD).9	   Types	   of	   detectors	   coupled	   with	   HPLC	   are	   usually	   UV	   (ultraviolet	   light)	  

detectors10	  and	  diode	  array	  detectors	  (DAD).11	  

	  
	  
3.)	  What	  is	  a	  Sensor?	  
	  

A	   sensor,	   specifically	   a	   chemical	   sensor	   in	   this	   case,	   is	   a	   device	   that	   takes	  

chemical	   information,	   such	   as	   concentration	   of	   a	   specific	   sample	   or	   total	  
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composition	  analysis	  of	  an	  analyte	  (sample	  component	  of	  interest)	  and	  transforms	  it	  

into	  a	  signal	  that	  is	  analytically	  useful.	  In	  a	  broader	  aspect,	  the	  chemical	  sensor	  itself	  

is	   the	  essential	  component	  of	  what	   is	  an	  analyzer.	  This	  analyzer	  may	  have	  devices	  

that	  perform	  functions	  such	  as:	  sampling,	  sample	  transport,	  signal	  processing,	  and	  

data	  processing.12	  	  

	   A	   chemical	   sensor	   has	   two	   basic	   units:	   a	   receptor	   and	   a	   transducer.	   A	  

receptor	   transforms	   chemical	   information	   into	   a	   form	   of	   energy,	   which	   is	   then	  

measured	   by	   the	   transducer.	   A	   transducer	   is	   a	   device	   that	   transforms	   the	   energy	  

carrying	   the	   chemical	   information	   concerning	   the	   sample	   into	   an	   analytical	   signal	  

that	  is	  useful.	  

	   The	   receptor	   piece	   of	   the	   chemical	   sensor	   may	   be	   based	   on	   physical,	  

chemical	   or	   biochemical	   principles:	   physical,	   in	  which	   no	   chemical	   reaction	   takes	  

place	  such	  as	  a	  measurement	  of	  absorbance;	  chemical,	  in	  which	  a	  chemical	  reaction	  

with	   the	   analyte	   takes	   place	   to	   give	   an	   analytical	   signal;	   biochemical,	   where	   a	  

biochemical	  process	   is	   the	  basis	  of	   the	  analytical	  signal	  such	  as	  an	   immunosensor.	  

Chemical	   sensors	   are	   usually	   designed	   to	   operate	   under	   defined	   conditions	   for	  

specific	   analytes	   in	   a	   certain	   type	   of	   sample	   so	   that	   it	   responds	   reproducibly	   and	  

sensitively	  to	  the	  analyte	  of	  detection.	  	  

	   Chemical	   sensors	   are	   further	   classified	   by	   the	   operating	   principles	   of	   the	  

transducer,	   including	   optical,	   electrochemical,	   electrical,	  mass	   sensitive,	  magnetic,	  

thermometric,	   and	   other	   physical	   properties	   like	   β-‐	   or	   Γ-‐	   radiations.	   The	  

classification	  for	  the	  chemical	  sensor	  in	  this	  project	  is	  an	  electrochemical	  device.	  
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	   Electrochemical	   devices	   transform	   the	   effect	   of	   an	   electrochemical	  

interaction	  of	  some	  analyte	  with	  an	  electrode	  into	  a	  useful	  signal.	  This	  classification	  

can	  be	  broken	   into	   four	  sub-‐categories,	  which	  are:	  voltammetric	  sensors	   including	  

amperometric	   devices,	   potentiometric	   sensors,	   chemically	   sensitized	   field	   effect	  

transistors	   (CHEMFET),	   and	   potentiometric	   solid	   electrolyte	   gas	   sensors.12	   In	   this	  

project,	  we	  are	  dealing	  with	  a	  voltammetric	   sensor	  as	  an	  amperometric	  device,	   in	  

which	   current	   is	   measured	   in	   either	   the	   d.c.	   or	   a.c.	   mode.	   These	   sensors	   include	  

sensors	   such	   as	   chemically	   inert	   electrodes,	   chemically	   active	   electrodes,	   and	  

modified	   electrodes.	   The	   sensor	   specific	   to	   this	   project	   is	   a	   modified	   where	   the	  

electrode	  itself	  actually	  participates	  in	  the	  interaction	  with	  the	  analyte.	  

	  
4.)	  Goals	  of	  Project	  and	  Thesis	  Statement	  
	  

The	  following	  are	  the	  goals	  of	  this	  project:	  
	  

1.) Show	   that	   an	   interaction	   with	   alachlor	   and	   the	   polyaniline	   electrode	   is	  
occurring	  by	  a	  change	  in	  electrical	  current.	  

	  
2.) Determine	   the	   trend	   in	   electrical	   current	   and	   analyze	   the	   signal	   trend	   to	  

determine	  whether	  the	  developed	  polyaniline	  electrode	  is	  selective.	  
	  

3.) Through	   instrumentation,	   by	   scanning	   electron	   microscopy	   and	   Fourier	  
transform	  infrared	  spectroscopy,	  confirm	  	  that	   an	   interaction	   is	   occurring	  
between	   alachlor	   and	   polyaniline	   and	   use	   this	   information	   to	   describe	   the	  
interaction.	  

	  
	  

Thesis	  Statement:	  
	   	  

By	  proof	  of	  concept,	  the	  developed	  electrochemical	  sensor	  described	  
in	  section	  A.1	  and	   in	  the	  above	  goals,	  operates	  to	  show	  detection	  of	  
alachlor.	  
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B.)	  Introduction	  to	  Electrochemistry	  
	  
1.)	  General	  Overview	  
	  
	   Electrochemistry	   is	   a	   branch	   of	   chemistry	   that	   deals	   with	   the	   overlap	   of	  

electrical	  and	  chemical	  effects	  and	  interactions.	  Much	  of	  electrochemistry	  deals	  with	  

studying	  chemical	  changes	  that	  are	  caused	  by	  the	  passing	  of	  electrical	  current	  and	  

production	  of	  electrical	  energy	  by	  chemical	  reactions.	  The	  field	  of	  electrochemistry	  

is	   very	   large	   and	   encompasses	   many	   different	   topics	   such	   as	   phenomena	   (i.e.	  

electrophoresis	   and	   corrosion),	   devices	   (i.e.	   batteries,	   fuel	   cells,	   and	   electro-‐

analytical	   sensors),	   and	   technologies	   (i.e.	   the	   electroplating	   of	   metals	   for	   jet	  

turbines).13	  	  

	   In	   an	   electrochemical	   system,	   the	   concerns	   are	  with	   processes	   and	   factors	  

that	  affect	  the	  transport	  of	  charge	  over	  an	  interface	  between	  chemical	  phases	  (solids	  

and	  liquids	  mainly).	  This	  is	  most	  common	  between	  an	  electronic	  conductor	  (e.g.	  an	  

electrode,	  which	   includes	   solid	  metals	   like	  Pt	   and	  Au)	   and	   an	   ionic	   conductor	   (an	  

electrolyte	  solution,	  which	  is	  a	  medium	  containing	  ionic	  species	  such	  as	  H+,	  Na+,	  or	  

Cl-‐).	  At	  the	  interface	  between	  an	  electrode	  and	  electrolyte	  solution	  we	  are	  concerned	  

with	   the	   effects	   of	   when	   an	   electrical	   potential	   is	   applied	   and	   current	   is	   passed.	  

Current	  is	  to	  be	  defined	  as	  the	  movement	  of	  electrons	  and	  holes	  between	  electrons	  

by	  the	  charge	  that	  is	  transported	  through	  the	  electrode.	  When	  the	  electrode	  and	  the	  

electrolyte	   interact,	   this	  same	  charge	  passing	  through	  the	  electrode	   is	   then	  passed	  

into	  the	  electrolyte	  media	  and	  carried	  by	  the	  movement	  of	  ions.	  	  

	   Experimentally,	   these	   electrochemical	   processes	   are	   carried	   out	   in	  

collections	  of	   interfaces	   called	  electrochemical	   cells.	   In	   the	   case	  of	   this	  project	  we	  
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are	   dealing	   with	   a	   three-‐electrode	   cell	   containing	   a	   working	   electrode,	   counter	  

electrode,	  and	  reference	  electrode.	  A	  reference	  electrode	  has	  a	   fixed	  potential	  and	  

constant	   makeup.	   The	   purpose	   of	   this	   electrode	   is	   to	   standardize	   the	  

electrochemical	   cell,	   thus	   making	   a	   point	   of	   reference	   for	   any	   other	   process	  

occurring	  in	  the	  cell.	   In	  this	  project	  we	  reference	  a	  silver-‐silver	  chloride	  (Ag/AgCl)	  

electrode	  having	  a	  fixed	  potential	  at	  0.197	  V.13	  The	  arrangement	  below	  depicts	  this	  

electrode.	  

Ag/AgCl/KCl	  (saturated	  in	  water)	  
	  

A	  working	   electrode	   is	   the	   electrode	   of	   interest	  where	   a	   reduction	   and/or	  

oxidation	   reaction	   occurs.	   By	   applying	   negative	   voltages	   (or	   potentials)	   to	   the	  

working	  electrode,	  the	  energy	  of	  electrons	  is	  raised	  to	  which	  the	  level	  of	  energy	  will	  

be	  high	  enough	  to	  transfer	  these	  electrons	  into	  vacant	  electronic	  states	  on	  a	  species	  

within	  the	  electrolyte.	  This	  is	  called	  reduction.	  Similarly,	  applying	  positive	  potentials	  

does	   the	   opposite,	   the	   energy	   of	   electrons	   will	   be	   lowered	   so	   that	   electrons	   on	  

species	  in	  the	  electrolyte	  will	  favor	  the	  energy	  on	  the	  electrode	  and	  transfer	  there.	  

This	  is	  called	  oxidation.	  Figure	  1.2	  depicts	  this	  process.	  

	  

Figure	  1.2:	  Three-‐electrode	  cell	  with	  notations13	  

26 : Chapter 1. Introduction and Overview of Electrode Processes

 
Working or
indicator
Reference
Auxiliary or
counter
electrodes

Figure 1.3.10 Three electrode cell and
notation for the different electrodes.

tions from the ohmic drop in solution. With such electrodes, currents of the order of 1
nA are typical; hence Rs values even in the Mft range can be acceptable.

In experiments where iRs may be high (e.g., in large scale electrolytic or galvanic
cells or in experiments involving nonaqueous solutions with low conductivities), a
three electrode cell (Figure 1.3.10) is preferable. In this arrangement, the current is
passed between the working electrode and a counter (or auxiliary) electrode. The auxil 
iary electrode can be any convenient one, because its electrochemical properties do not

Vacuum

Capillary

N2 or H2 inlet

Hg

Saturated KCI

Hg2CI2 + KCI

Hg

Medium porosity
sintered Pyrex

disc

4% agar / saturated
potassium chloride

29/26

Auxilliary
electrode

14 cm

Coarse porosity,
sintered Pyrex
gas dispersion
cylinder

Reference
electrode

Solution
level

Medium frit

Stirring bar

Figure 1.3.11 Typical two  and three electrode cells used in electrochemical experiments, (a) Two 
electrode cell for polarography. The working electrode is a dropping mercury electrode (capillary) and the N2
inlet tube is for deaeration of the solution. [From L. Meites, Polarographic Techniques, 2nd ed., Wiley 
Interscience, New York, 1965, with permission.] (b) Three electrode cell designed for studies with
nonaqueous solutions at a platinum disk working electrode, with provision for attachment to a vacuum line.
[Reprinted with permission from A. Demortier and A. J. Bard, / . Am.   hem. Soc, 95, 3495 (1973). Copyright
1973, American Chemical Society.] Three electrode cells for bulk electrolysis are shown in Figure 11.2.2.
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A	  counter	  electrode	  is	  in	  a	  way	  the	  “receiver	  and	  passer”	  of	  current	  from	  and	  

to	   the	  working	  electrode.	   It	  can	  be	  any	  convenient	  material	  because	   its	  properties	  

do	  not	  affect	  the	  behavior	  of	  the	  working	  electrode.	  It	  is	  normally	  an	  electrode	  that	  

does	  not	  produce	  a	  substance	  by	  electrolysis	  (chemical	  decomposition	  by	  electrical	  

current)	  that	  will	  cause	  interference.	  Figure	  1.2	  represents	  a	  schematic	  for	  a	  three-‐

electrode	  cell.	  

	  

	  
Figure	  1.3:	  Representation	  of	  (a)	  reduction	  and	  (b)	  oxidation	  processes	  

MO	  =	  Molecular	  orbital.13	  
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Figure 1.1.2 Representation of (a) reduction and (b) oxidation process of a species, A, in
solution. The molecular orbitals (MO) of species A shown are the highest occupied MO and the
lowest vacant MO. These correspond in an approximate way to the E°s of the A/A~ and A+/A
couples, respectively. The illustrated system could represent an aromatic hydrocarbon (e.g.,
9,10-diphenylanthracene) in an aprotic solvent (e.g., acetonitrile) at a platinum electrode.

Consider a typical electrochemical experiment where a working electrode and a ref-
erence electrode are immersed in a solution, and the potential difference between the elec-
trodes is varied by means of an external power supply (Figure 1.1.3). This variation in
potential, £, can produce a current flow in the external circuit, because electrons cross the
electrode/solution interfaces as reactions occur. Recall that the number of electrons that
cross an interface is related stoichiometrically to the extent of the chemical reaction (i.e.,
to the amounts of reactant consumed and product generated). The number of electrons is
measured in terms of the total charge, Q, passed in the circuit. Charge is expressed in
units of coulombs (C), where 1   is equivalent to 6.24 X 1018 electrons. The relationship
between charge and amount of product formed is given by Faraday's law; that is, the pas 
sage of 96,485.4   causes 1 equivalent of reaction (e.g., consumption of 1 mole of reac 
tant or production of 1 mole of product in a one electron reaction). The current, /, is the
rate of flow of coulombs (or electrons), where a current of 1 ampere (A) is equivalent to 1
C/s. When one plots the current as a function of the potential, one obtains a current poten 
tial (i vs. E) curve. Such curves can be quite informative about the nature of the solution
and the electrodes and about the reactions that occur at the interfaces. Much of the re 
mainder of this book deals with how one obtains and interprets such curves.
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Figure	  1.3	  shows	  a	  representation	  of	  reduction	  and	  oxidation	  processes.	  Part	  

(a)	  of	  the	  diagram	  shows	  that	  when	  the	  potential	  is	  driven	  from	  positive	  to	  negative	  

in	   a	   system,	   the	   energy	   of	   electrons	   is	   raised	   and	   vacant	  molecular	   orbitals	   from	  

ionic	   species	   in	   solution	   are	   filled	  up	  by	   electrons	   from	   the	   electrode.	  Whereas	   in	  

part	   (b),	   when	   the	   potential	   is	   driven	   from	   negative	   to	   positive,	   the	   energy	   of	  

electrons	   is	   lowered	   and	   the	   occupied	  molecular	   orbitals	   give	   up	   electrons	   to	   the	  

electrode.	  

	  
	  
2.)	  Experimental	  Techniques	  
	  
	   This	  section	   is	  devoted	  to	  experimental	   techniques	   in	  electrochemistry	   that	  

were	   used	   for	   this	   project.	   Experimental	   techniques	   were	   performed	   with	   an	  

instrument	   known	   as	   a	   potentiostat.	   This	   instrument	   has	   control	   of	   the	   voltage	  

across	   the	   working	   electrode-‐counter	   electrode	   pair,	   and	   adjusts	   the	   voltage	   to	  

maintain	   a	   potential	   difference	   between	   the	  working	   and	   reference	   electrodes.	   In	  

other	   words,	   this	   instrument	   is	   one	   whose	   job	   is	   to	   force	   through	   the	   working	  

electrode	   whatever	   current	   is	   needed	   to	   achieve	   a	   desired	   potential	   at	   any	  

moment.13	  Figure	  1.4	  shows	  an	   image	  of	  a	  potentiostat	  and	  a	  representation	  of	   its	  

set	  up	  with	  a	  three-‐electrode	  cell.	  
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Figure	  1.4:	  Image	  of	  a	  potentiostat	  and	  rep.	  of	  potentiostat	  set	  up	  with	  three-‐electrode	  cell.13	  

	  
	  

The	   two	   techniques	   that	   were	   mainly	   used	   in	   this	   project	   were	  

chronoamperometry	   for	   polyaniline	   synthesis	   and	   cyclic	   voltammetry	   for	  

experimentation	  in	  detection	  of	  the	  pesticide.	  The	  following	  are	  brief	  overviews	  to	  

their	  set-‐ups	  and	  function.	  

	  

i.)	  Chronoamperometry	  

	   Chronoamperometry,	  otherwise	  known	  as	  controlled	  potential	  coulometry,	  is	  

the	  most	  basic	  of	  controlled	  potential	  experiments.	  It	  is	  the	  most	  basic	  because	  there	  

is	  only	  one	  potential	   step.	  This	  means	   that	   the	  potential	   changes	  once	   in	   the	   time	  

allotted	  for	  the	  experiment	  and	  occurs	  at	  time	  (t)=0.	  This	  potential	  is	  then	  held	  for	  

the	  remainder	  of	  the	  experiment.	  Let	  E1	  be	  the	  initial	  potential	  and	  E2	  be	  potential	  

after	  the	  experiment	  begins	  at	  t=0.	  For	  most	  experiments	  that	  use	  this	  technique,	  E2	  

is	  chosen	  based	  on	  the	  species	  being	  reacted	  in	  the	  electrolyte.	  This	  means	  that	  E2	  is	  

a	  potential	   that	   reflects	   the	   ability	   to	   reduce	  or	  oxidize	   a	   species	   so	   that	   it	   can	  or	  

cannot	   exist	   at	   the	   surface	   of	   the	   working	   electrode.	   Due	   to	   the	   instantaneous	  

5.1 Overview of Step Experiments 157

Function
generator Potentiostat

E controlled

Figure 5.1.1
Experimental arrangement
for controlled potential

i(t) measured experiments.

alternatively as an active element whose job is to force through the working electrode
whatever current is required to achieve the desired potential at any time. Since the cur 
rent and the potential are related functionally, that current is unique. Chemically, it is
the flow of electrons needed to support the active electrochemical processes at rates
consistent with the potential. Thus the response from the potentiostat (the current) actu 
ally is the experimental observable. For an introduction to the design of such apparatus,
see Chapter 15.

Figure 5.1.2a is a diagram of the waveform applied in a basic potential step experi 
ment. Let us consider its effect on the interface between a solid electrode and an unstirred
solution containing an electroactive species. As an example, take anthracene in deoxy 
genated dimethylformamide (DMF). We know that there generally is a potential region
where faradaic processes do not occur; let E\  be in this region. On the other hand, we can
also find a more negative potential at which the kinetics for reduction of anthracene be 
come so rapid that no anthracene can coexist with the electrode, and its surface concentra 
tion goes nearly to zero. Consider E2 to be in this "mass transfer limited" region. What is
the response of the system to the step perturbation?

First, the electrode must reduce the nearby anthracene to the stable anion radical:

An +  e —> An* (5.1.1)

This event requires a very large current, because it occurs instantly. Current flows subse 
quently to maintain the fully reduced condition at the electrode surface. The initial reduc 
tion has created a concentration gradient that in turn produces a continuing flux of
anthracene to the electrode surface. Since this arriving material cannot coexist with the
electrode at E2, it must be eliminated by reduction. The flux of anthracene, hence the cur 

j _

   

t3 >  t2 >  f 1 > 0

0 t 0 x 0 t

(a) (b) (c)

Figure 5.1.2 (a) Waveform for a step experiment in which species   is electroinactive at E\ , but
is reduced at a diffusion limited rate at Ei  (b) Concentration profiles for various times into the
experiment, (c) Current flow vs. time.
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change	  in	  potential,	  a	  large	  current	  is	  needed	  to	  sustain	  reduction	  or	  oxidation	  at	  the	  

surface	  of	  the	  working	  electrode.	  	  

	   The	   initial	   reduction	  of	   the	   species	   creates	  a	   concentration	  gradient	  of	   that	  

species,	  which	   produces	   a	   continuing	   flux	   of	   that	   compound	   to	   the	   surface	   of	   the	  

electrode	   for	   reduction	   or	   oxidation.	   This	   flux	   of	   the	   compound	   being	   reacted	   is	  

proportional	   to	   the	   concentration	   gradient	   at	   the	   surface	   of	   the	   electrode.	   This	  

means	   that	   as	   time	   goes	   on	   if	   the	   concentration	   at	   the	   surface	   of	   the	   electrode	  

increases,	   the	   flux	   will	   increase.	   Thus	   the	   current	   is	   also	   proportional	   to	  

concentration	   gradient	   because	   if	   the	   flux	   is	   more,	   then	   more	   species	   will	   be	  

reduced	   or	   oxidized	   and	   thus	   increase	   or	   decrease	   current,	   depending	   on	   the	  

species	  and	  experiment.	  Figure	  1.5	  represents	  the	  various	  processes	  occurring	  in	  a	  

chronoamperometric	  experiment.	  	  

	  

	  
Figure	  1.5:	  (a)	  Plot	  describing	  step	  experiment.	  (b)	  Concentration	  profiles	  at	  various	  times	  

showing	  decrease	  and	  increase	  of	  concentration	  with	  time.	  (c)	  Corresponding	  current	  flow	  vs.	  
time	  for	  b.13	  

	  
	   In	  this	  experimental	  technique	  current	  is	  recorded	  as	  a	  function	  of	  time.	  It	  is	  

also	  useful	  to	  record	  the	  integral	  of	  current	  versus	  time.	  This	  integral	  is	  the	  amount	  

of	   charge	   passed,	   which	   is	   also	   where	   the	   term	   controlled	   potential	   coulometry	  

appears.	  Thus	  a	  sample,	  like	  polyaniline,	  can	  be	  collected	  at	  the	  surface	  of	  platinum	  

5.1 Overview of Step Experiments 157

Function
generator Potentiostat

E controlled

Figure 5.1.1
Experimental arrangement
for controlled potential

i(t) measured experiments.

alternatively as an active element whose job is to force through the working electrode
whatever current is required to achieve the desired potential at any time. Since the cur 
rent and the potential are related functionally, that current is unique. Chemically, it is
the flow of electrons needed to support the active electrochemical processes at rates
consistent with the potential. Thus the response from the potentiostat (the current) actu 
ally is the experimental observable. For an introduction to the design of such apparatus,
see Chapter 15.

Figure 5.1.2a is a diagram of the waveform applied in a basic potential step experi 
ment. Let us consider its effect on the interface between a solid electrode and an unstirred
solution containing an electroactive species. As an example, take anthracene in deoxy 
genated dimethylformamide (DMF). We know that there generally is a potential region
where faradaic processes do not occur; let E\  be in this region. On the other hand, we can
also find a more negative potential at which the kinetics for reduction of anthracene be 
come so rapid that no anthracene can coexist with the electrode, and its surface concentra 
tion goes nearly to zero. Consider E2 to be in this "mass transfer limited" region. What is
the response of the system to the step perturbation?

First, the electrode must reduce the nearby anthracene to the stable anion radical:

An +  e —> An* (5.1.1)

This event requires a very large current, because it occurs instantly. Current flows subse 
quently to maintain the fully reduced condition at the electrode surface. The initial reduc 
tion has created a concentration gradient that in turn produces a continuing flux of
anthracene to the electrode surface. Since this arriving material cannot coexist with the
electrode at E2, it must be eliminated by reduction. The flux of anthracene, hence the cur 

j _

   

t3 >  t2 >  f 1 > 0

0 t 0 x 0 t

(a) (b) (c)

Figure 5.1.2 (a) Waveform for a step experiment in which species   is electroinactive at E\ , but
is reduced at a diffusion limited rate at Ei  (b) Concentration profiles for various times into the
experiment, (c) Current flow vs. time.
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at	   a	   specific	   potential	   and,	   as	  we	  will	   see	   later,	   can	   be	   collected	   in	   layers	   of	   films	  

based	   on	   the	   measurement	   of	   the	   integral	   of	   the	   current	   passed	   over	   time	   and	  

measured	  in	  coulombs	  (C).	  	  

	  

ii.)	  Cyclic	  Voltammetry	  

	   Cyclic	   voltammetry	   is	   a	   subclass	   of	   experiments	   known	  as	   potential	   sweep	  

methods.	  These	  experiments	  allow	   for	   the	   complete	  electrochemical	  behavior	  of	   a	  

system	  to	  be	  obtained	  through	  a	  series	  of	  steps	  to	  different	  potentials	  by	  recording	  

current-‐time	  curves.13	  This	   is	  best	   illustrated	  as	  a	   three-‐dimensional	  current-‐time-‐

potential	  surface,	  as	  shown	  in	  Figure	  1.6.	  	  

	  

	  
	  

Figure:	  1.6:	  (a)	  Current-‐time-‐potential	  surface	  for	  electrochemical	  reaction.	  (b)	  Linear	  sweep	  
potential	  across	  this	  surface.13	  

	  
	  

The	  experiment	  is	  conducted	  by	  varying	  the	  potential	  linearly	  with	  time	  with	  

a	  sweep	  rate,	  or	  a	  scan	  rate,	  and	  recording	  the	  resulting	  current	  from	  the	  system	  as	  

a	   function	   of	   potential;	   this	   is	   called	   linear	   sweep	   voltammetry.	   Scan	   rates	   vary	  

depending	  on	  the	  desired	  resolution	  for	  current	  verses	  potential	  in	  an	  experiment.	  A	  

CHA/PTER

6
POTENTIAL SWEEP

METHODS
6.1 INTRODUCTION

The complete electrochemical behavior of a system can be obtained through a series of
steps to different potentials with recording of the current-time curves, as described in Sec-
tions 5.4 and 5.5, to yield a three-dimensional i-t-E surface (Figure 6.1.1a). However, the
accumulation and analysis of these data can be tedious especially when a stationary elec-
trode is used. Also, it is not easy to recognize the presence of different species (i.e., to ob-
serve waves) from the recorded i-t curves alone, and potential steps that are very closely
spaced (e.g., 1 mV apart) are needed for the derivation of well-resolved i-E curves. More
information can be gained in a single experiment by sweeping the potential with time and
recording the i-E curve directly. This amounts, in a qualitative way, to traversing the
three-dimensional i-t-E realm (Figure 6.1.1b). Usually the potential is varied linearly with
time (i.e., the applied signal is a voltage ramp) with sweep rates v ranging from 10 mV/s
( IV traversed in 100 s) to about 1000 V/s with conventional electrodes and up to 106 V/s
with UMEs. In this experiment, it is customary to record the current as a function of po-
tential, which is obviously equivalent to recording current versus time. The formal name
for the method is linear potential sweep chronoamperometry, but most workers refer to it
as linear sweep voltammetry (LSV).1

(*) (b)

Figure 6.1.1 (a) A portion of the i-t-E surface for a nernstian reaction. Potential axis is in units of
60//I mV. (b) Linear potential sweep across this surface. [Reprinted with permission from W. H.
Reinmuth, Anal. Chem., 32, 1509 (1960). Copyright 1960, American Chemical Society.]

lrThis method has also been called stationary electrode polarography, however, we will adhere to the
recommended practice of reserving the term polarography for voltammetric measurements at the DME.

226
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slower	   scan	   rate	   in	   linear	   sweep	   voltammetry	   allows	   for	   a	   more	   sensitive	  

experiment	  with	   higher	   resolution	   (low	  peak	   current),	  whereas	   a	   faster	   scan	   rate	  

produces	   less	   resolution	   (higher	   peak	   current)	   and	   sensitivity.	   This	   interaction	   is	  

due	   to	   the	   peak	   current	   (ip	   in	  mA)	   of	   a	   reacted	   species	   being	   proportional	   to	   the	  

square	   root	   of	   the	   scan	   rate	   (v	   in	   mV/s),	   best	   illustrated	   in	   Equation	   1.113	   for	   a	  

reversible	  electrochemical	  system:	  

	  

ip = (2.69×10
5)n3/2AD0

1/2C0
*v1/2 	   (1.1)	  

	  

Scanning	   from	  a	  positive	  potential	   to	   a	  negative	  potential	  will	   result	   in	   the	  

reduction	  of	   a	   species,	  A,	   and	  vice	   versa	   for	   an	  oxidation.	  The	  peak	   current	   is	   the	  

result	  of	  a	  current	  flow	  that	  begins	  when	  the	  potential	  scan	  rate	  reaches	  a	  potential	  

slightly	   positive	   of	   the	   reduction	   potential	   E0.	   This	   is	   resultant	   of	   surface	  

concentration	   being	   reduced	   at	   a	   rate	   that	   reaches	   a	   maximum	   at	   E0	   and	   then	  

declines,	  resulting	   in	  a	  peak	  current	  as	  depicted	   in	  Figure	  1.7.	  When	  this	  potential	  

scan	   reaches	   a	   specific	   potential	   and	   is	   reversed,	   now	   going	   in	   the	   negative	   to	  

positive	  direction,	  in	  a	  reversible	  system	  (meaning	  the	  reaction	  will	  be	  an	  oxidation)	  

the	   opposite	   will	   happen.	   This	   experiment	   is	   called	   cyclic	   voltammetry	   (CV).	   An	  

example	  cyclic	  voltammogram	  for	  species	  A	  is	  depicted	  in	  Figure	  1.7.	  
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Figure	  1.7:	  (a)	  Cyclic	  potential	  sweep.	  (b)	  Resulting	  cyclic	  voltammogram.13	  

	  
	  
C.)	  Overview	  of	  Polyaniline	  
	  

1.)	  History	   	  

	   The	  polymer	  polyaniline	  (Pani),	   is	  a	  semi-‐flexible	  rod	  polymer	  as	  well	  as	  an	  

organic	  semiconductor	  of	  formula	  –(C6H4-‐NH)n-‐,	  Figure	  1.8	  shows	  its	  structure.	  	  

	  
Figure	  1.8:	  Chemical	  structure	  of	  Pani	  

	  
	  

The	  discovery	  of	  Pani	  dates	  back	   to	  Lethby	   in	  1862.14	  Pani	   forms	  as	   a	  dark-‐green	  

precipitate	  over	  an	  electrode	  surface	  when	  aniline	   is	  electrochemically	  oxidized	   in	  

an	  aqueous	  sulfuric	  acid	  solution.	  Little	  further	  work	  on	  polyaniline	  was	  done	  until	  

the	   1960’s	   when	   Mizoguchi	   and	   Adams	   developed	   a	   general	   mechanism	   for	   the	  

oxidation	   of	   polyaniline,	   as	   well	   as	   general	   tests	   for	   ease	   of	   oxidation	   in	   acidic	  

buffers	   using	   cyclic	   voltammetry.15	   Later,	   Pani	   was	   found	   not	   only	   to	   undergo	  

polymerization	  when	  oxidized,	  but	  also	  to	  oxidize	  and	  reduce	  between	  five	  different	  

6.1 Introduction -I 227

E(ort)0 t Et E°

(a) (b) (c)

Figure 6.1.2 (a) Linear potential sweep or ramp starting at EL (b) Resulting i-E curve,
(c) Concentration profiles of A and A1 for potentials beyond the peak.

A typical LSV response curve for the anthracene system considered in Section 5.1 is
shown in Figure 6.1.2Z?. If the scan is begun at a potential well positive of E0' for the re-
duction, only nonfaradaic currents flow for a while. When the electrode potential reaches
the vicinity of E° the reduction begins and current starts to flow. As the potential contin-
ues to grow more negative, the surface concentration of anthracene must drop; hence the
flux to the surface (and the current) increases. As the potential moves past E° , the surface
concentration drops nearly to zero, mass transfer of anthracene to the surface reaches a
maximum rate, and then it declines as the depletion effect sets in. The observation is
therefore a peaked current-potential curve like that depicted.

At this point, the concentration profiles near the electrode are like those shown in
Figure 6.1.2c. Let us consider what happens if we reverse the potential scan (see Figure
6.1.3). Suddenly the potential is sweeping in a positive direction, and in the electrode's
vicinity there is a large concentration of the oxidizable anion radical of anthracene. As the
potential approaches, then passes, E°', the electrochemical balance at the surface grows
more and more favorable toward the neutral anthracene species. Thus the anion radical
becomes reoxidized and an anodic current flows. This reversal current has a shape much
like that of the forward peak for essentially the same reasons.

This experiment, which is called cyclic voltammetry (CV), is a reversal technique and
is the potential-scan equivalent of double potential step chronoamperometry (Section 5.7).
Cyclic voltammetry has become a very popular technique for initial electrochemical stud-
ies of new systems and has proven very useful in obtaining information about fairly com-
plicated electrode reactions. These will be discussed in more detail in Chapter 12.

In the next sections, we describe the solution of the diffusion equations with the ap-
propriate boundary conditions for electrode reactions with heterogeneous rate constants
spanning a wide range, and we discuss the observed responses. An analytical approach
based on an integral equation is used here, because it has been widely applied to these
types of problems and shows directly how the current is affected by different experimen-

A + e -» Ae

(a) (b)

Figure 6.1.3 (a) Cyclic potential sweep, (b) Resulting cyclic voltammogram.
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chemical	  states.16	  Figure	  1.9	  below	  shows	   the	  oxidation	  and	  reduction	  mechanism	  

between	  states	  of	  Pani.	  

	  

Figure	  1.9:	  Oxidation	  and	  Reduction	  mechanism	  for	  Pani.	  
Prakash	  et	  al.17	  

	  
	  

	  These	  states	  are	  distinct	  because	  they	  encompass	  a	  distinct	  color	  for	  each	  oxidation	  

state,	  which	  changes	  when	  lower	  or	  higher	  voltage	  is	  applied:	  the	  leuco-‐emeraldine	  

state,	  as	  voltage	  increases	  to	  oxidize	  the	  compound	  (when	  cycling	  potential),	  to	  the	  

pernigraniline	   state.	   As	   this	   oxidation	   proceeds,	   the	   color	   of	   the	   solution	   changes	  

from	  pale	  yellow	  (leuco-‐emeraldine)	  to	  green,	  then	  to	  blue,	  and	  increases	  to	  violet	  
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The observed peaks a/a& and b/b& in the cyclic
voltammogram (at pH 1) are probably caused by
reactions (1) and (2).1 This reaction involved only
the transfer of the electrons; no proton is involved
in the redox reaction. Therefore, both peaks are
pH-independent. The peak c/c& is probably re-
sponsible for reactions (3) and (4), in which pro-
tons are involved in the redox reactions; there-
fore, the peak is pH-dependent.1 The pernigrani-
line state is a fully oxidized state of the
polyaniline chain that occurs at a higher poten-
tial, and degradation of the chain is quite possi-
ble. The peaks c and c& shift toward lower poten-
tial values as the pH of the medium is increased,
and at pH, 4 the peaks merge with the lower
potential peaks in one broad peak. At the higher
pH, the change in colors is not distinguishable,
and the response time is slow, as evident from the

redox peaks above pH 2. An electrochromic dis-
play was constructed that was based on these
studies of the effect of pH on color changes in
polyaniline film. The problems associated with
common acid electrolytes are hydrogen evolution
at higher potentials ('1.0 V), electrolyte resis-
tance, and evaporation of electrolytes during the
cycle of the potential. These problems were re-
solved with a unique electrolyte, AlCl3:H2O (1:
2.75), saturated with AgCl. Dry AlCl3 (1.0 g) was
dissolved in 2.75 mL of H2O to obtain a viscous
solution of pH 2 having optimum conductivity and
saturated with AgCl crystals. A cyclic voltammo-
gram for a polyaniline-coated SnO2 glass plate
was recorded in the aforementioned electrolyte of
AlCl3:H2O (1:5) in a three-electrode single-com-
partment cell with a Pt auxiliary and Ag/AgCl
reference electrodes. Figure 4(a,b) shows voltam-

ELECTROCHEMISTRY OF POLYANILINE 383
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as	   the	   voltage	   becomes	   more	   negative.18	   This	   also	   makes	   Pani	   its	   own	   redox	  

indicator	  giving	  it	  an	  intrinsic	  property	  called	  electrochromism.	  

	   Polyaniline	   has	   been	   used	   in	   recent	   years	   as	   a	   membrane	   in	   gas	   sensing	  

electrodes	   for	   detection	   of	   such	   compounds	   as	   CO2,19	   ammonia,20	   hydrogen	   gas,21	  

and	  various	  toxic	  gases.22	  Pani	  is	  also	  used	  as	  a	  surface	  membrane	  for	  film	  cathodes	  

in	  Li-‐ion	  polymer	  batteries.23	  

	  

2.)	  Polymerization	  and	  Conductivity	  

	   Polymerization	  of	  polyaniline	   is	  most	   efficient	   in	   acidic	  media	   and	   is	   easily	  

performed	  due	  to	  the	  low	  voltage	  required	  for	  its	  free	  radical	  formation.	  Figure	  1.10	  

shows	  the	  proposed	  mechanism	  for	  the	  free	  radical	  polymerization	  of	  Pani.	  Methods	  

of	   polymerization	   can	   be	   divided	   into	   two	   classes:	   electrochemical,	   using	  

potentiodynamic	   (sweeping	   potential)	   or	   potentiostatic	   (constant	   potential)	  

techniques;24	  and	  a	  precipitation	  method	  by	  the	  addition	  of	  an	  aniline	  salt	  dissolved	  

into	  an	  acidic	  solution	  to	  yield	  the	  anilinium	  ion.	  This	  anilinium	  ion	  then	  reacts	  with	  

an	   oxidant	   added,	   also	   in	   the	   form	   of	   a	   salt,	   to	   trigger	   the	   polymerization.25	  

Polymerization	  of	  aniline,	  as	  stated	  before,	  yields	  the	  five	  chemical	  states	  of	  aniline	  

where	  the	  state	  depends	  on	  the	  oxidation	  of	  the	  polymer.	  	  
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Figure	  1.10:	  Free	  Radical	  mechanism	  of	  polymerization	  for	  Pani	  
Y.	  Wei	  et	  al.26	  

	  
On	   the	   matter	   of	   conductivity	   in	   Pani,	   many	   studies	   of	   the	   dependence	   of	  

conductivity	  on	  oxidation	  state	  and	  pH	  have	  been	  performed.17	  The	   lower	   the	  pH,	  

the	  more	  conductive	  Pani	  is.	  Figures	  1.11	  shows	  the	  increased	  conductivity	  (higher	  

current)	  due	  to	  lower	  pH.	  

The	   full	   oxidation	   and	   reduction	   of	   Pani	   can	   be	   measured	   by	   a	   potential	  

sweep	  method	   such	   as	   cyclic	   voltammetry.	   The	   states	   are	   measured	   this	   way	   by	  

cycling	  through	  the	  redox	  potentials	  (potentiodynamic)	  of	  Pani.	  This	  potential	  range	  

is	   between	   -‐0.2	  V	   and	  +0.8	  V	   versus	   saturated	   calomel	   electrode	   (SCE)	   in	   various	  

acidic	   media	   such	   as	   HCl,27	   or	   H2SO4.28	   In	   this	   oxidation-‐reduction	   process,	   the	  

number	  of	  redox	  peaks	  that	  can	  be	  seen	  depend	  on	  the	  media	  of	  the	  solution.16	  

7720 The Journal of Physical Chemistry, Vol. 94, No. 19, 1990 Wei et al. 

TABLE HI: Effects of Additives on Monomer Conversion and on 
Polymer Yield in the Chemical Polymerization of Aniline 

aniline conversionb polymer yieldc 
at 5 min, wt % f 3  at  ca. 20 min, wt o/c additives' 

none 5 9 f 2.7 
p-aminodiphen ylamine 13 23 i 6.3 
benzidine 20 23 f 1.8 

p-phenylenediamine 14 18 f 2.1 
p-phenoxyaniline 14 9 f 2.7 

'Concentration of aniline: 0.67% (w/w); the molar ratio of the ad- 
ditive and (NH4)2S208 to the monomer: 1/160 and 0.25/1,  respec- 
tively. bDetermined by LSV measurement of unchanged aniline in the 
solution. 'Determined by measurement of weight of the polymer pre- 
cipitated from the solution. dThe conversion at 150 min was ca. 20% 
and the yield at 170 min was ca. 19%. 

phenylenediamine or p-aminodiphenylamine was present in the 
polymerization system. 

Chemical Polymerization. The effect of the additives on the 
chemical polymerization of aniline was also investigated. The 
polymerization was carried out in 1 M HCl solution with am- 
monium persulfate as oxidant at an oxidant/monomer molar ratio 
of 0.25 to 1 in the presence of the additives. The molar ratio of 
the additive to aniline was 1 to 160. By use of quenching tech- 
niques,I2 the polymerization was stopped at  appropriate times. 
The conversion of aniline monomer and the yield of the polymer 
were determined by linear sweep voltammetry (LSV) and by the 
weight of the polymer produced, respectively. The results as 
summarized in Table I11 demonstrate that, in the presence of the 
additives such as p-phenylenediamine, benzidine, p-aminodi- 
phenylamine, N,N'-diphenylhydrazine, and p-phenoxyaniline, 
higher conversions of aniline monomer and higher yields of the 
polymer were obtained in comparison with the system without 
these additives. Hydroquinone showed a negative effect on both 
the conversion and the yield. Only after at least 30 min of reaction 
was there a noticeable amount of polyaniline in the system con- 
taining hydroquinone. Although limited by the precision of the 
measurements, these results are generally consistent with those 
obtained from the electrochemical polymerization systems. The 
polymers generated from the chemical polymerization systems 
with and without the additives showed essentially the same FTIR 
spectra and very similar cyclic voltammograms which also exhibit 
no significant differences from the FTIR and CV of the elec- 
trochemically prepared polyaniline. Upon doping with 1.0 M HCl, 
the electrical conductivities of the polymers prepared in the 
presence of the additives were in the same order of magnitude 
(ca. 10' S/cm) as the polyaniline obtained in the absence of the 
additives. 

Mechanism of the Polymerization. All of the above results 
are consistent with and strongly support the mechanism proposed 
for the polymerization of aniline and its derivatives,l2 as shown 
in Scheme 11. In this mechanism, the first step involves the 
oxidation of the neutral aniline monomers to radical cations, which 
leads to formation of the dimeric species, Le., p-aminodi- 
phenylamine, N,N'-diphenylhydrazine, and benzidine. Mohilner 
et suggested that these dimeric species result from radical 
coupling of the radical cations. Because these dimeric species have 
lower oxidation poentials than aniline (Table I), oxidation will 
occur immediately after their formation (N,N'-diphenylhydrazine 
will be converted to benzidine by the benzidine rearrangement 
in the acidic medialg), to yield their corresponding quinoidal 
diiminium ions. An electrophilic attack of aniline monomer either 
by the diiminium ionkz or by a nitrenium ionZo which could be 
readily generated from a deprotonation of the diiminium ions 

N,N'-diphenyl hydrazine 16 20 f 4.5 

hydroquinone < I d  od 

SCHEME 11: Proposed Mechanism for Polymerization of Aniline 

2b+2b-2H' I 2at2b-2H '  2a+2a-2H* 

-2H' -2e '  1 WH2 
I 
I 

Polyani line 

would accomplish a polymer growth step. The subsequent oli- 
gomers also have lower oxidation potentials than and 
the reactions proceed leading eventually to the final polymer. 

The first step, Le., oxidation of aniline monomers to form the 
dimeric species, has been demonstrated to be the rate-determining 
step in the p o l y m e r i ~ a t i o n . ' ~ + ' ~ * ~ ~  In our new synthetic method, 
the dimeric species are intentionally introduced in the polymer- 
ization system. Therefore, the slow step in the polymerization 
of aniline has been avoided, resulting in a substantial enhancement 
of the overall rate of polymerization. In addition to the dimeric 
species p-aminodiphenylamine and benzidine as presented in 
Scheme 11, p-phenylenediamine and p-phenoxyaniline can also 
be oxidized to similar quinoidal diiminium (or iminium), and 
subsequently the nitrenium, ions at lower potentials (i.e., ca. 0.62 
V for both) than that for the aniline monomer. However, the 
oxidation potentials of the additivies do not generally correlate 
with their rate-enhancement effects. For example, the oxidation 
potential of p-aminodiphenylamine (ca. 0.50 V) is lower than that 
of p-phenylenediamine (ca. 0.62 V) but the former increases the 
rate of polymer formation far greater than the latter (Table I). 
Furthermore, although both hydroquinone and Nfi-diphenylamine 
have relatively low oxidation potentials, both significantly reduce 
the rate of polymerization. Therefore, it could be reasonable to 
suggest that, in addition to the lower oxidation potentials, the 
additives should have at least one sterically accessible (e.g., 
primary) aromatic amino group which could be readily converted 
to the quinoidal iminium and nitrenium ions in order to increase 
the rate of polymerization. With a consideration of these two 
factors, the general order for the rate-enhancement effects of the 
additives can be easily explained. For example, the higher rates 
observed for the p-phenylenediamine and benzidine than those 
for the p-aminodiphenylamine and p-phenoxyaniline additives 
might be due to the existence of two available reactive sites in 
the former pair of additives, whereas the rate order in each of the 
two pairs could be governed by the oxidation potentials. The 
relatively lower rate enhancement by N,N'-diphenylhydrazine 
could be attributed to the benzidine rearrangement it has to 
undergo to generate primary aromatic amino groups. 

The additives which enhance the rate of polyaniline formation 
could, therefore, effectively function as initiators in the polym- 
erization systems. Although many of these additives can be used 
as monomers and be polymerized, the structures, electrochemical 
behaviors, and conductivities of the resulting polymers are Sig- 

amounts of the additives were used in the polymerization systems, 
effects of the additives on the structure of the resulting polyaniline 

(19) (a) Hofmann, A. W. Proc. R. Soc. London 1863, f2.576. (b) Cox, 
R. A,; Buncel, E. In The Chemisrry of Hydroro, Azo ond Azoxy Groups; 
Patel, S. ,  Ed.; Wiley: New York, 1975, Part 2, p 775. 

306; 1973,43,267. (b) Genies, E. M.; Lapkowski, M. J.  E/ecrroano/. Chem. 
1987, 236, 189 and 199. 

(20) (a) BEitenbach, M.; Hecher, K. H. J .  ElccrrooM/, ChCm. 19'71, 29, nificantly different from those Of po1yaniline.16 Since Only 
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Figure	  1.11:	  Cyclic	  voltammograms	  of	  Pani	  (HCl	  doped)	  in	  HCl	  media	  
(a)	  pH	  2.0,	  (b)	  pH	  1.0,	  (c)	  pH	  0.2.	  W.S.	  Huang	  et	  al.16	  

	  
	  

In	  a	  low	  pH	  media	  like	  HCl,	  two	  redox	  peaks	  can	  typically	  be	  seen.	  Prakash	  

et	  al.	  showed	  that	  these	  two	  peaks	  were	  due	  to	  the	  release	  and	  gain	  of	  electrons.	  

This	  happens	  by	  oxidation	  of	  polyaniline	  first	  from	  the	  leuco-‐emeraldine	  state	  to	  

proto-‐emeraldine	   state	   (Figure	   1.9),	   then	   from	   proto-‐emeraldine	   state	   to	  

emeraldine	  state	  (Figure	  1.9).	  The	  counter	  is	  true	  for	  the	  reduction	  when	  cycling	  

the	   other	   way	   through	   the	   potential	   range.	   These	   peaks	   are	   said	   to	   be	   “pH-‐

independent”	  due	  to	  the	  fact	  that	  in	  their	  reaction	  mechanisms	  there	  is	  no	  proton	  

involved	  in	  the	  redox	  reactions.	  Sometimes	  a	  third	  peak	  (additional	  gain	  or	  loss	  of	  

electrons)	   in	   the	   voltammogram	   shows	   the	   pH-‐dependent	   reactions	   from	   the	  

emeraldine	   state	   to	   the	   nigraniline	   state	   (Figure	   1.9),	   and	   from	   there	   to	   the	  

W-S. Huang, B. D. Humphrey and A .  G .  MacDiarmid 2389 

I 

1 I 1 I I 1 I I 
-0 .4  -0.2 0.0 0.2 0.4 0.6 0.8 1.0 

EIV vs. SCE 

Fig. 2. Cyclic voltammograms of chemically synthesized emeraldine hydrochloride in 
electrolytes of (a)  pH 2.0, (b) pH 1.0 and (c) pH -0.2 (1.0 mol dm-3 HCl). 

0.8 L 

0.0 1 .o 2.0 3.0 4 .0  

PH 

Fig. 3. Relationship between E; of the second redox process between pH -0.20 

(1.0 mol dm-3 HC1) and pH 4.0. Slope = - 120 mV per pH unit. 

to 4.0. The relationship between Ej of this second redox process and pH in this range 
is given in fig. 3. On cycling between -0.2 and 1.0 V us. SCE in the pH range -0.2 to 
4.0 degradation is observable after a few cycles, especially in the more acidic electrolytes. 
Note that no significant degradation is observable after 5 x lo3 cycles between - 0.2 and 
0.6 V at ca. pH -0.2.6 

Cyclic voltammograms of chemically synthesized polyaniline (Pt mesh method) were 
also recorded at pH values of -2.12 (6.0 mol dm-3 HCl), - 1.05 (3.0 mol dm-3 HC1) 
and -0.20 (1.0 mol dm-3 HCl) between -0.20 and 0.50 V us. SCE. They are given in 
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pernigraniline	  state	  and	  vice	  versa	  (Figure	  1.9).	  This	  peak	  in	  the	  voltammogram	  

is	  broader	  and	  lower	  in	  voltage,	  showing	  the	  presence	  of	  protons	  involved	  in	  the	  

redox	   reaction.	   However,	   three	   peaks	   are	   not	   always	   seen;	   Prakash	   et	   al.	   also	  

showed	   that	   in	   a	   higher	   pH	   system	   with	   an	   acid	   like	   H2SO4	   there	   is	   a	   loss	   of	  

conductivity	  to	  the	  system	  due	  to	  the	  increased	  pH	  of	  the	  system.	  This	  increase	  of	  

pH	  reduces	  the	  ability	  of	  polyaniline	  to	  go	  in	  and	  out	  of	  a	  specific	  oxidation	  state,	  

which	   can	  be	   seen	   through	   the	   reduced	   elecrochromic	  property	   of	   the	   solution	  

being	   cycled	   in.17	   Figures	   15	   and	   16	   show	   “three	   peak”	   and	   “two	   peak”	  

voltammograms,	  respectively.	  

	  

Figure	  1.12	  (left)	  and	  Figure	  1.13	  (right):	  Cyclic	  voltammograms	  of	  Pani	  recorded	  in	  three-‐	  
electrodes	  (Pt	  working,	  Pt	  counter,	  and	  Ag/AgCl	  reference).	  

(a)	  pH	  1.0,	  (c)	  pH	  2.5.	  in	  H2SO4	  Prakash	  et	  al.17	  
	  
	  
The	   conductivity	   of	   polyaniline	   occurs	   through	   these	   situations	   due	   to	   the	  

oxidation	  of	  the	  compound	  to	  the	  emeraldine	  state,	  Figure	  1.14	  shows	  the	  chemical	  

structure	   of	   emeraldine.	   In	   the	   emeraldine	   state	   the	   nitrogens	   in	   the	   oligomeric	  

units	   are	   able	   resonate	   and	   form	  double	   bonds	   on	   both	   sides	   (creating	   a	   positive	  

formal	   charge	   on	   the	   nitrogen).	   This	   forms	   a	   highly	   conjugated	   system	   with	   the	  

fast and good change in color from light yellow
to violet was observed for polyaniline film up to
pH 2.5, whereas above this pH, the change in
color was very poor and not very distinguish-

able. The effect of pH on the electrochemical
and electrochromic properties of polyaniline
may be attributed with the following probable
reactions, which occur at various potentials:

Figure 3 Cyclic voltammograms of polyaniline films recorded in three electrodes—a
single-compartment cell with Pt as the working electrode, Pt gauze as an auxiliary
electrode, and Ag/AgCl as the reference electrode at a scan rate of 20 mV/s in HCl—at
pHs of (a) 1, (b) 2, (c) 2.5, (d) 3, and (e) 4.
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Figure 3 Cyclic voltammograms of polyaniline films recorded in three electrodes—a
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aromatic	  rings	  connecting	  nitrogen	  from	  one	  monomer	  to	  the	  next.	  As	  the	  Pani	  chain	  

resonates,	   electrons	   move	   from	   the	   aromatic	   ring,	   to	   the	   nitrogen,	   to	   the	   next	  

aromatic	  ring	  and	  so	  on.	  This	  creates	  a	  flow	  of	  electrons,	  which	  is	  the	  definition	  of	  

current	  and	  thus	  makes	  Pani	  conductive.	  	  

Figure	  1.14:	  Chemical	  structure	  of	  an	  8	  unit	  emeraldine.	  

	  

As	   stated	   before,	   Pani	   is	   an	   organic	   semiconductor	   (see	   Figure	   1.16	   for	  

semiconducting	  trend)	  in	  pure	  and	  doped	  states.	  Pani	  is	  often	  doped	  to	  operate	  as	  a	  

p-‐type	  semiconductor.29	  This	  is	  accredited	  to	  the	  highly	  conjugated	  π-‐bond	  system.	  

When	   the	   polymer	   is	   thermally	   excited,	   it	   allows	   for	   greater	   delocalization	   of	  

electrons	   and	   emptying	   of	   its	   electronic	   band	   gap	   (formed	   by	   the	   conjugated	  

system),	  thus	  making	  these	  electrons	  mobile.	   In	  solid-‐state	  physics	  this	  is	  stated	  by	  

the	   energy	   band	   gap	   principle.	   This	   principle	   occurs	   when	   electrons	   in	   a	   filled	  

valence	   band	   are	   excited	   through	   a	   forbidden	   band	   (band	   gap)	   to	   the	   vacant	  

conduction	  band,	  where	   they	  are	   then	  able	   to	  be	  mobile	  and	   thus	  give	  conductive	  

properties	  to	  the	  material.	  Figure	  1.15	  shows	  the	  band	  scheme	  for	  a	  semiconductor.	  	  

The	   largest	  magnitude	  of	   conductivity	   for	  Pani	   in	   its	  most	   pure	   form,	   in	   the	  most	  

conductive	   state,	   is	   seen	   to	   be	   1.4	   x	   10-‐8	   Ω-‐1cm-‐1.25	   This	   is	   not	   a	   very	   high	  

conductivity	   value,	   but	   when	   additives	   are	   placed	   within	   polyaniline,	   the	  

conductivity	  of	  the	  polymer	  increases	  dramatically	  and	  ranges	  between	  	  
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1-‐10	  Ω-‐1cm-‐1.30	   The	   conductivity	   in	   this	   range	   varies	   with	   what	   sort	   of	   dopant	   is	  

added	  to	  Pani,	  this	  will	  be	  discussed	  further	  in	  the	  next	  section.	  	  

	  

Figure	  1.15:	  Illustration	  of	  Band	  Gap	  Principle	  and	  semiconducting	  materials.31	  
	  

	  
Figure	  1.16:	  	  The	  lnσ 	  (S/cm)	  v.	  1000/T	  (1/K)	  for	  Pani.	  

This	  shows	  the	  increase	  in	  conductivity	  of	  Pani	  with	  temperature	  
F.	  Yakuphanolgu	  et	  al.32	  

	  
	  
3.)	  Doping	  Polyaniline	  

	   When	   doped	   Pani	   becomes	   more	   electrically	   conductive,	   which	   will	   vary	  

depending	   on	   the	   dopant	   (see	   previous	   section	   for	   range	   of	   conductivity	   with	   a	  

dopant).	   Doping	   means	   that	   impurities	   with	   specific	   properties	   are	   intentionally	  

introduced	  into	  the	  pure	  compound	  to	  highlight	  that	  specific	  property	  wanted	  in	  the	  

final	  product	  with	  Pani.	  An	  example	  of	  this	  can	  be	  seen	  in	  the	  work	  of	  Heera	  et	  al.	  by	  

- . , . . . . . . . , . . , 

I V.wnnt r o n d u ~ o ~ ~  hand 

P 
3 I Forbidden band 

Figure 2 Band scheme for intrinsic conductivity in a semiconductor. At 0 K the conductivity is 
zero because all states in the valence band are filled and all states in the conduction band are va- 
cant. As the temperature is increased, electrons are thermally excited from the valence band to the 
conduction band, where they become mobile. Such carriers are called 'intrinsic." 

Temperature, K Temperature, K 
(a) (b) 

Figure 3 Intrinsic electron concentration as a function of temperature for (a) germanium and 
(b) silicon. Under intrinsic conditions the hole concentration is equal to the electron concentra- 
tion. The intrinsic concentration at a given temperature is higher in Ge than in Si because the 
energy gap is narrower in Ge (0.66 eV) than in Si (1 11 eV). (After W. C. Dnnlap.) 

conductivity will be low. Band gaps of representative semiconductors are given 
in Table 1. The best values of the band gap are obtained by optical absorption. 

In a direct absorption process the threshold of continuous optical ab- 
sorption at frequency wg measures the band gap Eg = hwg as shown in Figs. 4a 
and 5a. A photon is absorbed by the crystal with the creation of an electron 
and a hole. 

In the indirect absorption process in Figs. 4b and 5b the minimum 
energy gap of the band structure involves electrons and holes separated by a 

thermoelectric power measurements, gold electrodes were
deposited onto the two ends of the sample. The temperature
dependence of electrical conductivity is shown in Figure 1b. A
temperature gradient (∆T ≈ 10 K) was established within the
sample so that the majority charge carriers can diffuse from
the hot to the cold end and thereby an electrical potential
difference across the sample was established. In equilibrium
this potential difference is balanced by the thermal gradient.
Temperature dependence on the Seebeck coefficient, the ratio
of the potential difference to the temperature difference, was
measured with a KEITHLEY 2182A nanovoltmeter (Scheme
2).
For fabrication of the Al/PANI Schottky diode, p-type Si was

used as substrate. The substrate was rinsed in deionized water
with use of an ultrasonic bath for 10-15 min and finally was
chemically cleaned according to the method based on successive
baths of methanol and acetone. High-purity (99.999%) Al metal
was thermally evaporated on the p-type Si substrate. The

solution of the polyaniline prepared in ionic liquid (PANI) was
prepared in dimethyl sulfoxide (DMSO). The solution of the
PANI was homogenized for 1.5 h by mixing with rotation before
the deposition. Then, the film of the PANI was prepared by
casting the solution on Al metal with subsequent drying.18 The
Al/PANI structure was placed in vacuum system and high-purity
(99.999%) Au metal was thermally evaporated on the PANI.
The ohmic contact with the PANI layer was formed by the Au
electrode having a high work function. The schematic diagram
of the PANI/Al diode at zero bias is shown in Scheme 3. The
current-voltage (I-V) measurements were performed with a
2400 KEITHLEY sourcemeter and a GPIB data transfer card
for current-voltage measurements. The capacitance-voltage
(C-V) measurements were performed by use of HIOKI 3532-
50 LCR.

3. Results and Discussion
3.1. Electrical Conductivity and Thermoelectric Power

Properties of the PANI Prepared in Ionic Liquid. The UV-
vis spectrum of the PANI is shown in Figure 1a. The electronic
absorption spectra of polyaniline bases showed a band around
320-330 nm and another broad band around 620-650 nm.
These two peaks are assigned to the excitation of the amine
and imine segments of the polymer chain, respectively, and are
consistent with literature reports on polyaniline base. In the
corresponding spectrum for the acidic solution of polyaniline,
two new absorption bands appear, centered at 421.6 and 843.5
nm, which are due to the polaron, showing that doping of the
salt is complete. The doping degree (N+/N) was found to be
45%. The doping degree of the PANI in this work is higher
than that of traditional PANI derived aqueous solution.37
Figure 1b shows a plot of the function ln σ vs 1000/T. The

conductivity of the PANI increases exponentially with increasing
temperature as the increase in thermal energy provides additional
free carriers. The conductivity curve of the PANI shows three
different straight lines (regions I, II, and III) with negative
slopes. We believe that three types of conduction mechanism
occur,1 one at the first conduction region (I), another at the
second conduction region (II), and another at the third conduc-
tion region (III), as shown in Figure 1b, that is, there is more
than one charge transport mechanism in the PANI depending
on the temperature range.1 In the literature, the electrical
conductivity of semiconducting materials based on polyaniline
is analyzed by the following relationship1,38,39

where k is the Bolztmann constant, T is the temperature, and
σo is the pre-exponential factor. The activation energies for

Figure 1. (a) UV-vis spectra of PANI in NMP (obtained in ionic
liquid by Dibenzoyl peroxide in 24 h): (i) Emeraldine base (EB) form
and (ii) its protonated form with methane sulfonic acid. (b) Plot of ln
σ vs 1000/T of the PANI.

SCHEME 2: Schematic Diagram of Thermoelectric
Power Measurement System

SCHEME 3: Schematic Diagram of the Metal/Polymer
Structure at Zero Bias

σ ) σo exp(-E/kT) (1)

1842 J. Phys. Chem. C, Vol. 111, No. 4, 2007 Yakuphanoglu and Şenkal
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doping	   Pani	   with	   PbS	   and	   CoS	   particles,	   giving	   the	   polymer	   an	   increased	  

semiconducting	  property.	  Typical	   dopants	   for	   the	   enhancement	   of	   conductivity	   in	  

Pani	  are	  camphorsulfonic	  acid,	  hydrochloric	  acid,33	  sulfuric	  acid,16	  and	  para-‐toluene	  

sulfonic	  acid	  (pTSA).20b	  	  

	   The	  way	  the	  dopants	   increase	  the	  conductivity	  of	   the	  polymer	  correlates	  to	  

the	  way	  the	  anions	  complex	  in	  solution	  with	  polyaniline.	  In	  the	  protonated	  state	  of	  

the	  emeraldine	  form	  of	  Pani,	  the	  polymer	  is	  able	  to	  hold	  anions	  of	  various	  dopants	  in	  

its	   “pockets”	   between	   aniline	  monomers.	   Figure	   1.17	   shows	   the	   structure	   of	   Pani	  

(emeraldine	  state)	  and	  its	  ability	  to	  hold	  anions	  as	  well	  as	  its	  resonance	  forms.	  	  

	  This	  is	  able	  to	  occur	  due	  to	  the	  weak	  interaction	  from	  the	  nitrogen	  in	  the	  backbone	  

of	  Pani.	  The	   formal	  charge	  of	  nitrogen	   is	  slightly	  positive,	  as	  shown	   in	  Figure	  1.17	  

and	   is	   able	   attract	   and	   hold	   negative	   anions.	   When	   an	   amount	   of	   dopant	   that	   is	  

added	  matches	   an	   appropriate	   amount	   of	   Pani,	   a	   ratio	   is	   created	   that	   creates	   the	  

optimal	  magnitude	  of	  conductivity.33	  
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Figure	  1.17:	  Resonance	  forms	  of	  emeraldine	  state	  
Showing	  ability	  for	  Pani	  to	  hold	  anions.	  

W.S.	  Huang	  et	  al.16	  
	  
	  
	   Metal	  oxides	  are	  another	  type	  of	  dopant	  that	  will	  increase	  the	  conductivity	  of	  

Pani.	   When	   a	   metal	   oxide	   is	   deposited	   on	   Pani,	   this	   inorganic	   compound	   will	  

increase	   the	  redox	  potential	   range	  of	   the	  polymer.	  This	   increase	  depends	  on	  what	  

metal	  oxide	  is	  added	  to	  Pani.	  In	  the	  case	  of	  TiO2	  and	  Pani,	  the	  range	  is	  increased	  up	  

to	  5	  %.20b	  Figure	  1.18	  shows	   the	   relationship	  of	   conductivity	  of	  Pani/pTSA	  versus	  

weight	  percent	  of	  TiO2	  and	  Pani.	  This	  enhancement	  of	  electrochemical	  response	  can	  

W-S. Huang, B. D. Humphrey and A .  G. MacDiarmid 239 1 

Fig. 6. Proposed resonance forms for the emeraldine salt form of polyaniline consisting of 
equal numbers of reduced, f(C,H,)-N(H)-(C,H,)-N(H)+, and oxidized and protonated, 

f(C,H,)-N=(C,H,)=N+, repeat units. 
H H 

+ + 

fig. 4. Continuous cycling in 1 .O and 6.0 mol dmP3 HCl electrolytes in this voltage range 
gives no observable degradation. The relationship between the potential and electrolyte 
pH between pH -2.12 and 2.0 is given in fig. 5. However, oxidation to potentials > ca. 
0.7 V in these electrolytes causes significant irreversible degradation of the polymer, 
especially when the acid strength is > ca. 1 mol dmP3. Degradation was so rapid that 
it was not possible to determine accurately the relationship between potential and pH 
in solutions much more concentrated than ca. 1 mol dm-3 (pH -0.2). 

Discussion 

The extremely large increase of electronic conductivity brought about by treating the 
emeraldine base form of polyaniline with aqueous acid involves a new type of doping 
of a conducting polymer. It occurs by proton addition to the polymer rather than by 
partial oxidation of the polymer 7~ system, as is the case in the p-doping of other 
conducting The formation of a nitrogen base salt rather than a potentially 
highly reactive carbonium ion is believed to be responsible for the high chemical stability 
of the material in the environment. Unlike all other conducting polymers, the conductivity 
of polyaniline depends on two variables instead of one, viz. the degree of oxidation of 
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also	   be	   seen	   with	   vanadium	   oxide	   as	   an	   example	   of	   a	   dopant	   that	   increases	   the	  

conductivity	  and	  redox	  potential	  range	  of	  Pani.23	  	  

	  

Figure	  1.18:	  Effect	  of	  TiO2	  on	  Pani/pTSA	  in	  a	  study	  by	  M.O.	  Ansari	  et	  al.20b	  
Shows	  a	  maximum	  conductivity	  with	  a	  specific	  amount	  of	  TiO2	  

	  

4.)	  Advantages	  and	  Disadvantages	  to	  Polyaniline	  

	   Polyaniline	  belongs	  to	  the	  family	  of	  organic	  conducting	  polymers	  that	  have	  a	  

controllable	   electrical	   conductivity	   in	   specific	   acidic	   media	   and	   a	   stable	   chemical	  

and	  electrical	  conductivity.17	  Another	  advantage	  to	  Pani	  is	  the	  resonance	  property	  of	  

the	  nitrogens	  with	  the	  aromatic	  rings	  in	  the	  chain	  backbone	  to	  create	  a	  conjugated	  

system.34	   This	   conjugated	   system	   gives	   polyaniline	   the	   ability	   to	   be	   the	   major	  

component	  to	  a	  sensing	  electrode.	  The	  conjugated	  system	  becomes	  important	  upon	  

deprotonation	   of	   the	   nitrogens	   in	   the	   backbone,	   this	   changes	   the	   form	   of	   an	  

emeraldine	   salt,	   to	   an	   emeraldine	   base.	   This	   reduces	   the	   electrical	   conductivity	  

because	  in	  the	  emeraldine	  base	  form	  the	  nitrogens	  are	  not	  resonating	  and	  thus	  the	  

flow	  of	  electrons	  decreases.20b	  

126 M.O. Ansari, F. Mohammad / Sensors and Actuators B 157 (2011) 122– 129

Fig. 7. Temperature dependence of the electrical conductivity of pTSA/Pani and
pTSA/Pani:TiO2 nanocomposite.

3.5. Electrical conductivity studies

The electrical conductivity of pTSA/Pani:TiO2 nanocomposites
with different amount of TiO2 was measured by 4-in-line-probe
method. All the nanocomposites followed the Arrhenius model
and the conductivity increased with the rise in temperature which
is the characteristic behavior of semiconductors. As clear from
Fig. 7, the conductivity of Pani doped with pTSA is much greater
than when doped with inorganic acids. The increase in con-
ductivity can be explained due to three reasons: the increased
metallic regions in the nanocomposites, a reduction in tun-
neling/hopping distance between the metallic regions and the
increased charge-carrier density. In the XRD analysis, it shows
that the nanocomposite have some degree of crystallinity. Thus

Fig. 8. Effect of TiO2 content on the initial electrical conductivity of pTSA/Pani
nanocomposites.

Fig. 9. Effect on the resistivity of pTSA/Pani:TiO2-5 on exposure to different con-
centrations of ammonia with respect to time.

Fig. 10. Variation in resistivity of pTSA/Pani:TiO2-5 on intermittent exposure to
0.2  N and 0.3 N ammonia.

Fig. 11. Variation in resistivity of pTSA/Pani:TiO2-5 on intermittent exposure to 1 N
ammonia.

Fig. 12. Variation in resistivity of pTSA/Pani on intermittent exposure to 0.3 N
ammonia.
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	   The	  disadvantages	  to	  Pani	  with	  respect	  to	  its	  nature	  as	  a	  conducting	  polymer	  

are	   that	   in	   its	  pure	  state,	   the	  polymer	   is	   sensitive	   to	   things	   like	  dissolution	  and	   in	  

certain	   media	   may	   exhibit	   low	   conductivity.	   However,	   additives	   can	   be	   added	   to	  

Pani	  in	  order	  to	  increase	  the	  conductivity	  as	  stated	  previously.	  These	  additives	  can	  

be	   both	   organic	   and	   inorganic.20b	   Another	   disadvantage	   is	   the	   limited	   number	   of	  

substrates	   that	   Pani	   can	   be	   deposited	   onto	   at	   this	   point	   in	   time.	   Pani	   has	   been	  

deposited	  on	  metals	  like	  Au,35	  Pt,36	  Pt-‐coated	  Ti,37	  and	  stainless	  steel.38	  The	  majority	  

of	   these	  metal	   surfaces	  are	  expensive	  noble	  metals.	  However,	  other	  materials	   that	  

polyaniline	   can	   be	   deposited	   on	   are	   SnO2,39	   carbon,28	   and	   Al/C	   which	   are	   much	  

cheaper	  substrate	  options	  for	  deposition.	  

	  

5.)	  Polyaniline	  Gas	  Sensing	  

	   Polyaniline	   works	   as	   a	   gas-‐sensing	   polymer	   due	   to	   its	   function	   as	   an	  

electrically	   conducting	   polymer.	   Polyaniline	   is	   usually	   coated	   over	   an	   electrode	  

substrate	   by	   deposition	   through	   electrochemical	   polymerization.	   The	  

polymerization	  is	  also	  usually	  done	  in	  the	  presence	  of	  a	  dopant	  (organic,	  inorganic,	  

or	   both)	   in	   order	   to	   increase	   the	   electrical	   properties	   of	   polyaniline.	   Inorganic	  

dopants	  like	  TiO2	  are	  often	  used	  in	  polyaniline	  due	  to	  its	  unique	  dielectric	  constant	  

and	  large	  energy	  gap.21	  Organic	  acids	  are	  also	  good	  choices	  because	  of	  their	  nature	  

to	   lower	   the	   pH	   of	   polyaniline,	   creating	   a	   more	   conductive	   environment	   for	  

polyaniline.	  Organic	  acids	  like	  p-‐toluenesulfonic	  acid	  are	  often	  used.20b	  	  

	   Polyaniline	   undergoes	   a	   change	   in	   electrical	   resistance	  when	   exposed	   to	   a	  

vapor.	  This	  is	  due	  to	  the	  interaction	  of	  the	  vapor	  with	  the	  emeraldine	  salt.	  When	  a	  
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salt	   is	  reformed	  as	  the	  emeraldine	  base,	  the	  conductivity	  of	  polyaniline	  is	  reduced.	  

Studies	   show	   detection	   of	   vapor	   by	   polyaniline	   for	   gases	   like	   ammonia	   (NH3),20b	  

carbon	  dioxide	  (CO2),19	  hydrogen	  (H2),21	  and	  various	  other	  toxic	  gases.22	  

	   Polyaniline	  nanocomposites	  have	  also	  been	  used	  in	  most	  recent	  endeavors	  to	  

detect	  vapors	  by	  the	  change	  in	  electrical	  resistance.	  However	  these	  nanocomposites	  

reside	  in	  solution	  and	  not	  on	  a	  specific	  electrode	  substrate.20b	  

	   Polyaniline	  also	  is	  used	  as	  an	  electrically	  conductive	  sensor	  for	  some	  types	  of	  

liquids,	   like	   alcohols	   (methanol,	   ethanol,	   and	   1-‐propanol).40	   This	   sensor	   exhibits	  

sensitivity	   to	   the	   different	   alcohols	   showing	   higher	   increase	   in	   resistance	   upon	  

exposure	   with	   the	   larger	   alcohol	   (1-‐propanol),	   and	   a	   lower	   increase	   with	   the	  

smallest	  (methanol).	  This	  sensor	  is	  based	  on	  ternary	  immiscible	  polymer	  blends	  and	  

works	  on	  the	  same	  principle	  as	  the	  gas	  sensor	  in	  detection	  and	  measurement	  of	  an	  

analyte	  by	  a	  change	  in	  electrical	  resistance.	  	  

	  

D.)	  Overview	  of	  Scanning	  Electron	  Microscopy	  (SEM)	  

	  
	   Scanning	  electron	  microscopy	  (SEM,	  same	  abbreviation	  for	  microscope)	  is	  an	  

imaging	   technique	   that	   uses	   an	   electron	   microscope	   and	   electrons	   to	   image	   a	  

sample.	  These	  electrons	  that	  are	  used	  to	  image	  a	  sample	  interact	  with	  the	  atoms	  of	  

the	  sample	  in	  a	  way	  to	  image	  the	  surface	  topography	  of	  the	  sample,	  the	  composition,	  

as	  well	  as	  other	  properties	  such	  as	  electrical	  conductivity.	  	  

	   Historically,	  the	  first	  SEM	  image	  was	  obtained	  by	  Max	  Knoll	  in	  1935	  when	  he	  

was	   able	   to	   image	   silicon	   steel	   and	   its	   electron	   channeling	  differences.41	  The	   SEM	  

was	   developed	   into	   a	   commercial	   instrument	   by	   Sir	   Charles	   Oatley	   and	   his	  
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postgraduate	   student	   Gary	   Stewart	   and	   was	   first	   commercialized	   in	   1965	   by	   the	  

Cambridge	  Scientific	   Instrument	  Company	  as	   the	   “Stereoscan”.42	  The	   first	  of	   these	  

instruments	  was	  delivered	  to	  DuPont.	  	  

	  

1.)	  Electron	  Microscope	  Overview	   	  

The	  SEM	  is	  composed	  in	  the	  same	  fashion	  as	  a	  common	  microscope	  used	  for	  

biological	  study.	  However	  instead	  of	  using	  a	  light	  source	  like	  a	  common	  microscope	  

uses,	  an	  electron	  source	  is	  used.	  This	  is	  called	  an	  electron	  gun.	  In	  a	  typical	  SEM	  the	  

electron	   gun	   emits	   an	   electron	  beam	   thermionically	   (using	  heat).	   The	   gun	  usually	  

utilizes	  a	  tungsten	  filament	  cathode	  due	  to	  its	  high	  melting	  point,	  low	  cost,	  very	  low	  

vapor	  pressure.	  However,	  many	  other	   types	  of	  materials	  are	  used	   for	   the	  electron	  

gun	   such	   as	   lanthanum	   hexaboride	   (LaB6).	   This	   electron	   beam	   can	   have	   energy	  

anywhere	  on	  the	  magnitude	  of	  0.4	  keV	  to	  40	  keV.	  This	  beam	  passes	  through	  a	  pair	  of	  

condenser	   lenses	  that	   focus	  the	  beam	  to	  a	  small	  spot	  (between	  0.4	  nm	  and	  5	  nm).	  

The	   beam	   then	   passes	   through	   a	   third	   lens,	   an	   objective	   lens	   which	   consists	   of	  

scanning	  coils	  that	  deflect	  the	  beam	  in	  an	  x	  and	  y	  axis	  pattern	  so	  that	  it	  will	  scan	  in	  a	  

rastered	   (rectangular)	   manner.	   Magnification	   of	   the	   sample	   is	   controlled	   by	   the	  

voltage	  that	  is	  supplied	  to	  these	  x	  and	  y	  coils.	  A	  schematic	  diagram	  is	  depicted	  below	  

in	  Figure	  1.19	  to	  show	  the	  composition	  of	  an	  SEM.	  
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Figure	  1.19:	  Diagram	  showing	  composition	  of	  an	  SEM	  

(Diagram	  courtesy	  of	  Prof.	  Scott	  D.	  Collins)	  
	  

2.)	  Imaging	   	  

SEM	  images	  with	  what	  are	  known	  as	  secondary	  electrons	  and	  backscattered	  

electrons.	  However,	  characteristic	  X-‐rays	  and	  light	  (cathodoluminescence)	  are	  often	  

used	  as	  well	  to	  image	  a	  sample.	  Secondary	  electrons	  are	  generated	  by	  the	  ionization	  

of	  a	  sample	  as	  a	  result	  of	  the	  interactions	  of	  the	  electron	  beam	  either	  on	  the	  sample	  

or	   near	   it	   (a	   few	   nanometers).	   The	   resolution	   of	   an	   image	   using	   these	   types	   of	  

electrons	   is	   ~1	   nm.	   These	   electrons	   utilize	   a	   Everhart-‐Thornley	   detector,43	  

consisting	  of	  a	  Faraday	  cage	  in	  conjunction	  with	  a	  scintillator	  and	  a	  photomultiplier	  

tube.	  The	  Faraday	  cage	  attracts	   the	  electrons	   from	  the	  surface	  with	  a	   low	  positive	  

voltage	  and	  the	  scintillator	  takes	  these	  electrons	  and	  accelerates	  them	  with	  a	  higher	  

positive	   voltage	   as	   to	   produce	   light	   photons.	   This	   is	   channeled	   to	   the	  

photomultiplier	   tube,	  which	   in	   turn	   amplifies	   this	   electron	   signal	   to	   the	   computer	  

for	   imaging.	   A	   secondary	   electron	   detector	   is	   positioned	   usually	   a	   little	   off	   to	   the	  

side	  of	  the	  sample	  because	  the	  intensity	  of	  electrons	  will	  increase	  with	  the	  increase	  

Scanning Electron Microscopy (SEM)
Detectors

e-
Primary Electron 

Beam

Secondary 
Electrons

Electron Detectors

Sample

Electron 
Detector

How a Scanning Electron Microscope Works

Two types of emitted electrons:  
1). Secondary (scattered off sample electrons)

Most common. generally low energy
2). Backscattered (scattered off nuclei)

High energy and a function of the atom Z.
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of	   the	   angle	   of	   incidence.	   An	   illustration	   in	   Figure	   1.20	   shows	   how	   electrons	   are	  

detected	  in	  a	  typical	  SEM.	  

	  

	  
Figure	  1.20:	  Illustration	  showing	  the	  collection	  and	  detection	  of	  electrons	  in	  an	  SEM	  

(Image	  courtesy	  of	  Prof.	  Scott	  Collins)	  
	  
	   	  

Backscattered	   electrons	   (BSEs)	   are	   high-‐energy	   electrons	   that	   are	   the	  

resultant	  of	  elastic	  scattering	  interactions	  with	  the	  sample	  atoms.	  Heavier	  elements	  

with	  higher	  atomic	  number	  backscatter	  electrons	  much	  better	  than	  light,	  low	  atomic	  

number	   elements.	   This	   allows	   the	   ability	   to	   show	   the	   contrast	   between	   different	  

chemical	   compositions	   using	   BSEs.	   BSE	   detectors	   are	   placed	   above	   the	   sample	  

around	  the	  electron	  beam	  unlike	  the	  Everhart-‐Thornley	  detectors	  placed	  on	  the	  side.	  

This	   is	   because	   the	   high-‐energy	   BSEs	   are	   found	   to	   be	   more	   concentric	   with	   the	  

electron	   beam.	   BSE	   detectors	   are	   usually	   of	   the	   scintillator	   nature,	   but	  

semiconductor	  devices	  can	  also	  be	  used	  to	  obtain	  signals	  from	  BSEs.	  	  

Electron Detectors

Positively 
biased pole to 
collect electrons

Electrons hit 
scintillation coating 

and emit light

Photomultiplier 
tube collects 
light and 
amplifies it. 
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	   Specimens	  that	  are	  non-‐conducting	  usually	  need	  to	  be	  coated	  in	  a	  conducting	  

material	  such	  as	  a	  metal.	  Metals	   that	  are	  often	  used	  are	  gold,	  palladium,	  platinum,	  

palladium/gold	   alloy,	   tungsten,	   and	   graphite.	   Conducting	   materials	   need	   not	   be	  

coated	  in	  anything	  for	  imaging.	  

	  
E.)	  Overview	  of	  Diffuse	  Reflectance	  Infrared	  Fourier	  Transform	  Spectroscopy	  
	  
	   	  
	   Diffuse	  reflectance	  spectroscopy	  (DRIFT)	   is	  a	  highly	  sensitive	   technique	   for	  

obtaining	  infrared	  spectra	  on	  a	  powdered	  sample	  or	  a	  sample	  with	  a	  rough	  surface.	  

It	  requires	  minimal	  sample	  preparation	  and	  does	  not	  affect	  the	  chemical	  or	  physical	  

properties	  of	  the	  sample.	  Samples	  are	  usually	  ground	  and	  mixed	  in	  with	  KBr	  or	  KCl	  

(both	   are	   IR	   inactive).	   DRIFT	   is	   a	   highly	   sensitive	   technique	   that	   encompasses	   a	  

complex	   process.	   Diffuse	   reflectance	   occurs	  when	   a	   beam	   of	   radiation	   strikes	   the	  

surface	  of	  the	  fine	  powder,	  or	  rough	  sample.	  This	  causes	  specular	  reflection	  at	  each	  

plane	   surface,	   which	   then	   causes	   radiation	   reflection	   in	   all	   directions,	   due	   to	   the	  

presence	  of	  many	  surfaces.	  Even	  though	  this	  is	  a	  reflection	  technique,	  absorbance	  is	  

still	  a	  factor	  in	  this	  process	  where	  the	  reflected	  beam	  hits	  the	  sample	  and	  the	  sample	  

absorbs	  the	  radiation.	  After	  the	  radiation	  is	  absorbed,	  some	  is	  then	  reflected	  back	  to	  

the	   detector.	   The	   most	   widely	   used	   model	   to	   represent	   this	   was	   developed	   by	  

Kubelka	  and	  Munk,44	  where	  equation	  1.5	  and	  1.6	  were	  developed	  to	  show	  relative	  

reflectance	  intensity	  for	  a	  powder’s	   f(R),	  where	  R	  is	  the	  ratio	  of	  reflected	  intensity	  

and	  k	  is	  the	  molar	  absorption	  coefficient	  of	  the	  analyte.	  
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f (R'∞) =
(1− R'∞)

2

2R'∞
=
k
s
	  	   (1.5)	  

	  
k = 2.303εc 	   	  	   	   (1.6)	  

	  
	  
Equation	  1.6	  shows	  a	  proportional	  relationship,	  like	  that	  of	  the	  Beers-‐Lambert	  law,	  

of	  absorbance	  to	  concentration	  taking	  into	  account	  the	  reflectance	  off	  the	  surface	  of	  

the	  sample.	  A	  specialized	  attachment	   is	  required	  to	  obtain	  DRIFT	  spectra	   in	  which	  

the	   collimated	   beam	   of	   radiation	   from	   the	   interferometer	   is	   directed	   to	   an	  

ellipsoidal	  mirror	  and	  then	  to	  the	  sample.	  Figure	  1.24	  shows	  a	  diagram	  for	  common	  

diffuse	  reflectance	  attachment	  for	  an	  FTIR	  spectrometer.	  	  

	  

	  
Figure	  1.21:	  Diffuse-‐reflectance	  attachment	  for	  an	  FTIR	  spectrometer	  utilizing	  an	  ellipsoidal	  

mirror.45	  
	  

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

quantitative analysis. Most instrument manufacturers
now offer adapters that fit into the cell compartments
of IR absorption instruments and make it possible to
obtain reflection spectra readily.

Reflection of radiation is of four types: specular reflec-
tion. diffuse reflection, infernal reflection, and attenuated
total reflectance (ATR). Specular reflection occurs
when the reflecting medium is a smooth polished sur-
face. Here, the angle of reflection is identical to the in-
cident angle of the radiation. If the surface is made up
of an IR absorber, the relative intensity of reflection is
less for wavelengths that are absorbed than for wave-
lengths that are not. Thus, a plot of reflectance R, which
is the fraction of the incident radiant energy reflected,
versus wavelength or wavenumber provides a spectrum
for a compound similar in general appearance to a
transmission spectrum for the species. Specular reflec-
tion spcctra find some use for examining and character-
izing the smooth surfaces of solids and coated solids but
are not as widely used as diffuse- and total-reflection
spectra. We will, therefore, focus on the latter two types
of spectra.

Diffuse-reflectance IR Fourier transform spectrome-
try (D RIFTS) is an effective way of directly obtaining
IR spectra on powdered samples with a minimum of
sample preparation.12 In addition to saving time in
sample preparation, it permits conventional IR spec-
tral data to be gathered on samples not appreciably al-
tered from their original state. The widespread use of
diffuse-reflectance measurements had to await the
general availability of FTIR instruments in the mid-
1970s because the intensity of radiation reflected from
powders is too low to be measured at medium resolu-
tion and adequate signal-to-noise ratios with disper-
sive instruments.
Diffuse reflection is a complex process that occurs

when a beam of radiation strikes the surface of a finely
divided powder. With this type of sample, specular rc-
flection occurs at each plane surface. However, be-
cause there are many of these surfaces and they are
random Iv oriented, radiation is reflected in all direc-

L For additional information, see M. Milosevic. S. L. Berets. AppL Spec-

(rose Rn .. 2002.37. }..p; P. R. Griffiths and M. P. Fuller in Adl'aflCeS in

[n(riJ.rt"'dund Raman Spectroscupy, R. 1. H. Clark and R. E. Hester. cds ..
\"ul. 9. Chap_ 2.LDndon: Heydon and Sons, 19x2

tions. Typically, the intensity of the reflected radiation
is roughly independent of thc viewing angle.
A numbcr of models have bcen developed to de-

scribe in quantitative terms the intensity of diffuse re-
flected radiation. The most widely used of these mod-
els was developed by Kubelka and MunklJ Fuller and
Griffiths in their discussion of this model show that the
relative reflectance intensity for a powder f(R'x) IS

given bV14

(I R')'
f(R' ) = -x = ~
.. x, 2R'x 5

where R'x is the ratio of the reflected intensity of the
sample to that of a non absorbing standard, such as
finely ground potassium chloride. The quantity k is the
molar absorption coefficient of the analyte, and s is a
scattering coefficient. For a diluted sample, k is related
to the molar absorptivity e and the molar concentra-
tion of the analyte c by the relationship

k = 2.303ec

Reflectance spectra then consist of a plot off(R'x,) ver-
sus wavenumber (see Figure 17-12b).

Instrumentation

Currently, most manufacturers of FTIR instruments
offer adapters that fit in cell compartments and permit
diffuse-reflectance measurements. Figure 17-11 illus-
trates one type of adapter. The collimated beam from
the interferometer is directed to an ellipsoidal mirror
and then to the sample. The sample is usually ground
and mixed with KBr or KCI as a diluent. The mixture
is then placed in a sample cup 3-4 mm deep and about
10-15 mm in diameter. A complex combination of re-
flection, absorption, and scattering occurs before the
beam is directed to the detector.
To obtain a spectrum with a single-beam instrument,

the signal for the sample is first stored. A reference sig-
nal with a good reflector. such as finely ground KBr or
KCl, is then recorded in place of the sample. The ratio
of these signals is thcn taken to give the reflectance.

Comparison of Absorption
and Reflection Spectra

Figure 17-12 compares the conventionallR absorption
spectrum for carbazole obtained bv mcans of a KBr
pellet with the diffuse-reflectance spectrum of a 5%

l.ip' Kubdka and L Munk. Tech. Ph.I'\._ 1931. 12. 593: P. Kuodka. I Opt
SQC Am .. 1948. 3:1. 44":;
:'~-L p, Fuller and P, R. Griffiths. A.rwl. Chern .. 1978. 50.19fKJ.

FIGURE 17-11 A diffuse-reflectance attachment for an
FTIRspectrometer.

finely ground mixture of carbazole in potassium chlo-
ride. Note that the peak locations are the same in the
two spectra but that the relative peak heights differ
considerably. The differenccs arc typical, with minOr
peaks generally appearing larger in reflection spectra.

Internal-reflection spectroscopy is a technique for ob-
taining IR spectra of samples that are difficult to deal
with, such as solids of limited solubility, films, threads,
pastes, adhesives, and powders15

Principles

Whcn a beam of radiation passes from a more dense
to a less dense medium, reflection occurs. The fraction
of the incident beam reflected increases as the angle
of incidence becomes larger; beyond a certain critical
angle, reflection is complete. It has been shown both
theoretically and experimentally that during the reflec-
tion process the beam penetrates a small distance into
the less dense medium beforc reflection occurs. The
depth of penetration, which varies from a fraction of a
wavelength up to several wavelengths, depends on the
wavelength, the index of refraction of the two materials,
and the angle of the beam with respcct to the interfacc.
The penetrating radiation is called the evanescent wave.
At wavelengths where thc less dense medium absorbs
the evanescent radiation, attenuation of the beam oc-
curs, which is known as attenuated total reflectance, or

15 See E M. Mirabella. cd .. Modem Techniques in Applied Molecular Spec-
troscopy. New York: Wiley, 1998: (j-, Kortum, Reffccumce Spectrm-copy,
New 'r"orlc Springer. lY69: N. 1. HarricK.lruemill Reflection SpI:Y[(mcop.'"
New York: Wiky. 1%7.

ATR. The resulting ATR spcctrum resembles that of a
conventional IR spectrum with some differcnces.

Instrumentation

Figure 17-13 shows an apparatus for ATR measure-
ments. As can be seen from the upper figure, the sample
(here, a solid) is placed on opposite sides of a transpar-
ent crystalline material of high refractive index. By
proper adjustment of the incident angle, the radiation
undergocs multiple internal reflections before passing
from the crystal to the detector. Absorption and atten-
uation takc place at each of these reflections.
Figure 17-13b is an optical diagram of an adapter

that fits into the cell area of most IR spectrometers and
permits ATR measurements. Cells for liquid samples
are also available.

ATR Spectra

ATR spectra are similar but not identical to ordinary
absorption spectra. In gencral, although the same
bands are observed, their relative intensities differ.

O;;JCJ
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::--.IN1....-;
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FIGURE 17-12 Comparison of the absorption spectrum
(a) for carbazole with its diffuse-reflectance spectrum (b).
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CHAPTER	  2:	  Methods	  and	  Materials	  
	  
A.) Materials	  and	  Chemicals	  
	  

All	   aniline	   was	   purchased	   from	   Sigma-‐Aldrich	   as	   ACS	   reagent	   grade	   and	   then	  

double	  distilled.	  All	  alachlor	  (abbreviated	  ALC)	  was	  purchased	  from	  Sigma-‐Aldrich	  

as	  PESTANAL®,	  analytical	   standard	  grade.	  All	  aqueous	  based	  solutions	  were	  made	  

using	   deionized	   water	   (HPLC	   grade)	   purchased	   from	   Fisher	   Scientific.	   All	  

electrolytes	  used,	  with	  the	  exception	  of	  tetrabutylammonium	  chloride	  hydrate,	  were	  

of	   anhydrous	   grade.	   All	   electrochemical	   experiments	   were	   conducted	   by	   using	   a	  

Princeton	  Applied	  Research	  (PAR)	  potentiostat	  273A.	  SEM	  was	  done	  using	  a	  Zeiss	  

N-‐Vision	  40	  electron	  microscope.	   IR	  spectroscopy	  was	  done	  using	  an	  ABB-‐Bomem	  

FTLA	  Spectrometer	  and	  a	  Herrick	  Preying	  Mantis	  DRIFT	  attachment.	  

	  
B.)	  Activation	  and	  Cleaning	  of	  Platinum	  Surface	  
	  
	  
	   Activation	   and	   cleaning	   experiments	   were	   implemented	   each	   time	   before	  

conducting	   polyaniline	   synthesis	   on	   the	   surface	   of	   platinum	   electrodes.	   These	  

experiments	  were	   conducted	   once	   by	   cycling	   a	   piece	   of	   bare	   platinum	   foil,	   as	   the	  

working	  electrode,	  in	  1	  M	  H2SO4	  solution	  between	  0	  V	  and	  1.2	  V	  at	  125	  mV/s	  for	  20	  

cycles.46	   A	   platinum	   wire	   was	   implemented	   as	   a	   counter	   electrode	   and	   Ag/AgCl	  

electrode	   as	   the	   reference.	   This	   experiment	  was	   done	   so	   that	   any	   impurities	   that	  

may	  have	  been	  residing	  on	  the	  surface	  were	  cleaned	  off	  before	  synthesis.	  Figure	  2.1	  

below	  depicts	  the	  last	  (20th)	  and	  second	  to	  last	  (19th)	  scans	  in	  a	  cleaning	  procedure	  

done	  before	  an	  experiment.	  
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Figure	  2.1:	  Sample	  cleaning	  scan	  of	  platinum	  in	  1	  M	  H2SO4	  

	  

C.)	  Polyaniline	  (Pani)	  Film	  Growth	  

	   Polyaniline	   films	  were	   synthesized	   from	   0.40	  M	   aniline	   growth	   solution	   in	  

HPLC	  grade	  H2O.	  This	  solution	  was	  adjusted	  to	  pH	  1.3	  by	  a	  1	  M	  H2SO4	  solution.	  This	  

adjustment	   to	   pH	   1.3	  was	   done	   to	   optimize	   the	   growth	   of	   polyaniline	   due	   to	   the	  

increase	   in	   conductivity	   of	   polyaniline	   at	   a	   lower	   pH.	   All	   growths	   were	   done	  

electrostatically	   in	   a	   single	   cell	   at	   0.825	   V.	   The	   growth	  was	   done	   over	   a	   piece	   of	  

platinum	  foil	  as	  the	  working	  electrode	  for	  growth,	  unless	  indicated	  in	  the	  following	  

electrochemical	  experimental	  sections.	  The	  counter	  electrode	  used	  was	  a	  double	  Ni	  

electrode	  placed	  on	  each	  side	  of	  the	  platinum	  electrode	  in	  the	  cell,	  linked	  by	  a	  lead	  

(as	   shown	   in	   Figure	   2.2	   below).	   The	   amount	   of	   polyaniline	   grown	   for	   each	  

experiment	   varied	   on	   what	   experimental	   procedure	   was	   being	   employed.	   The	  

amount	   of	   polyaniline	   that	  was	   grown	   over	   platinum	   substrate	  was	  measured	   by	  
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charge	   in	  units	  of	  Coulombs	  (C).	  Figure	  2.3	  below	  depicts	   the	  growth	  over	   time	   in	  

current	  being	  generated	  by	  Pani	  as	  it	  grows	  over	  the	  platinum	  at	  0.825	  V.	  

	  

	  
Figure	  2.2:	  Image	  of	  electrochemical	  cell	  set	  up	  for	  Pani	  growth	  

	  

	  
Figure	  2.3:	  Sample	  plot	  of	  Pani	  growth	  done	  to	  net	  charge	  of	  5	  C	  
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D.)	  Electrochemical	  Experimental	  Procedures	  
	  
	   The	  following	  covers	  the	  experimental	  systems	  that	  were	  developed	  over	  the	  

course	   of	   this	   project	   in	   order	   to	   reach	   the	   point	   of	   a	   simple,	   working	   pesticide	  

sensor.	   The	   system	   is	   defined	   as	   the	   liquid	   media	   in	   which	   electrochemical	  

experiments	  were	  conducted	  in,	  as	  well	  as	  the	  way	  in	  which	  alachlor	  was	  placed	  in	  

solution	  and	  added	  to	  the	  liquid	  media	  for	  experiments.	  Each	  system	  developed	  was	  

a	  step	  in	  the	  incremental	  development	  of	  the	  final	  system	  implemented	  for	  the	  basic	  

workings	  of	   the	  pesticide	  sensor.	  All	  experiments	  were	  done	  at	  room	  temperature	  

(~20	  oC).	  

	  
i.) Aqueous	  KCl	  Solutions	  
	  
	   Aqueous	   solutions	   of	   0.2	  M	  KCl	   (for	   electrolyte)	  were	  made	   to	   start	   as	   the	  

media	   for	  experimentation.	  These	   solutions	  were	  made	  with	  HPLC	  grade	  H2O	  and	  

were	   adjusted	   to	   pH	   2	   and	   pH	   1.3	   by	   0.2	   M	   HCl	   and	   0.2	   M	   NaOH.	   Alachlor	   was	  

dissolved	  in	  Methanol	  (MeOH)	  in	  various	  concentrations	  and	  added	  during	  scans	  to	  

simply	  see	  what	  it	  would	  do	  to	  the	  current	  signal.	  These	  experiments	  varied	  in	  the	  

way	  they	  were	  conducted	  in	  order	  to	  be	  able	  to	  try	  and	  see	  what	  kind	  of	  result	  each	  

procedure	  would	  give.	  The	  first	  media	  used	  was	  a	  pH	  2	  KCl	  solution,	  which	  later	  was	  

lowered	  to	  pH	  1.3.	  Polyaniline	  was	  grown	  over	  platinum	  to	  10	  C.	  The	  solution	  was	  

cycled	  between	  +1.0	  V	  and	  -‐1.0	  V	  for	  3	  cycles	  each	  experiment	  while	  ALC	  in	  MeOH	  

was	   added	   incrementally	   to	   see	   a	   change	   in	   current	   from	   the	   working	   electrode.	  

Various	  scan	  rates	  were	  implemented	  from	  slower	  (10	  mV/s)	  to	  faster	  (100	  mV/s)	  
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to	  simply	  see	  what	  sort	  of	  signal	  was	  produced.	  An	  Ag/AgCl	  reference	  electrode	  was	  

used	  for	  all	  experiments,	  as	  well	  as	  platinum	  wire	  as	  a	  counter.	  

	   It	   was	   seen	   that	   when	   the	   KCl	   media	   was	   used	   to	   cycle	   Pani,	   the	   signal	  

showed	   distinct	   redox	   peaks	   for	   the	   Pani	   baseline	   signal,	   however,	   when	   ALC	   in	  

MeOH	  was	  added	  during	  a	  scan,	  the	  current	  signal	  would	  dramatically	  decrease	  the	  

signal	  of	  the	  polymer	  and	  give	  off	  a	  lot	  of	  noise.	  It	  was	  seen	  that	  MeOH	  might	  not	  be	  

a	   good	   solvent	   choice,	   as	   well	   that	   the	   KCl	   solution	   may	   not	   have	   been	   the	   best	  

choice	   either	   for	   experimental	   solution.	   This	   lead	   to	   the	   next	   implemented	  

experimental	  procedure.	  

	  
ii.) pH	  2.5	  H2O	  by	  H2SO4	  Solutions	  
	   	  
	   After	   the	   finding	   of	   the	   results	   from	   the	   previous	   system,	   a	   different	  

experimental	   solution	  was	   investigated	   in	   order	   to	   gain	   better	   compatibility	  with	  

the	  addition	  of	  ALC	  in	  MeOH	  (various	  concentrations).	  Therefore	  a	  simple	  aqueous	  

solution	  was	  made	  at	  pH	  2.5	  by	  addition	  of	  H2SO4	  for	  pH	  adjustment	  and	  electrolyte.	  

pH	   2.5	   was	   implemented	   to	   begin	   an	   attempt	   to	   increase	   pH	   due	   to	   the	   better	  

reactivity	  of	  ALC	  under	  basic	  conditions.	  However,	  the	  extremely	  acidic	  pH	  system	  

was	  used	   to	  start	  with	   in	  order	   to	  obtain	  a	  strong	  Pani	  signal	   that	  would	  show	  an	  

effect	  when	  exposed	  to	  ALC.	  Bare	  platinum	  was	  cycled	  between	  +1.4	  and	  -‐1.3	  V	  for	  3	  

cycles	  in	  this	  solution	  in	  order	  to	  see	  if	  when	  ALC	  was	  added	  it	  would	  reduce	  at	  the	  

surface	  platinum	  the	  way	   that	  ALC	  reduced	  at	  HMDE	  by	  El-‐Shawahi	  et	  al.	  As	  well,	  

other	   ALC	   solvents	   were	   used	   to	   see	   what	   sorts	   of	   current	   responses	   could	   be	  

generated	  in	  this	  system.	  An	  Ag/AgCl	  reference	  was	  used	  for	  all	  experiments	  as	  well	  

as	  a	  platinum	  wire	  for	  counter	  and	  the	  system	  aerated	  with	  N2.	  
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	   Pani	   was	   not	   used	   as	   the	   working	   electrode	   in	   any	   of	   these	   experiments	  

because	   the	   idea	   behind	   implementing	   this	   system	  was	   to	   study	   the	   interactions	  

between	  experimental	  solutions	  and	  the	  addition	  of	  ALC,	  as	  well	  whether	  an	  actual	  

reduction	  of	  the	  pesticide	  could	  be	  seen	  electrochemically.	  The	  reduction	  of	  ALC	  was	  

unable	  to	  be	  seen	  where	  expected	  (around	  -‐1.3	  V)	  at	  the	  surface	  of	  platinum	  in	  this	  

system	  due	  to	  electrolysis	  of	  water	  that	  occurs	  around	  -‐1.0	  V.	  	  

	   MeOH	  was	  seen	  to	  be	  a	  solvent	  that	  when	  added	  to	  the	  aqueous	  experimental	  

solution	   had	   very	   poor	   electrical	   conductivity	   and	   reduced	   the	   current	   greatly.	  

Other	  solvents	  were	  used	  for	  dissolving	  ALC	  such	  as	  propylene	  carbonate	  (PC)	  and	  

acetonitrile	   (ACN).	   These	   solvents	   turned	   out	   to	   also	   decrease	   the	   conductivity	   of	  

the	  aqueous	  experimental	  solution	  when	  added	  during	  cycling.	  	  

	   These	   investigations	   led	   to	   implementing	   a	   non-‐aqueous	   experimental	  

solution	   that	   would	   be	   the	   same	   as	   that	   of	   what	   ALC	   was	   dissolved	   in	   and	   then	  

added	   during	   a	   scan	   since	   it	   was	   seen	   that	   conductivity	   decreased	   dramatically	  

when	  a	  non-‐aqueous	  solvent	  was	  added	  to	  an	  experimental	  aqueous	  solution.	  	  

	  
iii.) Non-‐Aqueous	  Acetonitrile	  Solutions	  
	   	  
	   Solutions	   of	   0.1	   M	   Tetrabutylammonium	   chloride	   hydrate	   (TBACH)	   in	  

acetonitrile	   (ACN)	  were	  made	   for	   experimental	  media.	   Various	   concentrations	   on	  

the	  mM	  level	  of	  ALC	  in	  ACN	  were	  made	  using	  this	  experimental	  media.	  Experiments	  

were	  done	  at	  various	  scan	  rates	  between	  10	  mV/s	  and	  150	  mV/s	  and	  cycled	   from	  

+1.0	  V	  to	  -‐1.5	  V	  for	  3	  cycles.	  Pani	  was	  grown	  to	  ~2	  C.	  An	  SCE	  reference	  electrode	  was	  

used	  for	  all	  non-‐aqueous	  experiments	  as	  well	  as	  platinum	  wire	  for	  a	  counter	  and	  the	  

system	  aerated	  with	  N2.	  
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	   Non-‐aqueous	   solutions	   were	   investigated	   as	   electrochemical	   media	   for	  

experiments	   after	   the	   low	  pH	  water	  by	  H2SO4	   for	   a	   few	  various	   reasons.	  The	   first	  

was	  done	  in	  order	  to	  see	  if	  the	  herbicide	  could	  directly	  be	  reduced	  at	  the	  surface	  of	  

bare	  platinum,	  with	  no	  polyaniline	  and	  without	  electrolysis	  of	  water	   inhibiting	  the	  

ability	  to	  see	  an	  irreversible	  reduction	  peak	  around	  -‐1.3	  V.	  This	  would	  give	  evidence	  

to	   support	   a	   primary	   way	   of	   sensing	   the	   herbicide	   by	   measuring	   actual	   current	  

given	  by	  the	  reduction	  of	  ALC.	  The	  second	  reason	  was	  if	  I	  could	  see	  an	  irreversible	  

reduction	  peak	  on	  bare	  platinum,	  then	  it	  would	  be	  possible	  to	  coat	  polyaniline	  over	  

platinum	  and	   cycle	   the	   electrode	   in	  non-‐aqueous	   to	   provide	   the	  means	   for	   seeing	  

the	   reduction	   of	   ALC.	   This	   reduction	  would	   hopefully	   show	   either	   an	   increase	   or	  

decrease	  in	  conductivity	  of	  polyaniline	  for	  a	  secondary	  means	  of	  detection.	  	   	  

	   After	  the	  development	  of	  this	  reasoning,	   it	  was	  found	  that	  reduction	  of	  ALC	  

could	   not	   be	   seen	   at	   the	   surface	   of	   bare	   platinum	   in	   non-‐aqueous	   media.	   After	  

further	  literature	  investigation	  it	  was	  seen	  that	  El-‐Shawahi	  et	  al.	  was	  able	  to	  reduce	  

ALC	   directly	   at	   the	   surface	   of	   HMDE	   by	   using	   a	   cathodic	   stripping	   voltammetry	  

technique,	   which	   utilizes	   identifying	   a	   specific	   ionic	   species	   of	   the	   herbicide	   by	  	  	  

collecting	  or	  electroplating	  the	  herbicide	  at	  the	  surface	  of	  a	  working	  electrode	  and	  

then	   reducing	   it	   from	   the	   surface	   by	   stripping	   it	   off.	   The	   electroplating	   step	   is	  

accomplished	  by	  holding	  the	  electrode	  at	  an	  oxidizing	  potential	  and	  the	  stripping	  by	  

sweeping	  the	  potential	  positively.	  This	  technique	  was	  found	  to	  not	  be	  beneficial	  to	  

this	  project	  and	   its	  cause	   for	  an	  environmentally	  safe	  sensor,	  as	   it	  uses	  a	  mercury	  

film	  as	  the	  basis	  for	  plating.	  
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	   Pani	   experiments	   in	   non-‐aqueous	   media	   also	   were	   seen	   to	   produce	   poor	  

current	   response	   even	   in	   a	   background	   and	   thus	  no	   conclusion	   about	  Pani	   cycled	  

with	  ALC	  could	  be	  drawn	  in	  non-‐aqueous	  media	  except	  to	  return	  to	  investigating	  the	  

an	  aqueous	  based	  system.	  

	  
iv.) Phosphate	  Buffer	  Solutions	  

	  
	   0.1	  M	  Phosphate	  buffer	  solutions	  at	  pH	  5.3	  were	  made	  using	  1	  M	  solutions	  of	  

potassium	   phosphate	   dibasic	   (K2HPO4)	   and	   potassium	   phosphate	   monobasic	  

(KH2PO4).	  As	  well	  ALC	  was	  discovered,	  by	  a	  study	  done	  by	  Carrai	  et	  al.,47	  to	  be	  able	  

to	   be	   put	   indirectly	   into	   aqueous	   media	   by	   dissolving	   ALC	   in	   acetone	   and	   then	  

mixing	  ALC	  in	  acetone	  with	  a	  phosphate	  buffer	  solution.	  Therefore,	  0.500	  g	  of	  ALC	  

were	  dissolved	  in	  10	  mL	  of	  acetone	  yielding	  a	  1.853	  x	  10-‐1	  M	  solution	  of	  ALC;	  1	  mL	  

of	   this	   solution	  was	   taken	  and	  dissolved	   in	  250	  mL	  of	  phosphate	  buffer	  yielding	  a	  

7.414	   x	   10-‐4	   M	   ALC	   solution	   in	   phosphate	   buffer.	   This	   then	   became	   the	   stock	  

solution.	  Successive	  dilutions	  were	  then	  made	  in	  1/2,	  1/4,	  1/8,	  and	  1/16	  increments	  

from	   the	   stock.	   Pani	   was	   grown	   to	   ~2	   C	   for	   all	   experiments.	   Experiments	   were	  

carried	  out	   from	  0.825	  V	  to	   -‐1.5	  V	   for	  varying	  cycle	  amounts.	  The	  scan	  rate	   for	  all	  

experiments	   was	   done	   at	   10	   mV/s.	   For	   all	   experiments,	   an	   Ag/AgCl	   reference	  

electrode	  was	  used,	  platinum	  wire	  as	  the	  counter,	  the	  system	  was	  aerated	  with	  N2,	  

and	   for	   the	  working	  electrode	  a	  homemade	  1	  mm	  platinum	  wire	   encased	   in	   glass	  

tubing	  was	  used.	  
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v.) Aqueous	  Universal	  Buffer	  Solutions	  	  
	  
	   A	  universal	  buffer	  mixture	  at	  pH	  4	  was	  created	  using	  McIlvaine’s	  buffer	  using	  

a	  0.1	  M	  citric	  acid	  solution	  and	  a	  0.2	  M	  sodium	  phosphate	  dibasic	  solution.48	  This	  pH	  

4	  buffer	  solution	  was	  then	  used	  to	  make	  a	  7.414	  x	  10-‐4	  M	  ALC	  stock	  solution	  in	  the	  

same	   manner	   as	   described	   in	   the	   previous	   section.	   Three	   successive	   dilutions	   of	  

4.634	  x	  10-‐5	  M,	  1.158	  x	  10-‐5	  M,	  and	  2.895	  x	  10-‐6	  M	  were	  prepared	  to	  obtain	  the	  three	  

minimal	   concentration	  points	  needed	   to	   create	  a	   calibration	  curve	   for	   this	   sensor.	  

Electrochemical	   experiments	   were	   done	   first	   by	   cleaning	   the	   bare	   platinum	  

electrode,	  a	  piece	  of	  platinum	  foil	  that	  utilized	  ~1	  cm2	  working	  electrode	  area.	  The	  

platinum	  electrode	  was	  then	  placed	  in	  the	  aniline	  growth	  solution	  and	  grown	  to	  ~5	  

C.	   All	   experiments,	   unless	   indicated,	   in	   this	   system	   consisted	   of	   running	   a	   Pani	  

electrode	   background	   in	   just	   pH	   4	   buffer,	   then	   cycling	   the	   Pani	   electrode	   in	   the	  

2.895	  x	  10-‐6	  M	  ALC	  solution,	  then	  cycling	  the	  Pani	  electrode	  in	  1.158	  x	  10-‐5	  M	  ALC	  

solution,	   and	   then	   finally	   cycling	   in	   the	   4.634	   x	   10-‐5	  M	  ALC	   solution.	   Experiments	  

were	  done	  for	  3	  cycles	  from	  +0.825	  V	  to	  -‐1.5	  V	  at	  a	  rate	  of	  10	  mV/s.	  	  

	   In	   order	   to	   analyze	   the	   interaction	   Pani	   was	   having	   with	   ALC,	   a	   special	  

experimental	   sequence	   was	   conducted.	   This	   sequence	   utilized	   a	   homemade	  

platinum	   electrode	   with	   a	   1	   mm	   platinum	   wire	   encased	   in	   glass.	   The	   platinum	  

electrode	  was	  placed	  in	  aniline	  solution	  and	  Pani	  was	  grown	  to	  ~100	  mC.	  Then	  the	  

Pani	  electrode	  was	  scanned	  for	  1	  cycle	   in	  pH	  4	  buffer	  from	  +0.825	  V	  to	  -‐1.5	  V	  at	  a	  

scan	   rate	   of	   10	   mV/s.	   A	   second	   buffer	   scan	   was	   then	   done	   under	   these	   same	  

conditions.	  Then,	  another	  scan	  was	  done	  in	  a	  2.895	  x	  10-‐6	  M	  ALC	  solution	  for	  1	  cycle	  

under	   the	   same	  parameters.	  Afterwards,	   a	   third	  buffer	   scan	  was	  done	   for	  a	   single	  



AMDG	  -‐	  53	  

cycle	   under	   the	   same	   parameter,	   and	   then	   a	   fourth	   buffer	   scan	   was	   done	   under	  

these	   same	   conditions.	   	   Afterwards,	   a	   buffer	   scan	   was	   done	   in	   the	   same	   voltage	  

range	  at	  the	  same	  scan	  rate	  for	  25	  cycles.	  A	  platinum	  wire	  was	  used	  as	  a	  counter	  and	  

an	  Ag/AgCl	  electrode	  as	  a	  reference	  for	  all	  experiments.	  All	  experiments	  were	  done	  

in	  a	  single	  cell	  and	  aerated	  with	  N2.	  	  	  	  

	  

E.)	  Scanning	  Electron	  Microscopy	  (SEM)	  Experimental	  Procedures	  

	   SEM	  was	  used	  in	  order	  to	  evaluate	  a	  sample	  of	  Pani	  cycled	  in	  just	  pH	  4	  buffer	  

versus	  a	  sample	  of	  Pani	  that	  was	  cycled	  in	  pH	  4	  buffer,	  then	  cycled	  in	  2.895	  x	  10-‐6	  M	  

ALC	   solution,	   then	  1.158	  x	  10-‐5	  M	  ALC	   solution,	   then	  4.634	  x	  10-‐5	  M	   solution,	   and	  

then	   finally	   in	   7.414	   x	   10-‐4	  M	  ALC	   solution.	   All	   electrochemical	   experiments	  were	  

done	   under	   the	   same	   conditions	   as	   described	   in	   the	   Aqueous	   Universal	   Buffer	  

section.	  These	  two	  films	  were	  dried	  under	  N2	  in	  an	  IR	  oven	  at	  300	  oC	  for	  20	  minutes	  

each.	  Detectors	  used	  for	  image	  capture	  were	  SE2	  and	  InLens.	  A	  single	  detector	  was	  

used	   for	  each	   image.	  The	  system	  vacuum	  varied	  around	   the	   level	  of	  1	  x	  10-‐6	  Torr.	  

The	  electron	  beam	  voltage	  used	   for	   the	  majority	  of	   the	   images	  was	  10	  kV.	   Images	  

were	  taken	  at	  various	  resolutions	  and	  for	  this	  study	  resolutions	  of	  1	  µm	  and	  100	  nm	  

were	  investigated.	  

	  

F.)	  DRIFT	  Spectroscopy	  

	   FTIR	  was	   used	   in	   order	   to	   evaluate	   the	   bond	  makeup	   of	   a	   sample	   of	   Pani	  

cycled	  in	  just	  pH	  4	  buffer	  and	  three	  samples	  of	  Pani	  cycled	  in	  pH	  4	  buffer,	  followed	  

by	  being	   cycled	   in	  2.895	  x	  10-‐6	  M	  ALC	  solution,	   then	  1.158	  x	  10-‐5	  M	  ALC	  solution,	  



AMDG	  -‐	  54	  

then	   4.634	   x	   10-‐5	  M	   solution,	   and	   then	   finally	   in	   7.414	   x	   10-‐4	  M	  ALC	   solution.	   All	  

electrochemical	  experiments	  were	  done	  under	  the	  same	  conditions	  as	  described	  in	  

the	  Aqueous	  Universal	  Buffer	   section	  with	   the	  addition	  of	   scraping	  each	   film	  after	  

drying	   and	   crushing	   to	   refine	   the	   fibers	   as	  much	   to	   powder	   as	   possible.	   The	   scan	  

collection	  for	  each	  spectra	  was	  500.	  A	  DRIFT	  reflection	  technique	  was	  used	  in	  order	  

to	  evaluate	  the	  samples.	  
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CHAPTER	  3:	  RESULTS	  AND	  DISCUSSIONS	  

	  
	   The	   discussion	   is	   based	   on	   data	   that	   was	   collected	   from	   using	   the	   pH	   5.3	  

phosphate	  buffer	  and	  pH	  4	  aqueous	  universal	  buffer	  systems.	  All	  other	  systems	  data	  

up	   until	   the	   point	   of	   implementing	   these	   systems	  were	   discussed	   in	   the	  methods	  

sections	   and	   found	   to	   be	   helpful	   in	   the	   development	   of	   a	  working	   system	   for	   the	  

pesticide-‐sensing	  electrode.	  

	  

A.)	  pH	  5.3	  Phosphate	  Buffer	  System	  

	   	   This	   particular	   system	  was	   the	   first	   that	   began	   to	   provide	   significant	   data	  

that	   suggested	   something	  was	   happening	   between	   Pani	   and	  ALC.	   Figure	   3.1	   is	   an	  

overlay	   of	   cyclic	   voltammograms	   that	   show	   when	   ALC	   is	   cycled	   in	   solution	   with	  

Pani,	   the	   signal	   is	  decreased	  dramatically.	  The	  baseline	  Pani	   scan,	   outlined	   in	   red,	  

shows	  that	  there	  is	  a	  distinct	  redox	  couple	  for	  Pani	  in	  the	  pH	  5.3	  phosphate	  buffer.	  

However,	   when	   the	   Pani	   electrode	   is	   cycled	   in	   ALC	   solution,	   the	   current	   signal	  

shrinks	  and	  the	  oxidation	  peak	  actually	  disappears.	  As	  will	  be	  discussed	   later,	   this	  

gave	   the	   first	   hint	   that	   an	   actual	   irreversible	   reaction	  may	   be	   occurring	   between	  

Pani	  and	  ALC	  after	  the	  reduction	  of	  ALC	  in	  solution.	  
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Figure	  3.1:	  Results	  showing	  decrease	  in	  Pani	  signal	  in	  pH	  5.3	  Phosphate	  Buffer	  

(Medium	  in	  green	  is	  higher	  than	  low	  and	  high)	  
	  

	   	   This	  system	  gave	  way	  that	  there	  might	  be	  some	  slight	  unpredictability	  as	  to	  

how	   ALC	   is	   interacting	   with	   the	   Pani.	   This	   unpredictability	   may	   be	   attributed	   to	  

some	  sort	  of	   absorbance	  of	  ALC	   into	   the	  Pani	  matrix.	  As	  we	  will	  discuss	   later,	   the	  

unpredictability	  may	  also	  be	  attributed	  to	  some	  sort	  of	  chemical	  reaction	  occurring.	  

Figure	  3.2	  shows	  the	  same	  film	  grown	  and	  cycled	  from	  Figure	  3.1,	   in	  first	  medium	  

(1.853	   x	   10-‐4	   M),	   then	   low	   (4.634	   x	   10-‐5	   M),	   then	   high	   (7.414	   x	   10-‐4	   M)	  

concentrations	  of	  ALC.	  This	  figure	  shows	  that	  the	  peak	  current	  around	  -‐0.2	  V	  coming	  

from	   the	   reduction	   of	   Pani,	   decreases	   further	   while	   being	   cycled	   in	   the	   lower	  

concentration,	   and	   then	   decreases	   further	   during	   being	   cycled	   in	   a	   higher	  

concentration	  of	  ALC.	  The	  decrease	   from	  medium	   to	   low	   is	   thought	   to	   come	   from	  

when	  more	   ALC	   is	   added	   to	   the	   film.	   The	   Pani	   interacts	   further	   with	   the	   ALC	   to	  

decrease	  the	  amount	  of	  current	  being	  produced	  from	  the	  redox	  of	  Pani.	  	  
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Figure	  3.2:	  Results	  of	  Pani	  cycled	  in	  low,	  medium,	  and	  high	  concentrations	  of	  ALC	  solution	  

in	  pH	  5.3	  Phosphate	  buffer	  
	  
	   	   	   	  

	   	   	   After	   the	   investigation	   of	   these	   happenings	   within	   the	   pH	   5.3	   phosphate	  

buffer	  system	  it	  was	  thought	   that	   the	  pH	  may	  be	  too	  high	   in	  order	  to	  generate	  a	  

Pani	   signal	   distinct	   enough	   to	   create	   a	   calibration	   curve	   able	   to	   sense	   exact	  

concentrations	  of	  ALC	  in	  aqueous	  solution.	  Therefore,	  this	  led	  to	  the	  search	  to	  find	  

a	   system	  with	   a	   slightly	   lower	  pH	   that	  would	  help	  Pani	   to	   conduct	  better	   at	   the	  

surface	  of	  platinum,	  but	  also	  allow	  good	  reactivity	  with	  ALC.	  In	  choosing	  another	  

experimental	  solution	  to	  work	  in	  at	  a	  lower	  pH	  my	  reasoning	  was	  that	  it	  needed	  to	  

be	  a	  system	  showing	  a	  fair	  amount	  of	  conductivity,	  but	  presented	  a	  fair	  amount	  of	  

safety	   in	   having	   no	   interaction	   with	   the	   Pani	   or	   with	   the	   ALC.	   Therefore,	   a	  

universal	   buffer	   mixture	   with	   citric	   acid	   and	   sodium	   phosphate	   dibasic	   was	  
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chosen	  as	  it	  consisted	  of	  a	  pH	  that	  was	  more	  conducive	  to	  reaching	  the	  goals	  just	  

described.	  

	  

B.)	  Irreversible	  Reduction	  of	  Polyaniline	  

	   	   	   The	  universal	  buffer	  mixture	  at	  pH	  4	  provided	  a	  good	  electrochemical	  system	  

in	   order	   to	   conduct	   experiments	   that	   showed	   the	   effects	   of	   ALC	   on	   the	   Pani	  

electrode.	   In	   Figure	   3.3,	   the	   overlaid	   results	   of	   a	   special	   experimental	   sequence	  

involving	  multiple	  buffer	  scans	  described	  in	  the	  methods	  section	  are	  depicted.	  The	  

first	  scan	  in	  buffer	  is	  not	  depicted	  because	  the	  first	  is	  the	  one	  that	  introduces	  the	  

polymer	  to	  the	  system	  and	  does	  not	  give	  adequate	  information.	  

	  
Figure	  3.3:	  Results	  of	  multiple	  buffer	  scans	  and	  ALC	  scan	  showing	  a	  decrease	  in	  Pani	  signal	  

(1	  mm	  Pt	  wire	  electrode	  used	  as	  working)	  
	  
	   	   	  

	   	   Figure	   3.3	   shows	   the	   Pani	   signal	   from	   approximately	   +0.8	  V	   to	   -‐0.2	   V.	   The	  

second	  buffer	  scan	  is	  depicted	  in	  red	  and	  the	  scan	  in	  pesticide	  solution	  in	  green.	  The	  

!155.00&

!105.00&

!55.00&

!5.00&

45.00&

95.00&

145.00&

195.00&

!0.50&!0.30&!0.10&0.10&0.30&0.50&0.70&0.90&

I"(
m
A)
"

E"(V)"

2nd&Buffer&Scan&

2.895E&!6&M&ALC&

3rd&Buffer&Scan&(Post&ALC&Scan)&

4th&Buffer&Scan&(Post&ALC&Scan)&



AMDG	  -‐	  59	  

drop	  in	  signal	  current	  between	  the	  two	  scans	  is	  tremendous	  and	  due	  to	  the	  nature	  of	  

Pani,	  it	  is	  unlikely	  this	  would	  happen	  between	  scans	  unless	  there	  was	  some	  sort	  of	  

interaction	  happening.	  As	  well,	  after	  a	  scan	  in	  ALC	  solution	  the	  Pani	  electrode	  does	  

not	  recover	  in	  current	  after	  being	  cycled	  multiple	  times	  in	  pH	  4	  buffer	  solution	  with	  

no	   pesticide	   present,	   as	   can	   also	   be	   seen	   by	   the	   third	   buffer	   scan	   in	   purple	   and	  

fourth	  in	  blue.	  

	   	   Following	  these	  scans,	  a	  longer	  scan	  was	  done	  for	  25	  cycles.	  This	  was	  done	  to	  

see	   if	   the	   polymer	  would	   recover	   at	   all	   from	   the	   scan	   in	   pesticide,	   as	   in,	  would	   it	  

“flush”	  the	  pesticide	  from	  the	  polymer	  matrix.	  If	  the	  polymer	  was	  able	  to	  “flush”	  the	  

pesticide	  from	  its	  matrix,	  the	  pesticide	  is	  simply	  being	  absorbed.	  The	  result	  however	  

was	  that	  ALC	  was	  not	  being	  absorbed	  and	  there	  was	  some	  other	  sort	  of	  interaction	  

happening,	  which	  is	  seen	  in	  Figure	  3.4.	  

	   	   In	  Figure	  3.4	  the	  blue	  line	  depicts	  the	  fourth	  scan	  in	  buffer	  and	  the	  two	  red	  

lines	  show	  the	  twenty-‐fourth	  and	  twenty-‐fifth	  scans	  in	  buffer.	  The	  twenty-‐fourth	  is	  

seen	  to	  be	  higher	  in	  current	  than	  the	  twenty-‐fifth,	  which	  shows	  qualitatively	  that	  the	  

signal	  is	  indeed	  shrinking	  and	  that	  the	  reduction	  of	  Pani	  at	  the	  surface	  of	  platinum,	  

in	   the	   presence	   of	  ALC	   is	   irreversible	   because	  Pani	   signals	   in	   an	   acidic	  media	   are	  

known	  to	  increase	  if	  not	  for	  an	  interaction	  of	  some	  sort	  with	  another	  species.33	  	  
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Figure	  3.4:	  Overlay	  showing	  no	  recovery	  of	  Pani	  after	  additional	  25	  cycles	  to	  fourth	  buffer	  

scan	  
(1	  mm	  Pt	  wire	  electrode	  used	  as	  working)	  

	  

	   This	   concurs	  with	   the	   results	   of	  El-‐Shahawi	   et	   al	   and	   their	  work	  with	  ALC,	  

showing	  that	  ALC	  itself	  presumably	  irreversibly	  reduces	  at	  the	  surface	  of	  HMDE.49	  If	  

ALC	   itself	   irreversibly	   reduces	   electrochemically,	   than	   anything	   it	   interacts	   with	  

chemically	  in	  a	  system	  will	  also	  irreversibly	  reduce	  because	  the	  ALC	  is	  the	  inhibiting	  

factor	   on	   the	   electrochemical	   level.	   Due	   to	   the	   nature	   of	   Pani	   as	   a	   matrix,	   the	  

location(s)	   of	   where	   ALC	   is	   interacting	   in	   that	   matrix	   cannot	   be	   known.	   For	   the	  

purpose	  of	  this	  study	  it	  can	  be	  said	  that	  ALC	  is	  interacting	  at	  certain	  sites	  on	  the	  Pani	  

matrix.	   We	   will	   further	   explore	   this	   interaction	   of	   Pani	   and	   ALC	   later	   on	   in	   this	  

chapter.	  
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C.)	  Analysis	  of	  Electrical	  Current	  Trends	  in	  Polyaniline	  Electrode	  

	   Now	  that	  the	  basis	  of	  an	  interaction	  with	  Pani	  and	  ALC	  has	  been	  established,	  

we	  can	  address	  the	  primary	  goals	  of	  this	  project,	  which	  was	  develop	  a	  way	  for	  ALC	  

to	  be	  sensed	  electrochemically	  by	  the	  Pani.	  The	  way	  that	  this	  was	  done	  was	  through	  

electrical	   current	   given	   off	   by	   Pani	   upon	   its	   interaction	   with	   ALC.	   Current	   was	  

analyzed	  by	  looking	  at	  the	  peak	  reduction	  current	  of	  Pani	  located	  at	  ~	  -‐0.2	  V	  within	  

the	   experimental	   range.	   The	   reduction	   current	   was	   chosen	   because	   incremental	  

decreases	   could	   be	   seen	   in	   the	   reduction	   peak	   of	   Pani	   at	   -‐0.2	   V;	   additionally	   the	  

oxidation	   peak	   of	   Pani	   was	   often	   incomplete	   and	   sometimes	   non-‐existent	   in	  

experiments.	  	  

	   In	  order	  to	  determine	  a	  trend	  in	  the	  electrical	  current	  produced	  by	  Pani	  I	  first	  

collected	  a	  Pani	  baseline	  signal	  in	  pH	  4	  buffer	  and	  then	  moved	  to	  scanning	  the	  Pani	  

electrode	   in	   a	   ALC	   solution	   of	   very	   low	   concentration	   (2.895	   x	   10-‐6	   M),	   then	  

scanning	  the	  same	  electrode	  in	  a	  separate	  solution	  concentrated	  four	  times	  as	  much	  

(1.158	  x	  10-‐5	  M),	  then	  scanning	  in	  another	  solution	  concentrated	  four	  times	  as	  large	  

as	   the	  previous	  (4.634	  x	  10-‐5	  M).	  What	   this	  established	  was	  an	  experimental	  basis	  

that	  allowed	  me	  to	  see	  what	  happened	  to	  the	  electrode	  with	  just	  a	  little	  amount	  at	  

first	  to	  get	  an	  idea	  of	  the	  effect	  ALC	  had	  on	  Pani.	  Then	  increasing	  the	  concentration	  

allowed	  me	  to	  see	   if	   the	  effect	  would	  continue.	   In	  my	  course	  of	  experiments	   I	  was	  

able	  to	  generate	  a	  set	  of	  data	  that	  showed	  an	  overall	  decrease	  in	  electrical	  current	  

put	  out	  by	  Pani	  cycled	  in	  the	  presence	  of	  ALC.	  Within	  correlation	  of	  my	  lab	  notebook	  

and	  for	  the	  sake	  of	  brevity	  as	  they	  are	  discussed	  here,	  we	  will	  call	  these	  cycled	  films	  

Pani	  A,	  B,	  and	  G.	  Films	  Pani	  C	  through	  F	  will	  be	  addressed	  later	  in	  this	  section.	  
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	   Once	   this	   procedure	  was	   instituted,	   it	   was	   performed	  with	   the	   homemade	  

platinum	   electrode	   as	   described	   before	   in	   the	  methods	   and	   growth	  was	   done	   up	  

only	  to	  100	  mC.	  This	  electrode	  did	  not	  seem	  to	  provide	  enough	  of	  a	  platinum	  surface	  

for	   the	  Pani	   to	  grow	  over	  and	  the	   film	  after	  a	   few	  scans	   fell	  off	   the	  electrode.	  This	  

caused	  me	  to	  switch	  to	  platinum	  foil	  strip	  with	  a	  growing	  area	  of	  ~1	  cm2	  per	  side	  of	  

the	  foil.	  I	  grew	  this	  to	  5	  C	  and	  this	  provided	  a	  much	  larger	  and	  stable	  base	  for	  Pani	  to	  

interact	  with	  the	  pesticide.	  	  

	   After	   instituting	   this	   procedure	   with	   the	   foil,	   results	   for	   Pani	   A	   were	  

produced,	  as	  seen	  in	  Figure	  3.5.	  Figure	  3.5	  shows	  only	  the	  third	  scan	  out	  of	  the	  three	  

cycles.	  The	  results	  that	  are	  depicted	  in	  Figure	  3.5	  show	  that	  after	  the	  buffer	  scan,	  the	  

peak	   current	   increased	   on	   the	   low	  ALC	   concentration	   scan	   (2.895	   x	   10-‐6	  M).	   This	  

may	   be	   due	   to	   slight	   damage	   to	   the	   surface	   of	   the	   film	   during	   solution	   change	  

between	   experiments.	   However,	   in	   general	   as	  more	   and	  more	   ALC	   is	   cycled	  with	  

Pani	   A	   the	   peak	   current	   decreases	   and	   some	   interaction	   between	   ALC	   and	   Pani	  

seems	  to	  be	  present.	  

	   The	   curve	   in	   Figure	   3.6	   shows	   the	   plot	   of	   peak	   current	   of	   Pani	   A	   versus	  

concentration,	  which	  does	  show	  an	  overall	  decrease	  in	  peak	  current.	  	  
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Figure	  3.5:	  Results	  from	  Pani	  A	  experimental	  sequence	  

(Pt	  foil	  used	  as	  working)	  

	  

	  
Figure	  3.6:	  Plot	  of	  peak	  current	  from	  Pani	  A	  sequence	  vs.	  concentration	  of	  ALC	  

	   	   	   	  

	   	   	   The	  next	   experiment	   immediately	   following	  was	  Pani	  B.	   Pani	  B	   showed	  no	  

major	   signs	   of	   damage	   by	   flaking	   or	   by	   the	   appearance	   of	   the	   platinum	   surface	  
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through	   the	  entirety	  of	   the	   experimental	   sequence.	   Figure	  3.7	  below	  depicts	   the	  

overlaid	  results	  of	  the	  third	  cycle	  of	  each	  experiment	  performed	  with	  Pani	  B.	  The	  

figure	   depicts	   a	   very	   nice	   incremental	   decrease	   in	   peak	   current	  with	   increasing	  

concentration	  of	  ALC.	  	  

	  

	  
Figure	  3.7:	  Results	  from	  Pani	  B	  experimental	  sequence	  

(Pt	  foil	  used	  as	  working)	  

	   	   	   	  

	   	   	   Figure	   3.8	   depicts	   the	   peak	   current	   from	   each	   Pani	   B	   experiment	   versus	  

concentration	  of	  ALC.	  The	  figure	  shows	  that	  from	  this	  experimental	  decrease	  there	  

is	   a	   nearly	   linear	   decrease	   in	   peak	   current	   with	   increasing	   concentration	   of	  

pesticide.	  Reasons	  for	  the	  lack	  of	  total	  linearity	  may	  be	  due	  to	  systematic	  error	  by	  

easy	  disturbance	  of	  the	  film	  during	  solution	  change	  between	  experiments	  
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Figure	  3.8:	  Plot	  of	  peak	  current	  from	  Pani	  B	  sequence	  vs.	  concentration	  of	  ALC	  

	  

	   	   	   The	   third	   experiment	   in	   this	   analysis	   was	   Pani	   G.	   Pani	   G	   also	   showed	   an	  

overall	  decrease	  in	  peak	  current	  with	  increasing	  ALC	  concentration.	  In	  Figure	  3.9	  

the	  overlaid	  results	  of	  the	  third	  scan	  of	  each	  Pani	  G	  experiment	  are	  depicted.	  Pani	  

G	  sustained	  little	  to	  no	  damage	  by	  flaking	  or	  exposure	  of	  platinum	  surface	  through	  

the	   experimental	   sequence.	   The	   decrease	   between	   the	   buffer	   scan	   and	   the	   first	  

ALC	  scan	  is	  very	  large	  and	  shows	  that	  there	  is	  an	  unpredictability	  to	  which	  sites	  on	  

the	   polymer	  matrix	   are	   interacting	  with	   the	   ALC,	   as	  well	   as	   a	   to	   how	  many	   are	  

interacting.	  The	   scans	   involving	   the	  medium	   (1.158	   x	  10-‐5	  M)	   and	  high	   (4.634	   x	  	  

10-‐5	  M)	  concentrations	  of	  ALC	  show	  that	   the	  peak	  current	   signals	  are	  nearly	   the	  

same.	   However,	   the	   Pani	   reduction	   peak	   signal	   for	   the	   scan	   involving	   the	   high	  

concentrated	   solution	   is	   narrower	   where	   the	   reduction	   potential	   has	   shifted	  

slightly	  more	  positive	  and	  the	  signal	  drops	  lower	  than	  the	  previous	  scan	  after	  the	  
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reduction.	   These	   are	   all	   indications	   that	   further	   interaction	   is	   happening	   due	   to	  

the	  presence	  of	  ALC.	  

	  
Figure	  3.9:	  Results	  from	  Pani	  G	  experimental	  sequence	  

(Pt	  foil	  used	  as	  working)	  

	   	   	   	  

	   	   	   In	  Figure	  3.10	  the	  peak	  current	  of	  each	  experiment	  done	  with	  Pani	  G	  versus	  

the	  concentration	  of	  ALC	  is	  depicted.	  It	  appears	  as	  though	  the	  curve	  increases	  with	  

the	   last	   two	   experiments.	   However,	   these	   values	   are	   actually	   the	   same	   and	   the	  

peak	  current	  stays	  at	  6.66	  mA	  between	  the	  medium	  and	  high	  concentrations.	  This	  

could	  suggest	  that	  there	  is	  either	  some	  random	  error	  happening	  on	  the	  molecular	  

level	   where	   the	   interaction	   between	   Pani	   and	   ALC	   is	   occurring	   or	   some	   kind	  

reaction	  rate,	  kinetic	  effect.	  What	  may	  affect	  the	  kinetics	  is	  unknown.	  Overall	  the	  

curve	  decreases	  with	  no	  fluctuation	  in	  current	  showing	  an	  increase.	  
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Figure	  3.10:	  Plot	  of	  peak	  current	  from	  Pani	  G	  sequence	  vs.	  concentration	  of	  ALC	  

	   	   	   	  

	   	   	   Because	  of	  the	  repeatability	  of	  these	  three	  experiments,	  the	  current	  trend	  for	  

the	   sensitivity	   towards	   ALC	   in	   this	   interaction	   between	   Pani	   is	   a	   decrease.	   This	  

current	   trend	   says	   that	   the	   resistance	   of	   the	   electrode	   is	   increasing	   (as	   stated	  

before)	  and	  the	  conductivity	  is	  decreasing.	  Below	  in	  Figure	  3.11,	  the	  average	  peak	  

currents	  from	  experiments	  Pani	  A,	  B,	  and	  G	  are	  shown	  versus	  concentration	  of	  ALC	  

with	   error	   bars.	   The	   error	  was	   calculated	   using	   the	   standard	   deviation	   of	   peak	  

current	   at	   each	   concentration	   of	   ALC	   for	   the	   three	   films.	   Figure	   3.11	   is	   also	   a	  

calibration	  curve	  for	  the	  detection	  of	  ALC	  by	  the	  Pani	  electrode.	  The	  largest	  error	  

occurs	   at	   the	  medium	   concentration	   of	   ALC	   (1.158	   x	   10-‐5	  M)	   having	   a	   standard	  

deviation	  of	  1.743	  mA.	  The	  smallest	  error	  is	  in	  the	  initial	  pH	  4	  buffer	  scan	  having	  a	  

standard	  deviation	  of	  0.0944	  mA.	  The	  error	  occurring	  at	  this	  point	  in	  the	  sequence	  

again	   may	   be	   due	   to	   film	   damage,	   random	   error,	   and	   the	   suggested	   kinetics	  

inference.	  	  	  
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Figure	  3.11:	  Average	  of	  peak	  currents	  of	  Pani	  A,	  Pani	  B,	  and	  Pani	  G	  vs.	  concentration	  of	  ALC	  

	   	   	   	  

	   	   	   The	   film	  damage	   issue	  will	   now	  be	  addressed.	   In	   the	   case	  of	  Pani	  A	   and	  B,	  

both	  had	  slight	  film	  damage	  based	  on	  visual	  inspection	  upon	  entrance	  to	  the	  first	  

solution;	  both	  still	  showed	  a	  decrease	  in	  current	  with	  increased	  concentration	  of	  

ALC.	   Films	   Pani	   C	   through	   F	   were	   complicated	   and	   showed	   visible	   damage;	   all	  

showed	  slightly	  unpredictable	  current	  trends.	  	  

	  
Figure	  3.12:	  Peak	  current	  vs.	  concentration	  of	  ALC	  for	  Pani	  C	  through	  Pani	  F	  
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	   	   	   Figure	  3.12	  shows	  the	  peak	  current	  vs.	  concentration	  of	  ALC	  for	  these	  films.	  

Pani	  E	   is	  not	   included	  because	  such	   large	   film	  damage	  was	  sustained	  during	   the	  

collection	  of	  the	  Pani	  baseline	  signal	  no	  further	  scans	  could	  be	  done.	  These	  current	  

trends	  show	  an	  overall	  increase	  for	  Pani	  D	  and	  Pani	  F.	  However,	  Pani	  C	  shows	  to	  

have	  an	  overall	  decrease,	  but	  does	  not	   fit	   the	  hypothesis	  of	   this	  study	  due	  to	  the	  

very	  large	  amount	  of	  error	  in	  the	  curve.	  These	  pieces	  of	  data	  were	  excluded	  from	  

the	  study	   in	  order	   to	   simplify	   the	  overall	   analysis.	  Due	   to	   the	   interest	  of	   time	   in	  

this	   project,	   further	   studies	   need	   to	   be	   done	   to	   determine	   the	   reason	   for	   such	  

irregular	  trends.	  	  

	   	   	   It	  seemed	  unlikely	  that,	  with	  the	  presence	  of	  an	  organic	  material	  with	  a	  fairly	  

large	   structure,	   the	   current	  would	   increase	  upon	  addition	  because	  of	   the	   lack	  of	  

conjugated	  bonds	  in	  ALC.	  After	  the	  experimental	  sequence	  with	  Pani	  G,	  I	  purposely	  

scratched	   the	   film	   with	   a	   pipette	   enough	   to	   show	   the	   surface	   of	   platinum	   and	  

performed	  a	  scan	  with	  the	  7.414	  x	  10-‐4	  M	  ALC	  stock	  solution	  to	  see	  if	  the	  current	  

would	  continue	  to	  decrease,	  as	  it	  should	  with	  increasing	  concentration	  of	  ALC.	  	  
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Figure	  3.13:	  Results	  of	  film	  damage	  test	  

	   	   	   	  

	   	   	   Figure	   3.13	   above	   depicts	   the	   initial	   buffer	   scans	   (second	   and	   third),	   the	  

preceding	  pesticide	  scan	  (only	  third)	  in	  4.634	  x	  10-‐5	  M,	  as	  well	  as	  the	  second	  and	  

third	   cycles	   in	   the	   stock	   solution.	   The	   cycle	   higher	   in	   current	   during	   the	   stock	  

solution	   scan	   is	   indeed	   the	   third	   scan,	  which	   showed	   that	  with	   film	  damage	   the	  

current	   increases.	   This	   is	   most	   likely	   due	   to	   the	   exposure	   of	   platinum,	   which	  

would	   increase	   the	   current	   of	   the	   system	   in	   its	   entirety	   due	   to	   increased	  

electrolytic	   activity	  with	   the	  platinum.	  Figure	  3.14	   shows	  a	  picture	   representing	  

the	  difference	  between	  a	  damaged	  and	  undamaged	  Pani	  film.	  
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Figure	  3.14:	  Image	  showing	  a	  damaged	  and	  non-‐damaged	  Pani	  films	  

	  

	   It	  should	  be	  noted	  that	   in	  the	  experiments,	  whose	  figures	  are	  shown	  in	  this	  

section,	  there	  is	  a	  shift	  in	  the	  Pani	  reduction	  potential.	  As	  the	  current	  decreases	  with	  

increasing	  concentration	  of	  ALC,	  the	  potential	  becomes	  slightly	  more	  positive.	  This	  

may	  be	  due	   to	   a	   variance	   in	  oxidation	   state	  of	  Pani	  during	   experimentation	  while	  

electrochemically	  cycling.	  Further	  reasoning	  for	  the	  shift	   in	  Pani	  redox	  potential	   is	  

covered	   briefly	   in	   Chapter	   1,	   section	   C-‐2.	   It	   should	   also	   be	   noted	   that	  

electrochemical	   cycling	   of	   Pani	   might	   affect	   the	   layering	   network	   of	   the	   polymer	  

when	   it	   grows	   layers	   parallel	   to	   the	   substrate.	   The	   change	   in	   the	   layering	   at	   the	  

surface	   of	   Pani	   may	   indeed	   have	   some	   affect	   on	   the	   conductivity	   of	   the	   system,	  

however,	  whether	  this	  is	  a	  factor	  or	  not	  in	  this	  study	  is	  unknown.	  
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D.)	  SEM	  and	  FTIR	  Experiments	  

	   After	  investigating	  the	  sensitivity	  of	  the	  Pani	  electrode,	  further	  experiments	  

were	   done	   with	   SEM	   and	   FTIR	   in	   order	   to	   understand	   the	   inferred	   interaction	  

occurring	  between	  Pani	  and	  ALC.	  	  

	   We	  will	  first	  look	  at	  the	  SEM	  images	  taken	  on	  two	  samples	  of	  Pani,	  prepared	  

as	  described	  in	  the	  methods	  section.	  Figures	  3.15	  and	  3.16	  show	  control	  Pani	  in	  pH	  

4	  buffer	  and	  Pani	   cycled	   in	  ALC	  under	  an	  SEM	  at	  100	  nm	  resolutions.	  The	   images	  

both	   show	   individual	   Pani	   fibers	   interwoven	   together	   in	   a	   random	   matrix.	   The	  

difference	  that	  infers	  the	  interaction	  occurring	  is	  seen	  by	  the	  ridges	  that	  appear	  on	  

the	   individual	  Pani	   fibers.	  They	  seem	  to	  be	  evenly	  occurring	  across	  each	   fiber,	  but	  

each	  fiber	  is	  not	  entirely	  covered	  in	  ridges,	  which	  would	  agree	  with	  the	  notion	  that	  

the	  interaction	  is	  random	  and	  thus	  there	  would	  be	  some	  random	  error	  as	  well.	  

	  
Figure	  3.15:	  SEM	  image	  of	  Pani	  at	  100	  nm	  resolution	  
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Figure	  3.16:	  SEM	  image	  of	  Pani	  cycled	  with	  ALC	  at	  100	  nm	  resolution	  

	   	   	   	  

	   	   	   The	  next	  two	  images	  are	  Figures	  3.17	  and	  3.18,	  which	  show	  the	  control	  Pani	  

and	  Pani	  cycled	  with	  ALC	  at	  1	  µm	  resolution.	  These	  two	  images	  depict	  a	  “zoomed	  

out”	   image	   showing	  a	  bigger	  picture	   to	  how	  ALC	   is	   affecting	   the	  Pani.	  There	  are	  

some	   visible	   morphological	   differences	   between	   Pani	   cycled	   with	   ALC	   and	   the	  

control	  Pani,	  where	   the	   image	  of	   the	  Pani	   control	   seems	   to	  be	  more	   “full”;	   as	   in	  

there	  are	  less	  holes	  in	  the	  matrix	  overall.	  Whereas	  in	  the	  image	  of	  Pani	  cycled	  with	  

ALC	   there	   are	   more	   pockets	   and	   holes	   between	   intertwined	   fibers.	   The	   fibers	  

within	   the	  Pani	  control	   sample	  seem	  more	   “tangled”,	  whereas	   in	   the	  Pani	  cycled	  

with	  ALC	  fibers	  seem	  less	  “tangled”	  and	  more	  uniform.	  
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Figure	  3.17:	  SEM	  image	  of	  Pani	  at	  1	  µm	  resolution	  

	   	   	   	  

	   	   	   The	  differences	  as	  described	  above	  in	  these	  SEM	  images	  give	  more	  clarity	  to	  

the	  notion	  that	  there	  was	  some	  interaction	  occurring,	  which	  led	  me	  to	  think	  that	  

with	   another	   instrumentation	   method	   I	   could	   start	   to	   even	   describe	   the	  

interaction	  with	  a	  reaction	  mechanism.	  However,	  due	  to	  the	  nature	  of	  Pani	  and	  the	  

way	  it	  grows	  over	  a	  substrate	  in	  intertwined	  parallel	   layers,	  these	  morphological	  

changes	   as	   described	  may	   be	   due	   to	   a	   change	   in	   the	   layering	   of	   Pani	   by	   simply	  

cycling	   in	   buffer	   solution.	   A	  way	   to	   discover	   if	   these	  morphological	   changes	   are	  

chemical	  between	  Pani	  and	  ALC	  are	  to	  perform	  control	  experiments.	  An	  example	  

of	  this	  control	  experiment	  would	  be	  done	  by	  cycling	  Pani,	  in	  the	  same	  way	  as	  was	  

done	   in	   ALC	   solution,	   in	   only	   buffered	   solution.	   After	   performing	   SEM,	   no	  

difference	  between	  the	  controls	  and	  the	  sample	  cycled	  in	  ALC	  would	  attribute	  the	  

differences	   to	  be	  due	   to	   a	   change	   in	   layering	  of	  Pani,	  where	   the	  opposite	  would	  
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suggest	  chemical	  interactions.	  However,	  in	  order	  to	  confirm	  a	  chemical	  interaction	  

these	  changes	  need	  to	  be	  seen	  on	  the	  molecular	  level,	  which	  can	  be	  done	  by	  FTIR.	  

	  

	  
Figure	  3.18:	  SEM	  image	  of	  Pani	  cycled	  with	  ALC	  at	  1	  µm	  resolution	  

	   	  

	   In	  addition	  to	   the	  SEM	  images,	  FTIR	  spectra	  provided	   information	  that	  also	  

showed	  substantial	  differences	  between	  before	  and	  after	  Pani	  interactions	  with	  ALC.	  

DRIFT	   spectroscopy	  was	  used	   to	   obtain	   enough	   sensitivity	   to	   samples	   in	   order	   to	  

make	  absorption	  band	  assignments	  and	  without	  severely	  altering	  the	  physical	  state	  

of	  the	  solid	  sample.	  All	  figures	  below	  show	  a	  CO2	  peak	  between	  2300	  and	  2400	  cm-‐1	  

due	   to	   atmospheric	   interactions.	   All	   assignments	   were	   made	   using	   a	   table	   of	  

characteristic	  IR	  absorption	  frequencies.50	  

	   Figure	  3.19	  provides	  DRIFT	  spectra	  of	   just	  Pani.	  The	  peak	  assignments	  that	  

are	  inferred	  from	  analysis	  are	  an	  N-‐H	  bend	  that	  can	  be	  seen	  at	  ~1600	  cm-‐1,	  which	  is	  

absolutely	   essential	   to	   the	   backbone	   of	   the	   Pani	   chain.	   There	   is	   a	   possible	   C-‐N	  
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vibration	   around	   ~1000	   cm-‐1,	   which	   would	   correlate	   to	   the	   aromatic	   ring	  

connection	   to	   the	   nitrogen	   forming	   the	   essential	   makeup	   of	   the	   Pani	   monomer,	  

aniline.	  However,	  between	  1500	  and	  1000	  cm-‐1	  the	   region	   is	  unlike	   the	   regions	   in	  

Figures	  3.19	  through	  3.21	  which	  causes	  me	  to	  think	  that	  this	  is	  a	  fingerprint	  region	  

for	  Pani	  and	  is	  characteristic	  of	  its	  bonding	  structure.	  Due	  to	  time	  constraints	  on	  this	  

project	  this	  was	  not	  investigated	  and	  is	  something	  for	  future	  work.	  	  

	  
Figure	  3.19:	  DRIFT	  IR	  spectra	  of	  Pani	  sample	  prepared	  06/13/12	  

	   	  

	   Figure	   3.20	   shows	   an	   FTIR	   spectrum	   of	   ALC	   published	   by	   NIST.	   This	  

spectrum	  is	  present	   in	  order	   to	  reference	  known	  IR	  absorption	  bands	  of	  ALC.	  The	  

following	   three	   figures	   (3.21	   –	   3.23)	   are	   figures	   that	   show	  DRIFT	   spectra	   of	   Pani	  

that	  were	  prepared	  on	  three	  different	  dates.	  This	  was	  done	  in	  order	  to	  show	  that	  the	  

spectra	  were	  consistent,	  as	  well	  that	  the	  interaction	  was	  repeatable.	  	  
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Figure	  3.20:	  FTIR	  spectra	  of	  alachlor.51	  

	  

	   Figure	  3.20	  shows	  the	  signature	  FTIR	  absorption	  bands	  of	  ALC,	  which	  are	  as	  

follows:	   the	   N-‐H	   stretch	   around	   3000	   cm-‐1	   for	   the	   amide	   bond	   in	   the	   chemical	  

structure,	   the	  C=O	   stretch	   at	  ~1700	   cm-‐1	   correlating	   to	   the	   amide	   carbonyl,	   there	  

are	  a	  few	  C=C	  aromatic	  stretches	  at	  ~1500	  cm-‐1	  and	  ~1400	  cm-‐1,	  the	  band	  with	  two	  

peaks	   between	   1100	   and	   1000	   cm-‐1	   correlate	   C-‐O	   stretching	  which	   represent	   the	  

ether	  group	  (R-‐O-‐R’),	  a	  few	  small	  peaks	  between	  1200	  and	  1300	  cm-‐1	  may	  correlate	  

to	   C-‐N	   vibrations,	   as	  well	   there	   is	   a	   small	   sharp	   peak	   between	   700	   and	   800	   cm-‐1	  

which	  correlate	  to	  the	  tri-‐substituted	  aromatic	  bending.	  

	   The	   absorption	   bands	   for	   the	   following	   spectra	   are	   nearly	   the	   same	   as	   the	  

Pani	  spectra	  with	  some	  minor	  differences,	  some	  to	  which	   include	   the	  assignments	  

made	  to	  the	  ALC	  spectra	  in	  Figure	  3.20.	  	  First	  I	  will	  note	  the	  Pani	  bands	  that	  can	  still	  

be	   seen	  on	   these	   spectra.	  The	  band	  at	  ~1600	  cm-‐1,	   correlating	   to	   the	  N-‐H	   in	  Pani,	  

remains.	   Figure	   3.20	   shows	   the	   peak	   that	   was	   seen	   at	   ~1000	   cm-‐1	   indicating	   a	  
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possible	  C-‐N	  vibration.	  The	  vast	  majority	  of	  the	  noise	  that	  was	  seen	  between	  1500	  

and	   1000	   cm-‐1	   disappears	   in	   all	   of	   the	   spectra	   and	   is	   replaced	   by	   a	   few	   different	  

peaks.	   The	   first	   of	   these	   peaks	   is	   somewhere	   in	   between	   1400	   and	   1300	   cm-‐1	  

showing	   a	   possible	   C-‐H	   bend	   which	   would	   correlate	   to	   ethyl	   or	   methyl	   groups	  

present	  in	  the	  new	  structure,	  which,	  if	  ALC	  was	  chemically	  reacting	  with	  Pani,	  there	  

would	  now	  be	  ethyl	  groups	  related	   to	   the	  ALC	  structure.	  Between	  1200	  and	  1100	  

cm-‐1	   there	   are	   two,	   sometimes	   three	   peaks,	  which	   possibly	   indicate	   a	   C-‐O	   stretch	  

also	  coming	  from	  the	  ALC	  structure	  correlating	  to	  an	  ether	  group.	  There	  is	  a	  slight	  

shift	  from	  the	  bands	  seen	  in	  Figure	  3.20,	  where	  this	  shift	  may	  be	  due	  to	  the	  chemical	  

interaction	  between	  ALC	  and	  Pani.	  There	  are	  also	  a	   few	  small	  peaks	  at	  ~800	  cm-‐1	  

and	  ~750	  	  	  cm-‐1	  which	  would	  correlate	  to	  aromatic	  peaks	  being	  tri	  substituted	  and	  

di	   substituted,	   respectively.	   These	   also	   correlate	   to	   the	   ALC	   structure	   where	   the	  

aromatic	  ring	  in	  the	  pesticide	  is	  tri	  substituted	  with	  two	  ethyl	  groups	  and	  a	  nitrogen	  

atom.	  	  
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Figure	  3.21:	  DRIFT	  IR	  spectra	  of	  Pani	  cycled	  with	  ALC	  prepared	  06/08/12	  

	  

	  
Figure:	  3.22:	  DRIFT	  IR	  spectra	  of	  Pani	  cycled	  with	  ALC	  prepared	  06/13/12	  
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Figure	  3.23:	  DRIFT	  IR	  spectra	  of	  Pani	  cycled	  with	  ALC	  prepared	  06/15/12	  

	   	  

	   There	  are	  however	  a	  few	  missing	  elements	  to	  the	  spectra,	  which	  may	  be	  due	  

to	   sample	  preparation,	   some	  systematic	  error	   in	  drying,	   and	  sample	  extraction	  by	  

scraping	  of	   the	   film.	  The	  missing	  elements	  are	  an	  O-‐H	  stretch	  around	  ~3000	  cm-‐1,	  

which	  would	  correlate	  to	  the	  mechanism	  proposed	  in	  the	  next	  section,	  inferring	  the	  

possibility	   that	  ALC	  has	   already	   been	   reduced	   electrochemically	   and	   then	   reacted	  

with	  Pani.	  If	  this	  is	  not	  the	  case	  then	  a	  distinct	  C=O	  at	  ~1700	  cm-‐1,	  as	  seen	  in	  Figure	  

3.20,	  would	  appear,	  which	  would	  correlate	  to	  an	  unreduced	  ALC	  chemically	  reacted	  

with	  Pani.	  However	  both	  of	  these	  elements	  are	  missing	  and	  are	  for	  investigation	  in	  

future	  work.	  
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E.)	  Reaction	  of	  Amines	  with	  Chloroacetyl	  Chloride	  

	   Figure	  3.24	  depicts	  the	  organic	  synthesis	  of	  a	  compound	  known	  as	  

lidocaine.52	  The	  amine	  portion	  of	  2,6-‐dimethyl	  aniline	  reacts	  with	  the	  chloroacetyl	  

functional	  group	  to	  produce	  an	  amide	  bond.	  Inspection	  of	  ALC	  shows	  a	  similar	  

chloroacetyl	  substructure	  involving	  –C(O)CH2Cl,	  which	  may	  be	  able	  to	  react	  with	  

amines.	  The	  following	  section	  outlines	  how	  this	  may	  occur.	  	  	  

	  

Figure	  3.24:	  Synthesis	  of	  Lidocaine	  

	  

F.)	  Interaction	  of	  Polyaniline	  with	  Alachlor	  

	   The	   observed	   reactivity	   of	   2,6-‐dimethyl	   aniline	   with	   chloroacetyl	   chloride,	  

suggests	   that	   Pani	  may	   react	  with	   ALC	   as	   shown	   in	   Figure	   3.25.	   This	  mechanism	  

shows	  that	  the	  chloroacetyl	  functional	  group	  on	  the	  ALC,	  similar	  to	  the	  substructure	  

outlined	  in	  section	  E,	  reacts	  with	  an	  amine	  in	  the	  Pani	  chain.	  This	  reaction	  is	  based	  

off	   of	   an	   SN2	  model	   organic	   reaction	   involving	   amines	   and	   alkyl	   halide	   functional	  

groups.53	  	  
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The	  20	  amine	  in	  the	  Pani	  chain,	  the	  emeraldine	  form	  is	  shown	  due	  to	  the	  acidity	  and	  

abundance	  of	  lone	  pairs	  on	  the	  amines,	  is	  the	  attacking	  group	  or	  nucleophile.	  This	  is	  

favored	   as	   the	   attacking	   group	   due	   to	   the	   nature	   of	   the	   functional	   group	   having	  

higher	  reactivity	  as	  a	  Lewis	  base,	  defined	  with	  a	  lone	  pair	  of	  electrons.	  The	  leaving	  

group	  on	  the	  ALC	  is	  a	  chloride	  making	  it	  a	  10	  alkyl	  halide,	  which	  would	  have	  decent	  

reactivity	  with	  an	  amine.	  	  

	   The	   20	   nature	   of	   an	   SN2	   reaction	   decreases	   the	   argument	   for	   this	   type	   of	  

reaction	   because	   the	   solvent	   is	   protic,	   or	  water	   based,	   and	  most	   20	   SN2	   reactions	  

occur	   in	   aprotic	   solvent	   systems.	   Another	   factor	   against	   this	   mechanism	   is	   the	  

sterics	   of	   the	   system.	   Pani	   is	   a	   highly	   aromatic	   system	   with	   many	   branches	   and	  

fibers;	  as	  well	  ALC	  is	  an	  aromatic	  compound	  with	  many	  substituted	  groups,	  which	  

sets	  it	  up	  for	  a	  possible	  intra-‐molecular	  reaction.	  	  

	  

	  
Figure	  3.25:	  Proposed	  reaction	  mechanism	  of	  Pani	  with	  ALC	  
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	   Figure	   3.25	   shows	   a	   chemical	   reaction	   that	   precedes	   an	   electrochemical	  

reduction	   of	  ALC	   at	   -‐1.3	  V.	  However,	   the	   electrochemical	   reduction	   of	  ALC	   is	   also	  

possible,	  as	  outlined	  by	  El-‐Shahawi	  et	  al.,	  depicted	  in	  Figure	  3.26.	  	  

	  

	  
Figure	  3.26:	  Proposed	  reaction	  mechanism	  of	  the	  reduction	  of	  ALC	  by	  El-‐Shahawi	  et	  al.49	  

	  

	   The	   mechanism	   depicted	   in	   Figure	   3.26,	   can	   be	   applied	   to	   the	   Pani	   ALC	  

complex,	  resulting	  in	  a	  reduced	  carbonyl	  bond	  to	  form	  a	  hydroxide	  functional	  group.	  

This	  is	  represented	  in	  the	  form	  of	  a	  chemical	  structure	  in	  Figure	  3.27.	   Due	   to	   time	  

constraints	  in	  this	  project	  the	  determination	  of	  whether	  this	  is	  in	  fact	  occurring,	  is	  a	  

topic	  for	  future	  work.	  In	  the	  future,	  to	  determine	  whether	  the	  mechanism	  is	  indeed	  

chemical	   as	   expressed	   by	   Figure	   3.25,	   experiments	   could	   be	   done	   by	   simply	  

collecting	  a	  Pani	  electrode	  baseline	  signal,	  taking	  the	  electrode	  out	  to	  sit	  in	  solution	  

with	  ALC	  for	  some	  period	  of	  time	  followed	  by	  cycling	  in	  the	  redox	  range	  of	  Pani	  only,	  

absent	  of	  ALC.	  A	  decrease	  in	  current	  would	  show	  the	  reaction	  to	  be	  chemical.	  

	   The	  nature	  of	  Pani	  as	  a	  matrix	  of	   intertwining	  fibers	  still	   leaves	  a	  chance	  of	  

the	   proposed	   mechanism	   in	   Figure	   3.25	   to	   occur	   at	   certain	   active	   sites	   in	   the	  

polymer.	  Figure	  3.27	   is	   a	  diagram	  showing	   the	  probability	  of	   an	  active	  Pani	   chain	  

reacting	  with	  an	  ALC	  molecule.	  	  
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Figure	  3.27:	  Diagram	  showing	  attachment	  active	  Pani	  chain	  to	  platinum	  and	  reaction	  of	  that	  
chain	  with	  ALC	  

	  

The	   platinum	   substrate	   is	   depicted	   with	   a	   grid	   of	   small	   squares	   that	  

represent	  the	  attachment	  of	  Pani	  chains	  that	  are	  inactive	  sites	  for	  reaction	  with	  ALC;	  

whereas	   the	   circle	   in	   the	   center	   depicts	   an	   active	   Pani	   chain	   undergoing	   reaction	  

with	  ALC	  by	  the	  described	  mechanism	  in	  Figure	  3.25.	  The	  grid	  does	  not	  in	  anyway	  

depict	  an	  analytical	  study.	  This	  is	  merely	  a	  way	  of	  representing	  the	  qualitative	  idea	  

of	   the	   proposed	   reaction.	   Understanding	   what	   sites	   are	   active	   and	   inactive	   is	   a	  

completely	  random	  process	  and	  at	  this	  point	  it	  is	  impossible	  to	  tell	  which	  ones	  are	  

active	  and	  inactive,	  as	  well	  as	  how	  many	  of	  each.	  This	  is	  also	  a	  topic	  for	  future	  work.	  
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CHAPTER	  4:	  CONCLUSIONS	  AND	  FUTURE	  WORK	  
	  
Conclusions:	  

A	  correlation	  was	  made	  between	  electrical	   current	   transmitted	  by	   the	  Pani	  

electrode	  during	  electrochemical	  experiments	  with	  concentrations	  of	  ALC.	  This	  led	  

me	   to	   see	   that	   there	   was	   a	   possible	   irreversible	   reaction	   occurring	   with	   Pani	  

because	  of	  the	  decrease	  in	  electrical	  signal	  produced	  by	  the	  Pani	  electrode.	  	  

Moving	   forward,	   it	   was	   assume	   there	   with	   an	   interaction	   proceeding	  

between	  Pani	   and	  ALC.	  Experiments	   conducted	  produced	   correlation	  between	   the	  

magnitude	  of	  electrical	  current	  produced	  by	  the	  Pani	  electrode	  and	  concentration	  of	  

ALC	   in	   an	   analytical	   study;	   thus	   giving	   the	   simple	  workings	   of	   an	   electrochemical	  

sensor	  by	  a	  decrease	  in	  electrical	  current	  with	  increasing	  concentration	  of	  ALC.	  	  

By	  investigation	  with	  SEM	  and	  DRIFT	  IR	  spectroscopy	  it	  was	  found	  that	  there	  

were	  indeed	  changes	  occurring	  in	  the	  system	  when	  Pani	  was	  cycled	  in	  the	  presence	  

of	   ALC.	   This	   led	   to	   the	   actual	   proposal	   of	   a	   reaction	   occurring.	   Whether	   this	   is	  

electrochemical	   or	   chemical	   is	   yet	   to	  be	   confirmed.	  The	  experiments	   in	   this	   study	  

infer	   that	   the	  mechanism	  of	   reaction	   is	   a	   chemical	   reaction	  between	  Pani	   and	   the	  

electrochemically	  reduced	  ALC.	  However,	  this	  does	  not	  rule	  out	  the	  possibility	  of	  an	  

electrochemical	  reaction	  between	  Pani	  and	  ALC.	  

A	  selective	  Pani	  chain	  diagram	  is	  also	  proposed	  in	  order	  to	  illustrate	  how	  the	  

ALC	  may	  be	   attaching	   to	   the	   chain	   at	   specific,	   active	  Pani	   sites.	  However,	   it	   is	   not	  

known	  which	  sites	  and	  how	  many	  are	  being	  affected	  and	  reacted	  with	  pesticide.	  
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In	  conclusion,	  this	  project	  by	  proof	  of	  concept	  met	  the	  goals	  and	  descriptions	  

from	  the	  first	  chapter	  of	  this	  thesis.	  Thus	  the	  thesis	  statement	  has	  been	  fulfilled	  in	  

this	  work.	  	  

	  
	  

Future	  Work:	  
	  
	   If	  this	  work	  is	  to	  be	  continued,	  there	  are	  many	  different	  systematic	  errors	  to	  

which	  could	  be	  improved	  upon	  and	  many	  random	  errors	  that	  could	  be	  investigated	  

with	  more	  time	  and	  resources	  available.	  	  

I	   mentioned	   an	   absorption	   factor	   between	   the	   polymer	   and	   the	   pesticide	  

earlier	  in	  my	  discussions	  where	  the	  polymer	  could	  actually	  also	  be	  holding	  the	  ALC	  

in	  pockets	  along	  the	  chain	  due	  to	  charge	  interactions.	  This	  absorption	  factor	  is	  one	  

that	  can	  be	  investigated	  in	  the	  future	  by	  post	  reaction	  treatments	  with	  various	  types	  

of	  solvents	  and	  further	  spectroscopic	  studies.	  	  

An	   analytical	   study	   can	   be	   done	   in	   the	   future	   to	   determine	   an	   actual	  

detection	  limit	  of	  this	  sensor	  and	  reduce	  the	  error	  in	  the	  linearity	  of	  the	  calibration	  

curve.	  	  

An	  optimization	  of	  coulombic	  growth	  of	  Pani	  with	  pesticide	  detection	  can	  be	  

done	  to	  assure	  the	  appropriate	  amount	  of	  Pani	  needed	  for	  best	  sensitivity	  to	  ALC.	  As	  

well,	   the	   optimization	   of	   the	   pH	   of	   the	   system	   for	   best	   conductivity	   of	   Pani	   with	  

reactivity	   of	   ALC	   can	   also	   be	   investigated	   further	   in	   order	   to	   assure	   optimal	  

sensitivity.	  	  

All	   experiments	   were	   done	   at	   room	   temperature	   however	   not	   all	   aqueous	  

water	  sources	  sit	  at	  room	  temperature	  and	  so	  a	  thermodynamic	  study	  with	  system	  
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temperatures	   could	   be	   conducted	   to	   observe	   trends	   between	   temperature	   and	  

sensitivity	  in	  the	  system	  with	  Pani	  and	  ALC.	  	  

Investigation	   of	   morphological	   changes	   in	   Pani	   by	   performing	   control	  

experiments	  and	  then	  comparing	  through	  SEM	  is	  also	  a	  topic	  for	  future	  work	  

Further	   spectroscopic	   techniques	   such	   as	   UV-‐VIS	   along	   with	   IR	   could	   be	  

investigated	   for	   continued	   development	   to	   the	   proposed	   reaction	   mechanism	  

between	  Pani	   and	  ALC.	  As	  well,	   further	   experimentation	   is	   needed	   to	   confirm	   the	  

identity	  of	  the	  reaction	  between	  ALC	  and	  Pani	  as	  chemical	  or	  electrochemical.	  

A	   decrease	   in	   the	   amount	   of	   film	   damage	   during	   experimentation	   can	   be	  

investigated	  to	  avoid	  experiments	  like	  that	  of	  Pani	  C	  through	  Pani	  F,	  which	  caused	  

them	  to	  be	  unusable	   for	  analytical	  studies.	  This	   investigation	  will	  also	  be	  useful	   in	  

decreasing	  the	  large	  error	  in	  peak	  current	  of	  Pani	  vs.	  concentration	  of	  ALC	  in	  order	  

to	  optimize	  the	  sensitivity	  of	  the	  sensor.	  

A	  few	  more	  general	  ideas	  for	  future	  work	  would	  be	  investigate	  cheaper	  and	  

more	   efficient	   electrode	   substrates	   to	   grow	   polyaniline	   over	   that	   would	   be	  

disposable	   such	   as	   aluminum	   or	   nickel.	   Also,	   expanding	   out	   from	   alachlor	   to	   see	  

what	  other	  classes	  of	  pesticides	  are	  able	  to	  interact	  with	  polyaniline	  would	  grow	  the	  

versatility	  of	  this	  type	  of	  electro-‐analytical	  sensor.	  
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CLOSING	  REMARKS	  

	   This	   thesis	   was	   a	   learning	   experience	   to	   which	   I	   benefited	   most	   by	   the	  

process	   of	   having	   to	   develop	   my	   own	   research	   project	   and	   seeing	   it	   through	   to	  

fruition.	  It	  was	  extremely	  difficult	  to	  even	  come	  up	  with	  a	  topic,	  but	  once	  the	  process	  

was	   moving,	   my	   procedures	   were	   defined,	   and	   I	   was	   generating	   data	   it	   became	  

exciting.	   I	   truly	   feel	   that	   even	   though	   there	   were	   many	   errors,	   and	   still	   many	  

unknowns	  in	  this	  project,	  it	  was	  a	  great	  success.	  
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