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Electrical Conductivity Response of Polypyrrole to Acetone Vapor: Effect of 
Dopant Anions and Interaction Mechanisms

Abstract

The chemically prepared undoped polypyrrole (PPy) and the PPy doped with seven 
dopant anions, at a dopant to monomer molar ratio of 1/12, were used as chemical 
sensors to detect acetone vapor. The negative changes in specific conductivity, A CT, 
of PPys upon exposed to acetone vapor were observed. The magnitudes of Act 
depend critically on the type of the dopants which induces different properties 
amongst doped PPys. For the sulfonate doped PPy, Act depends exponentially on the 
doping level (hr1"/N) and on the initial specific conductivity. It also depends linearly 
on the proportions of the bipolaron species and of the order aggregation of PPy. 
However, it depends inversely on the proportion of the imine-like nitrogen defect 
(=N-). An environmental scanning electron microscope and an X-ray diffractometer, 
for instances, were used to investigate the interaction between PPy and acetone 
molecules. The swelling or the disordering effect, the hydrogen-bonding formation, 
and the reduction of charge carrier species are suggested to be the mechanisms 
causing the PPy conductivity changes when exposed to acetone vapor.

Keywords: polypyrrole, acetone vapor, sensor, hydrogen-bonding, swelling, 
disordering
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Conductive polymers have been developed with the aim to be an alternative 
gas sensor because of several advantages over other available materials [1], The 
conductive polymer based sensor can be operated at room temperature. They are 
light, non-corrosive, and can be prepared easily. Polypyrrole, PPy is one of the most 
interesting amongst many conductive polymers known due to its relatively high 
environmental stability [2] and the ease of synthesizing and doping with various 
dopants [3],

Utilizing dopants with different chemical structures results in some 
modifications of PPy properties, i.e. the surface morphology [4], the solubility [5], 
the moisture content [6], and the degree of water sorption [7], In this work, we shall 
report the effects of dopant anions on electrical response of PPy toward acetone 
vapor. Acetone is the flammable ingredient in a lacquer, the material used for interior 
decoration as well as in various chemical plants. When its concentration in the air is 
between the lower explosive limit, LEL and the upper explosive limit, UEL, 2.5-12.8 
%, it can be easily ignited [8], This is one of the main causes of fire accident on 
construction sites and in chemical stores. Upon an acetone exposure, the conductivity 
of the electrochemically deposited PPy film decreased [9], This response was much 
smaller than that of alcohol, because of the lower polarity of acetone. In addition, the 
baseline resistance of the film drifted towards higher values [9]. Nigorikawa et al. 
[10] also found an increase in resistivity of PPy upon an acetone vapor exposure. A 
lower electronegativity of acetone as compared to the work function of PPy suggests 
the reduction of PPy caused by acetone. An exposure of Langmuir-Blodgett film of 
PPy to a gaseous acetone [11] caused a stable and reproducible electrical resistance 
increases. The resistance response increases with chemical’s polarity; for acetone, 
the response is smaller than those of methanol and ethanol, but it is bigger than those 
of ethyl acetate and toluene.

1. Introduction
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2.1 Materials

Pyrrole monomer (AR grade, Fluka) was purified by distillation under the 
reduced pressure prior to use. Ammonium persulfate (AR grade, Aldrich) was used 
as the oxidant without further purification. The dopants used were: a-naphthalene 
sulfonic acid, sodium salt, A (AR grade, Fluka); P-naphthalene sulfonic acid, sodium 
salt, B (AR grade, Fluka); camphor sulfonic acid, c  (AR grade, Fluka); 
dodecylbenzene sulfonic acid, sodium salt, D (AR grade, Fluka); ethane sulfonic 
acid, E (AR grade, Fluka); perchloric acid, p (AR grade, Fluka); and p-aminobenzoic 
acid, AB (AR grade, Fluka). They were used as received.

2.2 Instruments

The instruments used in this work were: a thickness gauge (Peacock, model 
PDN 12N) with a resolution of 0.001 mm; an environmental scanning electron 
microscope (ESEM, ElectroScan, E3 ESEM) with an acceleration voltage and the 
magnification of 20 kv and 3500 times, respectively: the water vapor pressure used 
was 400 -  800 Pascal; a thermohygrometer (Cole-Parmer, model P-03313-86); an X- 
ray photoelectron spectrometer (XPS, Perkin Elmer, model PHI 5400) with a non- 
monochromatic MgKa source (1253.6 eV and 15 kv X 20 mA); a Fourier transform 
infrared spectrometer (FT-IR, Bruker, model FRA 106/S) with a resolution of 4 cm’1 
and numbers of scan of 20; a thermo gravimetric analyzer (TGA, Perkin-Elmer, 
model TGA7) with a heating rate of 10 °c/min under N2 atmosphere; an X-ray 
diffractometer (XRD, Rigaku, model D/MAX-2000) with Cu K-Alpha 1 as an X-ray 
source and a scanning speed of 5 degree/min; an ultraviolet-visible spectroscopy 
(บ '/-Vis, Perkins-Elmer, model Lambda 16), with a scan speed of 1440 nm/min; and 
a custom-made four-point probe conductivity meter.

2. Experiment
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2 .3  T h e P o ly m e r iz a t io n  P r o c e d u r e

T h e  d o p e d  P P y  w ere  c h em ica lly  sy n th e s iz e d  b y  th e  in  s itu  d o p ed , o x id a tiv e  
co u p lin g  p o ly m e riz a tio n  acco rd in g  to  th e  m e th o d  o f  S h en  an d  W an  [12]. T h e  
so lu tio n  o f  0.6846 g (3.0 m illim o le ) am m o n iu m  p e rsu lfa te  in  10.0 m l d e io n ized  
w a te r  w a s  s lo w ly  ad d ed  to  th e  m ix tu re  o f  1.2 m illim o le  o f  d o p a n t an io n  an d  1.0 m l 
(14.5 m illim o le )  p y rro le  in  20.0 m l d e io n ized  w ate r. T h e  re a c tio n  w a s  ca re fu lly  
m a in ta in e d  a t 0 + 0.5 °c fo r 2 ho u rs. T h e  o b ta in ed  P P y  w as  p re c ip ita te d  b y  p o u rin g  
th e  re a c tio n  m ix tu re  in to  a  la rge  ex cess  a m o u n t o f  d e io n iz e d  w a te r. T h e  P P y  p o w d e r  
w as w a sh e d  sev e ra l tim es  w ith  d e io n ized  w a te r  an d  m e th a n o l b e fo re  d ry in g  in  a 
v a c u u m  a t ro o m  te m p e ra tu re  fo r 2 days. T h e  P P y  d o p e d  w ith  a -n a p h th a le n e  
su lfo n a te  is n o tif ie d  as P P y /A , fo r in stan ce . T h e  u n d o p ed  P P y  w as  sy n th e s iz e d  b y  th e  
sam e  p ro c e d u re  b u t in  th e  ab sen ce  o f  a  d o p a n t an io n ; it is id e n tif ie d  as P P y /U .

2 .4  E ffe c t o f  D o p a n t  A n io n s  on  th e  R e s p o n s e  o f  P P y s  to w a r d  A c e to n e  V a p o r

T o fa b ric a te  a  s tab le  sen so r, an  ag in g  p e r io d  g re a te r  th an  50  d ay s  o f  P P y s  
w a s  a llo w ed  so th a t th e  sp ec ific  c o n d u c tiv ity  o f  P P y  a tta in ed  its  s te a d y  v a lu e . 0 .05  g 
o f  P P y  p o w d e r  w as g ro u n d  and  p re sse d  b y  a h y d ra u lic  p re ss  a t 60  k N  in to  a  p e lle t 
w ith  th e  d ia m e te r  o f  2 .5  cm  an d  a th ick n ess  b e tw e e n  60  -  90  p m , m e a su re d  b y  a 
th ic k n e ss  g au g e . T h e ir  sp ec ific  c o n d u c tiv ity  v a lu e s , CJ w e re  m e a su re d  b y  a  cu s to m - 
m a d e  fo u r-p o in t p ro b e  c o n d u c tiv ity  m e te r  [13]. Si an d  SiC>2 sh ee ts  w ith  k n o w n  
re s is ta n c e  v a lu e s  w e re  u sed  in  th e  p ro b e  ca lib ra tio n . T h e  su ita b le  c u rre n t u se d  w as 
d e te rm in e d  fo r each  P P y ; it w as  se t a t a  lev e l so th a t each  P P y  s till h a d  its  O h m ic  
b e h a v io r  w ith o u t th e  Jo u le  h ea tin g  effec t. F o r  in s tan ce , th e  c u rre n ts  u se d  fo r P P y /U  
an d  P P y /A  w e re  2 (±  0 .5 ) m A  an d  20  (±  1) m A , re sp ec tiv e ly .
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Figure 1 T h e  sch em a tic  d raw  o f  th e  flow  sy stem : A ) th e  th re e  w a y  v a lu e ; B ) th e  
d ry e r co lu m n ; C ) th e  w a te r  re se rv o ir; D ) th e  2 -n e c k  ro u n d  b o tto m  flask ; E ) th e  

sy rin g e  fo r ace to n e  in jec tio n ; F ) th e  c h a m b e r c o n s is tin g  o f  th e  fo u r p ro b e  
c o n d u c tiv ity  m e te r  an d  th e  th e rm o h y g ro m e te r; G ) th e  p re s su re  g au g e ; H ) th e  

d ia p h ra g m  p u m p ; an d  I) th e  d a ta  a c q u is itio n  sy stem .

T h e  f lo w  sy stem , as sh o w n  in  F ig u re  1, co n s is ts  o f  a  h u m id ity -c o n tro l se t (A -C ), 
an  ace to n e  c o n ta in e r  (D ), an d  an  e x p o su re  c h a m b e r (F ) w h ic h  co n ta in s  th e  fo u r-p o in t 
p ro b e  ( lin e a r  a rray ) an d  th e  th e rm o h y g ro m e te r. 4 .0 0  m l o f  a ce to n e  in  th e  co n ta in e r 
w as  s lo w ly  v a p o riz e d  and  flo w ed  in to  a  c lo sed -lo o p  sy stem  h a v in g  a  to ta l v o lu m e  o f  
7 728  c m 3. T h e  a ce to n e  c o n c e n tra tio n  in  N 2 w as  17 v o l.% . T h e  c o n tro lle d  tem p e ra tu re  
an d  h u m id ity  w e re  25 ±  1 °c an d  50  ±  10 % R H , re sp ec tiv e ly . T h e  ch an g e  in  th e  
sp ec ific  c o n d u c tiv ity  w as m o n ito re d  b y  a  d a ta  a c q u is itio n  sy s tem  (D a ta  T ra n s la tio n  
b o a rd , m o d e l D T 2 8 0 1 ) in te rfaced  w ith  a  p e rso n a l c o m p u te r  an d  re p o rte d  in  te rm s o f  
-Act.

2 .5  E ffe c t o f  A c e to n e  V a p o r  C o n c e n tr a tio n s  on  th e  R e s p o n s e  o f P P y s

O n ly  P P y /U  an d  so m e o f  d o p ed  P P y s  w e re  se lec ted  fo r th is  ex p e rim en t. T h e  
v o lu m e  o f  a c e to n e  v a p o r in  th e  co n ta in e r w as  v a rie d  in  o rd e r  to  v a ry  th e  ace to n e  
v a p o r  c o n c e n tra tio n  in  th e  sy stem  fro m  10%  o f  F E E  (0 .25  v o l.% ) to  th e  sa tu ra te d  
c o n c e n tra tio n  o f  ace to n e  v a p o r at 25 °c (3 0  v o l.% ). T h e  c o n tro lle d  te m p e ra tu re  and  
re la tiv e  h u m id ity  fo r th is  sy s tem  w e re  25 ±  1 °c an d  50  ±  10 % R H , re sp ec tiv e ly . T h e  
p a ra m e te rs  o b ta in e d  fro m  th is  e x p e rim en t w e re  th e  re sp o n se  p a tte rn  ( lin ea r/n o n - 
lin ear), th e  se n s itiv ity  (th e  s lo p e  o f  th e  p lo t b e tw e e n  -Act an d  a c e to n e  v a p o r
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c o n c e n tra tio n ) an d  th e  m a x im u m  d e tec tab le  c o n cen tra tio n . T h e  f irs t tw o  p a ra m e te rs  
a re  a ss ig n ed  o n ly  in  th e  co n cen tra tio n  ran g e  o f  L E L  -  U E L  o f  a ce to n e  vapo r.

2 .6  I n te r a c t io n  b e tw e e n  A c e to n e  V a p o r  a n d  P P y

T h e  co n d itio n s  fo r each  e x p e rim en t w e re  d e s ig n e d  to  su it th e  p e rfo rm a n c e  and  
sig n a l s ta b ility  o f  each  in stru m en t. T h e  ch an g e  in  m o rp h o lo g y  a fte r  th e  p ro lo n g e d  
e x p o su re  to  a ce to n e  o f  P P y  p e lle t p re sse d  a t 30  k N /1 .3  c m 2 w as s tu d ie d  b y  E S E M . 
T h e  w a te r  v a p o r  p re s su re  u sed  w as 4 00  -  800  P asca l. T h e  p ic tu re s  o f  p e lle t su rface  
w e re  ta k e n  b e fo re  an d  a fte r  e x p o s in g  to  th e  sa tu ra ted  a ce to n e  v a p o r  in  1รโ2 fo r 24  
h o u rs  a t th e  m a g n if ic a tio n  o f  4 6 x  an d  35 0 0 x . F o r th e  X P S  ex p e rim en t, th e  ch an g e  in  
th e  p ro p o rtio n s  o f  ch em ica l spec ies: n eu tra l n itro g en , p o la ro n  sp ec ies , b ip o la ro n  
sp ec ies , and  im in e -lik e  n itro g en  (= N -) w e re  m o n ito re d  from  th e  P P y  sa m p le  tre a ted  
u n d e r  th e  sa m e  c o n d itio n s  as th o se  in  th e  E S E M  ex p e rim en t. T o  s tu d y  th e  ty p e  o f  
a b so rp tio n  o f  a ce to n e  o n to  P P y  (p h y s iso rp tio n  o r c h e m iso rp tio n )  an d  b o n d in g , th e  
T G A  th e rm o g ra m s  an d  th e  F T -IR  sp ec tra  o f  P P y  p o w d e r  b e fo re  an d  a fte r  e x p o s in g  to  
th e  sa tu ra ted  ace to n e  v a p o r  in  ]รโ2 fo r 24  h o u rs  w e re  reco rd ed . T h e  X R D  e x p e rim en t 
w as  p e rfo rm e d  on  th e  P P y /A  p e lle t b e fo re  an d  a fte r  im m e rs in g  in  ace to n e  liq u id  for 
30  m in u te s , in  o rd e r  to  s tu d y  th e  ch an g e  in  th e  m ic ro s tru c tu re  o f  P P y . T h e  ch an g es  in  
v is ib le  sp e c tra  o f  P P y /B  film , cast from  m -creso l so lu tio n  o n  a  g la ss  s lid e , w ere  
m o n ito re d  d u rin g  an  e x p o su re  to  th e  sa tu ra te  ace to n e  vap o r.

3. Results and Discussion

3 .1  E ffe c t o f  D o p a n t  A n io n s  on  th e  R e s p o n s e  o f  P P y s  to w a r d  A c e to n e  V a p o r

D u rin g  e x p o su re s  to  ace to n e  v a p o r at th e  c o n c e n tra tio n  o f  17 v o l.%  in  N 2 , th e  
sp ec ific  c o n d u c tiv ity  v a lu e s  o f  all P P y s w e re  fo u n d  to  d ec rea se . T h e  re sp o n se  o f  
P P y /บ  is sh o w n  in  F ig u re  2 as a  re p re se n ta tiv e  one . T h e  c h a n g e s  in  c o n d u c tiv ity  
w e re  re v e rs ib le  a fte r  an  ev acu a tio n  o v e rn ig h t. T h e  m a g n itu d e s  o f  th e  eq u ilib riu m  
sp ec ific  c o n d u c tiv ity  d e c rem en t, -Act (see  F ig u re  2 fo r its  d e fin itio n ), d ep e n d  on  th e
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Figure 2 T h e  re sp o n se  o f  P P y /U  to  ace to n e  v a p o r a t th e  c o n c e n tra tio n  o f  17 v o l.%
in  N2 at 24 °c and  at 49 % R H .

ty p e  o f  d o p a n ts  e x is tin g  in  P P ys. F ig u re  3 sh o w s a  p lo t  o f  th e  e le c tr ic a l re sp o n se s  o f  
a ll P P y s in  te rm s  o f - A ct, a lo n g  w ith  th e  sp ec ific  c o n d u c tiv ity  o f  th e  fre sh  o n es, and  
th e ir  n itro g e n  co m p o sitio n s : im in e -lik e  n itro g e n  d e fe c t (= N -); p o la ro n  sp ec ies  
( -N H '+-); a n d  b ip o la ro n  sp ec ies  (= N H +-), as ch a ra c te riz e d  b y  X P S  [1 4 ,1 5 ],

A  P P y  w ith  a  la rg e r am o u n t o f  N 4" (p o la ro n  an d  b ip o la ro n  sp ec ie s)  and  
c o rre sp o n d in g ly  a  h ig h e r  sp ec ific  co n d u c tiv ity  v a lu e  h as  a  h ig h e r  re sp o n se  to w a rd  
a ce to n e  v ap o r. P P y /A  an d  P P y /B  h av e  an  o u ts ta n d in g  se n s in g  ab ility . T h e ir  Act 
v a lu e s  are  -0 .4  and  -0 .2  s /c m , re sp ec tiv e ly . O n  th e  o th e r h a n d  P P y /A B , w h ic h  w as 
re p o rte d  as th e  in e ffe c tiv e ly  d o p ed  P P y  [15a], h as  th e  p o o re s t re sp o n se : -1 .5  X  10 '4 
S /cm . It h as  a  lo w  N + q u an tity , n o  b ip o la ro n  sp ec ies , an d  a  la rg e  p ro p o rtio n  o f  = N -. 
P P y /U  is n o t e n v iro n m e n ta lly  s tab le  [15a]: it h as  a  v a r ia tio n  in  re sp o n se s  to w a rd  
ace to n e . F o r  th e  su lfo n a te  d o p ed  P P y s; i.e. P P y /A , P P y /B , P P y /C , P P y /D , an d  P P y /E , 
th e ir  - A ct v a lu e s  in  re sp o n se  to  17 v o l.%  ace to n e  v a p o r  d e p e n d  e x p o n e n tia lly  o n  th e  
d o p in g  lev e l o r  15f/N  an d  th e ir  in itia l sp ec ific  c o n d u c tiv ity  v a lu e s  w ith  th e  g o o d n ess  
o f  fit, R 2 o f  0 .8 0  an d  0 .7 9 , re sp ec tiv e ly . In  ad d itio n , th e se  - A ct v a lu e s  d e p e n d  lin e a r ly  
o n  th e  p ro p o rtio n  o f  b ip o la ro n  sp ec ies  and  th e  o rd e r  a g g re g a tio n  o f  P P y  w ith  R 2 o f  
0 .63  and  0 .6 5 , re sp ec tiv e ly . A s ch a ra c te riz e d  b y  X R D  [1 5 a], th e  p ro p o r tio n  o f  th e  
o rd e r  ag g re g a tio n  is  th e  p ro p o rtio n  o f  th e  o v e ra ll a re a  o f  X -ra y  d iffra c tio n  p a tte rn , 
ex c lu d in g  th e  b ro a d  m a x im a  at 20  o f  2 5 .4  -  27.8°.
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Figure 3 T h e  e lec tr ica l re sp o n ses  o f  P P y s  to  a ce to n e  v a p o r  a t th e  c o n c e n tra tio n  o f  
17 v o l.%  in  N 2 in  te rm s o f - A ct, a t 25 ±  1 °c an d  a t 50  ±  10 % R H , p lo tte d  w ith  the  
sp ec ific  c o n d u c tiv ity  o f  th e  fresh  P P y s and  th e ir  n itro g e n  c o m p o s itio n s : im in e -lik e  

n itro g e n  (= N -); p o la ro n  (-N H '+-); an d  b ip o la ro n  (= N H +-) sp ec ies .
% 

bip
ola

ron
 sp

eci
es



54

In  su m m ary , P P y /A  and  P P y /B  a re  fo u n d  to  b e  th e  m o st p ro m is in g  m a te ria ls  fo r 
sen s in g  a ce to n e  w h e rea s  P P y /A B  h as  th e  lo w es t re sp o n se  to w a rd  a ce to n e  vapo r. 
T h e y  w e re  se le c te d  fo r th e  n ex t e x p e rim e n t a lo n g  w ith  P P y /U .

3 .2  E ffe c t o f  A c e to n e  V a p o r  C o n c e n tr a tio n s  on  th e  R e s p o n s e  o f P P y s

F ig u re  4  sh o w s -A ct o f  P P y /U , P P y /A , P P y /B , an d  P P y /A B  w h e n  ex p o sed  to 
d iffe ren t a c e to n e  v a p o r co n cen tra tio n s . D u e  to  th e  sm all re sp o n se s  o f  P P y /U  and  
P P y /A B , th e ir  s ig n a ls  sh o w n  in  th is  fig u re  w e re  m u ltip lie d  b y  fac to rs  o f  10 an d  100, 
re sp ec tiv e ly . S o m e  p a ram e te rs , th e  re sp o n se  p a tte rn  an d  th e  s e n s itiv ity  (s lo p e ) in  th e  
re g io n  o f  L E L  to  U E L  o f  ace to n e  an d  th e  m a x im u m  d e te c ta b le  co n c e n tra tio n , a re  
ta b u la te d  in  T a b le  1.

P P y /U , P P y /A , an d  P P y /B  h av e  a p p ro x im a te  lin e a r  e lec tr ica l re sp o n se s  to w ard  
ace to n e  v a p o r  in  th e  ra n g e  o f  its L E L  -  U E L . P P y /A B  h as  a  n o n - lin e a r  on e ; it  has a 
lo g a rith m ic  re sp o n se . T h e  se n s itiv ity  v a lu es, w h ic h  a re  th e  s lo p e  o f  th e  p lo ts , o f  th e se  
fo u r P P y s a re  in  th e  o rd e r  o f  P P y /A  >  P P y /B  >  P P y /U  »  P P y /A B . B e y o n d  th e  U E L  
o f  ace to n e , th e  f irs t th re e  P P y s s till h av e  th e  lin e a r re sp o n se s  u n til th e y  re a c h  th e ir  
m a x im u m  d e te c ta b le  co n c e n tra tio n s  w h ich  are  as h ig h  as  ~ 25  v o l.% . T h e  m a x im u m  
d e tec tab le  c o n c e n tra tio n  o f  P P y /A B  is  o n ly  3 v o l.% , th is  v a lu e  c a n  b e  c lea rly  
o b se rv ed  in  th e  lo g a rith m  p lo t.

T h e  lin e a r re sp o n se s  o f  P P y /A , P P y /B , and  P P y /U  su g g e s t th a t th e y  can  b e  u sed  
as lin ea r se n so rs  fo r ace to n e . T h e  h ig h e s t se n s itiv ity  to w a rd  a c e to n e  v a p o r  o f  P P y /A  
co rre la te s  w ith  th e  h ig h  p ro p o rtio n  o f  b ip o la ro n  sp ec ie s  p re se n t. T h e  lo w e s t 
se n s itiv ity  to w a rd  ace to n e  v a p o r  o f  P P y /A B  c o rre la te s  w ith  its  h ig h  p ro p o rtio n  o f  
= N -. T h e  h ig h  ace to n e  v a p o r  su sc e p tib ility  o f  P P y /A , P P y /B , an d  P P y /U  c o n fo rm s 
w ith  th e ir  re la tiv e ly  h ig h  co n cen tra tio n s  o f  ch a rg e  c a rr ie r  sp ec ie s  (b o th  p o la ro n  an d  
b ip o la ro n , see  F ig u re  3). O n  th e  o th e r h an d , P P y /A B  h a s  th e  lo w e s t m a x im u m  
d e tec tab le  co n cen tra tio n : it h as  th e  lo w est a m o u n t o f  c h a rg e  c a rr ie r  sp ec ie s  an d  v e ry  
h ig h  c o n c e n tra tio n  o f  = N - d efec t. T h e  d e fec t p o ss ib ly  h in d e rs  b o th  c o n d u c tiv ity  and  
re sp o n se  to w a rd  ace to n e  v ap o r. T h ese  c o rre la tio n s  a re  fu rth e r c la rif ie d  in  th e  n e x t 
sec tion .
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Figure 4 T h e  e lec tr ica l re sp o n ses  of: (□ ) P P y /A ; ( A )  P P y /B ; (o )  P P y /U  (x  10); and  
(v) P P y /A B  (x  100) to  ace to n e  v a p o r a t v a rio u s  c o n c e n tra tio n s  in  N 2 a t 25 ±  1 °c

an d  at 50  ±  10 % R H .

Table 1 T h e  ty p e  o f  re sp o n se , th e  sen s itiv ity , and  th e  m a x im u m  d e te c ta b le  
c o n c e n tra tio n  o f  se lec ted  P P y s to w ard  ace to n e  v a p o r  in  N 2

M ateria l T y p e  o f  
re sp o n se

S e n s itiv ity  in  th e  ra n g e  o f  L E L -U E L M a x im u m
d e tec tab le

c o n c e n tra tio n

(v o l.%  o f  
ace to n e  v ap o r)

S lo p e
(S /cm )/(v o l.%  

o f  a ce to n e  
v ap o r)

In te rcep t

(S /cm )

R 2

o f  lin e a r  fits

P P y /U L in ea r -3 .0 E -0 4 -1 .7E -03 0 .90 ~ 2 5  %
P P y /A L in ea r -1 .8 E -0 2 -1 .2E -01 0 .93 ~ 2 5  %
P P y /B L in ea r -9 .1 E -0 3 -6 .3 E -0 2 0.91 ~ 2 5  %

P P y /A B N o n -lin e a r -2 .0 E -0 6 -3 .0 E -0 4 0.25 ~3 %
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3 .4  I n v e s t ig a t io n  o f  I n te r a c t io n  b e tw e e n  A c e to n e  V a p o r  a n d  P P y

F ig u re  5 sh o w s th e  E S E M  p ic tu re s  o f  p e lle t su rfa c e  o f  P P y /B  b e fo re  an d  a fte r 
ex p o su re  to  th e  sa tu ra ted  ace to n e  v a p o r  in  N 2 fo r 24  h o u rs . A t th e  m a g n if ic a tio n  o f  
4 6 x , th e  o v e ra ll su rface  o f  th e  p e lle t in c rea sed  in  irre g u la r ity  u p o n  th e  ace to n e  
ex p o su re . A t th e  m a g n if ic a tio n  o f  3 5 0 0 x , it w as  ev id en t th a t th e  g lo b u la r  s tru c tu re  
g o t so m e  sw e llin g  a fte r  a p ro lo n g e d  ace to n e  exp o su re .

T h e  X P S  re su lts  re v e a l no  s ig n ific an t ch an g e  in  th e  ch e m ic a l sp ec ie s  o f  P P y  u p o n  
a  p ro lo n g e d  ex p o su re  to  ace to n e  v a p o r  (f ig u re  is n o t sh o w n ). T h is  is  d u e  to  a  v e ry  
h ig h  v a c u u m  sy stem  an d  th e  n a tu re  o f  X P S  fo r b e in g  a  v e ry  h ig h  su rface  sen s itiv e  
tech n iq u e . T h is  c o n firm s  th e  r e v e r s ib i l i ty  o f  in te ra c tio n  b e tw e e n  a ce to n e  an d  P P y .

T h e  X -ra y  d iffra c tio n  p a tte rn s  o f  th e  P P y /A  b e fo re  an d  a fte r  im m e rs in g  in  
ace to n e  liq u id  fo r 30  m in u te s  a re  sh o w n  in  F ig u re  6 a lo n g  w ith  th e ir  d e c o n v o lu te d  
re su lts  u n d e rn ea th . T h e  m o st s ig n ific an t ch an g e  a fte r  th e  ex p o su re  is th e  d e c rea se  in  
th e  p ro p o rtio n  o f  th e  p e a k  at 20  o f  17.0° (S D  =  0.7°; d -sp a c in g  =  5 .4  Â ) w h ic h  
c o rre sp o n d s  to  th e  d is tan ce  b e tw e e n  tw o  h a rd  seg m en ts  in  P P y  b a c k b o n e  w h ic h  are  
se p a ra te d  b y  th e  c o u n te r io n  m o lecu le s  [16]. T h is  ch an g e  is a c c o m p a n ie d  b y  th e  
in c re a se  o f  th e  p e a k  a t 29  o f  20 .6° (S D  =  0.2°; d -sp a c in g  -  4 .3  Â ) w h ic h  can  b e  
id en tif ied  as  th e  d is tan ce  b e tw e e n  n e ig h b o rin g  p y rro le  r in g s  o n  th e  sam e  ch a in  
[17 ,1 8 ] w h e n  a - a ’ lin k ag es  are  s in g le  b o n d s. T h e  se co n d  m o s t s ig n if ic a n t ch an g e  in  
X -ra y  d ifffa c to g ram s  can  b e  c le a r ly  seen  o n ly  fro m  th e  d e c o n v o lu te d  re su lts . I t is th e  
p ro p o rtio n s  o f  tw o  d iffra c tio n  p eak s  at th e  29  a ro u n d  25 .5° (d -sp a c in g  =  3 .5 Â ). 
T h e se  tw o  p e a k s  can  b e  d e fin ed  as th e  in te rp la n a r sp a c in g  b e tw e e n  a ro m a tic  p y rro le  
u n its  fro m  tw o  d iffe re n t ch a in s  o r  seg m en ts  [19]. T h e  sh a rp e r  p e a k  in d ic a te s  th e  
p re se n c e  o f  th e  e x te n t o f  c ry s ta llin e  d o m a in s  as la rg e  as 32 A , w h e re a s  th e  b ro a d e r  
o n e  c o rre sp o n d s  to  th e  d iso rd e r  p ro p o rtio n  in  P P y . T h e  a re a  ra tio  o f  th e  sh a rp e r  p e a k  
to  th e  b ro a d e r  o n e  is 1.3 (S D  =  9 .1 ) fo r th e  fre sh  P P y /A . It d e c re a se s  to  b e  9 .6  (S D  =
9 .1 ) a fte r im m e rs in g  in  ace to n e  liq u id  fo r 39  m in . T h is  c h a n g e  in d ic a te s  th a t ace to n e  
d e s tro y s  th e  d isp e rs io n  fo rce  b e tw e e n  a ro m atic  p y rro le  u n its  and  in c re a se s  th e
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d iso rd e r sec tio n  in  P P y  w h ic h  h in d e rs  th e  e lec tro n  m o b ility  an d  h e n c e  d ec rea ses  th e  
sp ec ific  c o n d u c tiv ity  o f  P P y . T h is re su lt ag rees  w ith  th e  c o n c lu s io n s  g iv en  ab o v e  th a t 
a  P P y  w ith  a  h ig h e r  p ro p o rtio n  o f  o rd e r  ag g re g a tio n  h as  a  h ig h e r  re sp o n se  to  ace tone .

T h e  T G A  th e rm o g ra m  o f  th e  P P y /B  a fte r  an  ex p o su re  to  th e  sa tu ra te d  ace to n e  
v a p o r fo r 2 4  h  (F ig u re  7) sh o w s a  d e so rp tio n  o f  ch e m ic a ls  w h e n  th e  te m p e ra tu re  w as 
in c rea sed  to  180 - 240 °c. T h is tem p e ra tu re  is w e ll ab o v e  th e  b o ilin g  p o in t o f  ace to n e  
(56.1  °C). T h e  re su lt su g g es ts  th e  ch e m iso rp tio n  o f  a ce to n e  in  th e  P P y  m a trix  d u rin g  
th e  p ro lo n g e d  ex p o su re .

T h e  F T -IR  sp ec tru m  o f  th e  P P y /D  a fte r e x p o su re  to  th e  sa tu ra te d  a ce to n e  v a p o r 
fo r 24  h (F ig u re  8) co n firm s  th e  ab o v e  s ta tem en t. T h e  s tre tc h in g  v ib ra tio n  o f  c=0 
g ro u p  in  a ce to n e  ad so rb ed  o n to  P P y  (F ig u re  8b) h as  a  fre q u e n c y  o f  1709  cm "1, lo w er 
th a n  th a t o f  c=0 g ro u p  in  ace to n e  v ap o r: 1738 cm "1 (F ig u re  8c). T h is  w a s  p ro b a b ly  
ca u se d  b y  th e  h y d ro g e n -b o n d in g  fo rm a tio n  b e tw e e n  c=0 g ro u p  o f  a ce to n e  an d  N -H  
g ro u p  o f  p y rro le  rep e a tin g  un it. T h is  h y d ro g e n -b o n d in g  w e a k e n e d  th e  c=0 b o n d  b y  
fo rm in g  a  n e w  O  H  b o n d  u s in g  th e  lo n e p a ir  e le c tro n s  o f  o  in  c a rb o n y l g roup . T h is  
f in d in g  ex p la in s  th e  in v e rse  co rre la tio n  b e tw e e n  a ce to n e  re sp o n se  an d  th e  p re sen ce  
o f  = N - w h ic h  is a n o n -d o n a to r  fo r h y d ro g e n -b o n d in g . F ro m  th e  e x p e rim e n ta l s tu d y  
to  d e te rm in e  th e  e ffec t o f  d o p an t to  m o n o m e r m o la r  ra tio  o f  P P y /A  on  th e  re sp o n se  
to w a rd  a c e to n e  v a p o r  [1 5 b ], as th e  ra tio  in c reases , th e  m o is tu re  c o n te n t is  lo w e r due  
to  th e  p re se n c e  o f  h y d ro p h o p ic  d o p a n t w h e rea s  th e  e lec tr ica l re sp o n se  to w ard  
a ce to n e  v a p o r  is en h an ced . T h is  is b e c a u se  th e  e x is tin g  w a te r  m o le c u le s  d e c re a se  th e  
a m o u n t o f  ac tiv e  s ites  fo r ace to n e  (n eu tra l an d  c h a rg e d  -N H -) an d  in c re a se  th e  
a m o u n t o f  = N - in  P P y , as e v id en ced  b y  X P S  [1 5 c ,1 5 d ,2 0 ].

U p o n  e x p o su re  to  th e  sa tu ra ted  ace to n e  v ap o r, th e  a b so rb a n c e  p e a k s  in  v is ib le  
sp ec tru m  o f  P P y /B  film  e v id e n tly  d ec rea sed , as sh o w n  in  F ig u re  9. T h e  p eak  
re d u c tio n  ag rees  w ith  th e  ch an g e  o b se rv e d  b y  B la c k w o o d  an d  Jo so w ic z  [21] u p o n  an  
e x p o su re  to  m e th a n o l v a p o r  o f  th e  P P y /T C N Q  film . It w as  c la im e d  from  th e  
re d u c tio n  in  p o la ro n  an d  b ip o la ro n  sp ec ies  th a t m e th a n o l ac ts  as a  re d u c in g  agen t 
to w a rd  P P y . T h e  sam e  re a so n  sh o u ld  a lso  a p p lic a b le  fo r th e  a ce to n e  ex p o su re .
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A c e to n e  as a  re d u c in g  ag en t co n fo rm s to  th e  fin d in g  th a t a c e to n e  red u ces  th e  
c o n d u c tiv ity  o f  P P y . T h e  d ec rea ses  in  b ip o la ro n  w e re  fo u n d  to  b e  m o re  d o m in a n t 
th a n  th o se  o f  p o la ro n  (-8 9  % , SD  =  9 %  an d  -3 3  % , SD  =  9 % , re sp ec tiv e ly ). T h is  
ex p la in s  th e  b e s t s e n s itiv ity  o f  P P y /A  w h ic h  p o sse sse s  th e  h ig h e s t p ro p o rtio n  o f  
b ip o la ro n . N o te  th a t th e re  w as no  s ig n ific an t ch an g e  in  th e  tra n s itio n  en e rg ie s  fro m  
th e  U V -V is  te c h n iq u e  observ ed .

4. Conclusions

T h e  e lec tr ica l se n s itiv ity  to  ace to n e  v a p o r  o f  c o n d u c tiv e  P P y s  can  b e  
m o d if ie d  b y  u tiliz in g  v a rio u s  ty p es  o f  d o p an t. T h e  d o p an ts  w h ic h  p ro v id e d  P P y  w ith  
h ig h e r  sp ec if ic  co n d u c tiv ity , h ig h e r  o rd e r ag g reg a tio n , h ig h e r  p ro p o rtio n s  o f  N +, 
e sp e c ia lly  b ip o la ro n  an d  lo w er p ro p o rtio n  o f  im in e -lik e  n itro g e n  d e fe c t c a n  im p ro v e  
th e  se n s itiv ity  to  th e  ace to n e  vap o r. T h e  P P y /A  an d  P P y /B  a re  o n es  o f  th e  m o st 
p ro m is in g  c a n d id a te s  am o n g s t P P y s in v es tig a ted  as a  p o ly m e ric  se n so r  fo r ace to n e  
v ap o r. A c e to n e  m o le c u le s  m o s tly  d iffu sed  in to  th e  in te rse g m e n ta l sp aces  in  th e  P P y  
m a tric e s , w h ic h  w e re  p re v io u s ly  sep a ra ted  b y  th e  d o p a n t m o lecu le s . S o m e  o f  th e m  
a lso  d e s tro y e d  th e  d isp e rs in g  fo rces b e tw e e n  a ro m a tic  p y rro le  r in g s . A ce to n e  
m o le c u le s  g e n e ra lly  ab so rb ed  in to  a  P P y  m a trix  via  a  h y d ro g e n -b o n d in g . T h ese  
in te ra c tio n s  h in d e re d  th e  e lec tro n  ju m p in g  an d  h e n c e  d e c re a se d  th e  sp ec ific  
c o n d u c tiv ity  o f  P P y . T h e  ch an g es  in  v is ib le  sp ec tra  o f  P P y  d u rin g  an  ace to n e  
e x p o su re  in d ic a te  th e  re d u c tio n  o f  ch a rg e  c a rrie r  sp ec ies , e sp e c ia lly  b ip o la ro n . T h is  
ex p la in s  th e  su p e rio r  sen s itiv ity  o f  P P y /A  an d  P P y /B  w h ic h  h a v e  re la tiv e ly  h ig h  
p ro p o rtio n  o f  ch a rg e  ca rrie s  sp ec ies , e sp e c ia lly  b ip o la ro n  in  P P y /A . T h e  
im p ro v e m e n t o f  P P y  sp ec if ic ity  to w a rd  ace to n e  o v e r  m o is tu re  an d  o th e r  c o m p o n e n ts  
in  la c q u e r w ill b e  re p o rte d  e lsew h ere .
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( c )  (d )

Figure 5 T h e  m o rp h o lo g y  o f  P P y /B  p e lle ts : a) b e fo re  an d  b ) a fte r  e x p o su re  to  th e  
sa tu ra ted  a c e to n e  v a p o r  in  N 2 fo r 24  h o u rs  at th e  m a g n if ic a tio n  o f  4 0 x : c) b e fo re  and  
d) a fte r  ex p o su re  to  th e  sa tu ra ted  ace to n e  v a p o r fo r 24  h o u rs  at th e  m a g n if ic a tio n  o f

3500x .



Co
un

t

60

(a )  (b )
Figure 6 T h e  X -ra y  d iffra c to g ram s of: a) fresh  P P y /A  p e lle t; an d  b ) th e  sam e  P P y /A  

p e lle t a fte r  im m e rs in g  in  th e  ace to n e  liq u id  fo r 30  m in , w ith  th e ir  d e c o n v o lu te d
re su lts  u n d ern ea th .
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Figure 7 T h e  T G A  th e rm o g ra m s  of: a) fre sh  P P y /B ; an d  P P y /B  a f te r  th e  ex p o su re  to  
th e  sa tu ra ted  ace to n e  v a p o r in  N 2 fo r 24  h o u rs ; an d  th e ir  d e r iv a tiv e s  c) an d  d),

re sp ec tiv e ly .
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Figure 8 T h e  F T -IR  sp ec tra  of: a) fre sh  P P y /D ; b )  P P y /D  a fte r  th e  e x p o su re  to  th e  
sa tu ra ted  ace to n e  v a p o r in  N 2 fo r 24  h o u rs ; an d  c) a ce to n e  vapo r.
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Figure 9 The visible spectra of a) the fresh PPy/B film, and b) the same film upon
exposure to saturated acetone vapor.
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