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APPENDICES

Appendix A Polymerization Mechanism and Yield of PPy

There are two main synthesis methods for PPy: electrochemical and chemical 
polymerization. The advantages of the chemical polymerization are capability of 
mass production and low cost; whereas one of its disadvantages is a low conductivity 
of product. In this dissertation, the chemical polymerization was selected. Figure A1 
shows scheme for coupling of Py to PPy. This corresponds to the relationship 
between amount of oxidant (APS) used and yield observed in our laboratory, as 
shown in Figure A2. The higher amount of oxidant, the higher yield obtained. Even 
though it provided the lowest yield, a APS:Py ratio of 1:5 was selected through out 
this work due to the high conductivity of PPy obtained (see Figure A3).

PPy

Figure A1 Oxidative coupling polymerization of Py to PPy (Zotti, 1997).
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An optimum synthesis temperature of PPy was 0 -  5 °c in aqueous solution 
of ferric salts (Bocchi and Gardini, 1986). It was 0 °c for PPy/HCF (Gomez and 
Romero, 1998) but with a lessen yield as compared to high temperature synthesis. A 
study on chemical polymerization conditions of polyaniline (Cao et a l, 1989) 
indicated its optimum synthesis temperature of 0 —5 °c and claimed the precipitation 
of polyaniline at -10 °c. The proper low temperature seems to lower the reaction 
rate, resulting in less branching and enhanced conductivity. In this dissertation, the 
synthesis temperature was kept at 0 ± 0.5 °c. High APS:Py ratios could induce high 
reaction rate and hence low conductive PPy. Moreover, temperature was difficult to 
control during adding the concentrated APS solution.
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Figure A2 Effect of oxidant (APS):Py ratio on percent yield (normalized with the 
weight of loaded Py monomer).

0 5 10 15 20 25 30 35
Aging time (day)

Figure A3 Effect of APS:Py ratio on conductivity and aging time.



Appendix B Determination of the Molecular structure of Undoped and Doped 
PPy from an Elemental Analysis and a Thermogravimatric Analysis

Raw data obtained from the elemental analysis were weight percentages of N, 
c, ร, and H whereas the data from the thermogravimatric analysis was weight 
percentage of water content which can be identified as the weight loss when sample 
was heated at 100 -  150 °c. These data were used to determine molecular structures 
of undoped and doped PPy under some assumptions as follows:

B.l Undoped PPy

In the matrix of undoped PPy, there were not only PPy itself, but also water 
and co-dopants: HSO4 " and SO42’ [1,2]. However, there has been no report indicating 
the proportion of these two species. The oxidation states of ร atoms in these two 
species are the same, making distinguishing between the two states by XPS an 
impossible task. To simplify the calculation, we assume that the ratio of HSO4 ' : 
SO4 2' is 1 :1 .

Number of N atom = weight percentage of N /14 
= N in Py ring

Number of c  atom -  weight percentage of c  / 1 2  

= c  in Py ring

Number of ร atom = weight percentage of ร / 32 
= ร in HSCV + ร in ร0 42'
= 2 X ร in HSO4

(B.l)

(B.2)

(B.3)

Number of H atom = weight percentage of H /1 
= H in Py ring + H in H2 O + H in HSO4 "
= H in Py ring + 1/(2+16) X %H20  (from TGA) + ร in HSO4 '

.......(B.4)
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Number of o  atom = (100 - weight percentage of N, c, ร, H) /16
= o  in Py ring + o  in H2 0  + o  in HSCV + o  in S042"
= o  in Py ring + 16/(2+16) X %H20  (from TGA)

+ 4 X ร in HSCV + 4 X ร in S042' .......(B.5)

Then, the calculated data were normalized with the number of N. The 
chemical structure of undoped PPy is shown in Table B1 along with the theoretical 
value without co-dopants. The theoretical value of H:N is 3.0. The excess amount is 
attributed to the presence of the saturated pyrrolidine rings which have H:N as high 
as 7:1 (Street et a l ,  1982). Number of o  existing in Py ring is attributed to C-O, C- 
OH, and c= 0  groups arising during polymerization and storage (Kang et a l ,  1991).

B.2 Doped PPy

In doped PPy, there were: PPy itself; fed dopant, e.g. C10H7 SO3 '; water 
content; and co-dopants, HS04" and S042' (Cassignol et a i ,  1998 and Prissanaroon et 
a l ,  2 0 0 0 ). The assumptions used for calculation of chemical structures are: 1 ) HSCV 
: S042" is 1:1; and 2) C:N of Py ring is perfectly 4.0. The excess amount is attributed 
to the presence of dopant molecules. The following equations are for naphthalene 
sulfonate doped PPy.

Number of N atom = N in Py ring .......(B.6 )

Number of c  atom = c  in Py ring + c  in Dopant
= 4 X N in Py ring + c  in Dopant .......(B.7)

Number of ร atom = ร in dopant + ร in HSCV
= 1/10 X c  in dopant + ร in HSCV .............(B.8 )

Number of H atom = H in Py ring + H in dopant + H in H20  + H in HSCV
= H in Py ring + 7/10 X c  in dopant 

+ 1/(2+16) X %H20  (from TGA) + ร in HSCV .......(B.9)
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Number of o  atom = o  in Py ring + o  in dopant + o  in H20  + o  in HSO4 '
= o  in Py ring + 3/10 X c  in dopant 

+ 16/(2+16) X %H20  (from TGA) + 4 X ร in HSO4 '....(B.10)

For PPy doped with other dopants, the correlation between the numbers of ร, 
H, and 0  to that of c  in dopants is considered from particular dopant molecular 
structures. The calculated chemical structures of PPy/A and PPy/B with different 
dopant to monomer molar ratios are shown in Table Bl.



Table B.l Experimental data and calculated data for chemical structure determination from EA and TGA of PPy/U, PPy/A, and PPy/B 
with various D/M ratios

M aterial D/M
D ata from  EA

D ata
from
TG A C hem ical structure

I f§• â S/N

%c % H % N %s %
H2o

!• = TO
Ideal
PPy - - - - - - (C 4 . 0 0 H 3 . 0 0 N 1 .0 0 ) - -
PPy/U 0 27.76 4.66 11.81 2.98 4.86 (C 2 . 7 4 H 4 . 8 3 N 1 .0 0 ) (HSCV) 0 . 0 6 ( S 0 42 ) 0 . 0 6 (H 20 ) 0 . 3 2 0.46 0.11

PPy/U 0 36.42 4.32 12.48 3.01 4.86 (C 3 . 4 0 H 4 . 1 9 N 1 .0 0 ) (HSCV) 0 .0 5 ( S 0 42 ) 0  0 5 (H 20 ) 0 . 3 0 0.30 0.11

PPy/A 1/12 59.61 5.06 12.40 6.93 3.95 (C 4 . 0 0 H 4 .0 5 N 1 .0 0 ) (HSCV) 0 .0 4 ( S 0 42-) 0 . 0 4 (C ,oH7SCV) 0 . 1 6 (H 20 ) 0 .4 5 0.26 0.24

PPy/A 2/3 62.09 5.08 11.77 6.91 2.55 (C 4  0 0 H 4 .1 8 N 1 .0 0 ) (HSCV) 0 .0 2 (so42-) 0 .0 2 (C ,oH7SCV) 0 .2 2 (H 20 ) 0 .3 6 0.29 0.26

PPy/B 1/24 57.72 4.87 13.20 6.51 4.49 (C 4 . 0 0 H 3  81 N 1 .0 0 ) (HSOT) 0 .0 5 ( S 0 42-) 0 ,0 5 (C ioH7SCV) 0 .1 1 (h 2o ) 0 .2 0 0.20 0.22

PPy/B 1/12 59.76 5.05 11.71 7.05 3.05 (C 4 . 0 0 H 4 .2 3 N 1 .0 0 ) (HSCV) 0 . 0 3 ( s o 42-) 0 .0 3 (C ,oH7SCV) 0 . 2 0 (H 2o ) 0 .2 2 0.31 0.26

PPy/B 1/12 58.91 5.10 น . 80 7.06 3.05 (C 4 . 0 0 H 4 .3 3 N 1 .0 0 ) (HSCV) 0 . 0 4 ( S 0 42-) 0 .0 4 (c 10h 7s c v ) 0 .1 8 (H 2o ) 0 . 1 8 0.33 0.26

PPy/B 1/6 60.29 5.00 12.44 7.00 3.47 (C 4 . 0 0 H 3 . 9 9 N 1 .0 0 ) (HSCV) 0 . 0 4 ( S 0 42-) 0 .0 4 (C ,oH7S 0 3-) 0 . 1 7 (h 20 ) 0 . 1 9 0.25 0.25

PPy/B 1/2 61.82 5.12 10.70 7.50 2.61 (C 4 . 0 0 H 4 . 3 9 N 1 .0 0 ) (HSCV) 0 . 0 2 ( S 0 42-) 0 .0 2 (C ,oH 7SCV) 0 . 2 7 (h 2o ) 0 . 1 0 0.35 0.31

PPy/B 2/3 60.62 4.45 10.08 6.77 1.34 (C 4 . 0 0 H 3 . 8 7 N 1 .0 0 ) (HSCV) 0 . 0 0 (so42-) 0 .0 0 (C ,oH7SCV) 0 .3 0 (h 20 ) 0 . 1 7 0.22 0.29

PPy/B 2/3 62.85 4.99 11.49 7.38 2.56 (C 4 . 0 0 H 4 . 0 4 N 1 .0 0 ) (HSCV) 0 .0 2 ( S 0 42 ) 0 .0 2 (C ,oH7SCV) 0 .2 4 (h 2o ) 0 . 0 9 0.26 0.28

PPy/B 1/1 64.81 5.36 11.70 7.78 2.91 (C 4 . 0 0 H 4 .2 8 N 1 .0 0 ) (HSOT) 0 . 0 2 (so42) 0 . 0 2 (C ,oH7SCV) 0 .2 5 («2O) 0 . 1 9 0.32 0.29



Appendix c  Determination of the Functional Groups in PPy by a Fourier 
transform Infrared Spectroscopy

2000 1800 1600 1400 1200 1000 800 600 400
Wavenumber (cm1)

Figure Cl FT-IR spectrum of PPy/A at D/M of 1/12 with peak positions.
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Table Cl Peak positions in FT-IR spectra of PPy/De, PPy/U, and PPy doped with 
various dopants (excluding data of PPy/A which are shown in Table C2).

^ s ร. M aterial 

A ssign m en t'''^ Re
f

PP
y/D

e

PP
y/U

 (1
)

PP
y/U

 (2
)

PP
y/B

PP
y/C

PP
y/D

 (1
)

PP
y/D

 (2
)

PP
y/E

 (1
)

PP
y/E

 (2
)

PP
y/P

 (1
)

PP
y/P

 (2
)

PP
y/A

B

v N -H * 3527 - -

VasCH2 § 2917 - 2918 - 2923 2919 2913 - - - - - -v as CH2 k 2954
Vs CH2 2851 2847 2857 2846 - - 2847 2847 - - - - -Vs CH2 k 2852
c = 0 9 1720 - - 1701
V c = c  # 1550 1562 1545 1542 1542 1543 1549 1549 1549 1542 1542 1542 1561V c = c  f 1546
V c = c  # 1480 1481 1468 1457 - 1459 1482 1475 1459 1457 1459 1458 1482V c = c  f 1470
N /A - - - - 1448 1450 - 1449 - - -

v C - C & C - N  f 1391 1393
v C -N  # 1380 - - - - - 1380 - - - - - -

N /A - 1362 1357 1353 - - - 1371 - 1356 - 1368
D eform ation v ib .# 1300

1297 1293 1280 1298 1294 1282 1282 1296 1286 1295 1291 -C-H & N -H  d ef.t 1295
v C -C  € 1290
C-H & N -H  d ef.f 1242 1241 -

v C -N  € 1190 1199 - - - - 1206 1205 - - - - -

v S = 0 9 1180 - 1174 - - 1170 1171 1178 1178 - 1175 - -

V  o f  Py r in g € 1167 - - 1166 1165 - - 1161 - 1169 - 1164 -

V  C-C & C -N  f 1148
N /A - - - - - 1120 1119 - 1126 - - 1111
N /A - 1091 1095 1085 - - - - - 1104 - - -

C-H  d e f . f 1050 - -

V  o f  Py ring E 1045 1040 1037 1032 1034 1037 1035 1031 1039 1034 1037 1034 1045in-plane N -H  1 1029
V  o f  Py ring E 968 954 962 960 - 963 - 951 963 960 962 959 964
V  o f  Py ring E 922 925 922
out-of-plane C -H 1 908 - 898 887 885 890 909 908 - 896 889 883 -

N /A - - - 856 860 - 865 864 - 859 - - 792
out-of-plane C -H 1 767 779 782 771 - 779 785 780 783 777 775 773 -

- S 0 3" group x 670 - - 669 - - - 662 - 668 - 660 -

V  S - 0 620 - - 597 - 615 - 579 616 615 615 612 617

f T ia n  and Z erb i, 1 9 9 0
* Z a id  e t a l ,  1 9 9 4
§ R o sn er  an d  R ub ner, 1 9 9 4
# T o sh im a  an d  Ihata, 1 9 9 6

K K h atua  and H sie h , 1 9 9 7  
x W e a st  and A stle , 1 9 7 8  
€ K a n g  and G eck e ler , 2 0 0 0  
E S h en  e t a l., 1998

9 M a th y s  an d  T ru o n g , 1 9 9 7  
9 G a ssn er  e t a l ,  1 9 9 7  
ra P o u ch er t, 1 9 9 7
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Table C2 Peak positions in FT-IR spectra of PPy/A at various D/M ratios.

N \  D /M  

A s s ig n m e n t ^ . Re
f

1/9
6

1/1
2(

1)

1/1
2(

2)

1/1
2(

3)

1/1
2(

4)

VO rn (N —

V N -H  f 3527 - - - - - - - - -

v as CH2 5 2917 2907 2916 - 2909 2915 - - - -v asC H / 2954
vs CH2§ 2851 - - - 2840 2847 - - - -v s c t v 2852
V c = c  # 1550 1534 1543 1544 1542 1542 1540 1542 1543 1543V c = c  f 1546
V c = c  # 1480 1450 1454 1460 1447 1456 1450 1454 1454 1454V c = c  f 1470
V C -N # 1380 1359 1364 - 1361 1375 1362 1369 1372 1362
D eform ation v ib .# 1300

1285 1300 1302 1292 1299 1294 1294 1291 1296C-H & N -H  def.1̂ 1295
V C-C € 1290
V o f  P y r in g€ 1167 1155 1162 1164 1150 1168 1161 1169 1166 1166
N /A - 1079 1085 1087 1084 1085 1085 1085 1084 1084
V  o f  P y ring e 1045 1026 1031 1033 1030 1035 1034 1036 1035 1036in-plane N -H  * 1029
V  o f  P y ring E 968 959 960 961 959 961 961 962 961 962
out-of-plane C -I l’ 908 877 885 885 877 891 885 898 900 898
N /A - 844 856 856 834 862 830 862 862 860
N /A - - 787 788 784 795 786 793 788 791
out-of-plane C -IP 767 764 - - 768 770 769 772 770 772
- S 0 3‘ group k 670 665 669 - 667 668 675 682 680 680
V  S - 0  ra 620 601 614 617 603 610 608 611 610 610



Appendix D Determination of the water content and degradation temperature 
of PPy by a Thermogravimatric Analysis

In thermogravimatric analysis (TGA), a weight of 2-4 mg per sample is 
measured as a function of increasing temperature with a constant heating rate under 
N2 atmosphere. The decrease in weight when the temperature is raised to 150 °c can 
be defined as the loss of small volatile molecules, which is mainly water. At higher 
temperature where the weight sharply declines, main chain degradation occurred. An 
on-set of degradation temperature is defined here as the temperature at which the 
sample starts to loss its weight at the rate (derivative) of -0.5 %Wt./°C. This 
transition has to cause more than a 50 %Wt. decrease. Thermogram of PPy/B at D/M 
of 1/12 is shown in Figure D1 with its derivative and labels of the described 
transitions. Water contents and an on-set of degradation temperatures of starting 
materials, PPy/De, PPy/บ, and PPy doped with various dopants at D/M ratio of 1/12 
are shown in Table D1 and D2, respectively. Water contents of PPy/A at various 
D/M ratios are shown in Table D3.

Figure D1 Thermogram of PPy/B at D/M of 1/12 with its derivative.
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Table D1 Water content in starting materials and PPy/De, PPy/U, and PPy doped 
with various dopants at D/M ratio of 1/12.

R u n #
Materia ^

Water content (%)
1 2 3 4 5 6 7 A verage SD

A PS 2.3 - - - - - - 2.33 -
a -N S A 3.2 - - - - - - 3.3 -
P -N SA 0.3 - - - - - - 0.3 -

C SA 4.1 - - - - - - 4.1 -
D B S A 3.2 - - - - - - 3.2 -
p-A m inobenzoate 0.7 - - - - - - 0.7 -
PPy/D e 10.1 - - - - - - 10.1 -
PPy/U 5.2 4.1 5.1 4.5 4.8 5.0 5.4 4.9 0.4
PPy/A 3.9 4.0 - - - - - 3.9 0.1
PPy/B 3.3 2.7 2.9 2.8 2.6 3.4 3.5 3.0 0.4
PPy/C 4.4 6.1 3.8 - - - - 4.8 1.2
PPy/D 0.9 0.8 1.0 - - - - 0.9 0.1
PPy/E 4.9 6.2 5.8 - - - - 5.6 0.7
PPy/P 5.4 5.4 - - - - - 5.4 0.0
PPy/A B 5.1 5.3 3.4 - - - - 4 .6 1.0
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Table D2 On-set of degradation temperature of starting materials and PPy/De, 
PPy/U, and PPy doped with various dopants at D/M ratio of 1/12.

Run # O n-set o f  degradation temperature (°C)
M aterial ^ 1 2 3 4 5 A verage SD

a -N S A 459 .0 - - - - 459 .0 -

P-N SA 526.4 - - - - 526.4 -

C SA 196.3 - - - - 196.3 -

D B S A 415 .0 - - - - 415 .0 -

17-Am inobenzoate 171.0 - - - - 171.0 -

PPy/D e 175.1 - - - - 175.1 -

PPy/U 226 .9 223 .6 227 .9 208 .4 224 .7 222.3 8.0
PPy/A 249 .0 250 .0 - - - 249.5 0.7
PPy/B 268.1 264 .4 2 31 .4 268.1 269 .0 260 .2 16.2
PPy/C 200 .0 200 .0 2 08 .7 - - 202 .9 5.0
PPy/D 274.4 275 .6 262 .8 - - 270 .9 7.1
PPy/E 206 .0 219 .0 219 .4 - - 214.8 7.6
PPy/P 233 .6 230 .0 - - - 231.8 2.5
PPy/AB 214 .9 210.5 2 15 .6 - - 213 .7 2.8

Table D3 Water content in PPy/A at various D/M ratios.

V\ R u n  #
D / M \

Water content (%)
1 2 3 4 5 6 7 A verage SD

P Py/U 5.2 4.1 5.1 4.5 4.8 5.0 5.4 4.9 0.4
1/96 4.8 - - - - - - 4 .8 -
1/48 5.0 - - - - - - 5.0 -
1/24 3.9 4.5 - - - - - 4.2 0.4
1/12 4 .4 3.9 4.0 - - - - 4.1 0.3
1/6 3.2 2.6 3.9 - - - - 3.2 0.7
1/3 2.6 2.6 - - - - - 2 .6 0.0
1/2 2.7 2.5 2.9 - - - - 2.7 0.2
2/3 2.4 2.3 - - - - - 2 .4 0.1
1/1 1.4 0.3 2.0 - - - - 1.2 0.8



Appendix E Determination of the Order Aggregation in PPy by an X-Ray 
Diffractometer

From the well-known Bragg law (Campbell and White, 1991), a crystal 
lattice spacing, d, in a material can be calculated from a scattering angle, 9, in an X- 
ray diffraction pattern, where X = 1.542 Â for CuKa radiation:

1 /d  = (2 sine)/A, ........(E.l)

For PPy, the X-ray diffraction pattern contained no maxima and hence no 
structure present (Geiss et al., 1983). The presence of other bonding in PPy, besides 
a dominant a ,a ’-bond (Clarke et a l ,  1983; Diaz and Hall, 1983), leads to its 
structural disorder. Geiss et al. (1983) observed the diffuse electron diffraction 
pattern from PPy. It was thought to originate from a structure that consists of small 
crystalline regions separated by much larger amorphous regions.

One of the source of line broadening in X-ray diffraction pattern is the small 
crystal size effect: the crystal is oriented close to, but not exactly at, the Bragg 
position. This small crystalline region is referred as ‘order aggregation’ in this 
dissertation. The correlation of the extent of order aggregation and the breadth of X- 
ray diffraction peak can be described by Scherrer equation (Campbell and White, 
1991):

K X
B  cos 6 (E.2)

where t = extent of order aggregation,
B = breadth at half the peak height in radians,
0 = Bragg angle, and
K = coefficient depending on the shape of the crystals,

it is normally close to 0.9.
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Figure El Bond lengths and bond angles in pyrrole ring (Geiss et a l ,  1983).

Figure E2 The X-ray diffraction pattern of PPy/A (D/M = 1/12) and its 
deconvoluted results attributed to its order aggregations.

The X-ray diffraction pattern of PPy/A is shown in Figure E2 along with its 
deconvoluted results attributed to order aggregations in PPy/A, as described in 
Chapter II. The X-ray diffraction patterns of PPy/De, pp/u and PPy doped with other 
dopants are shown in Figure E3 whereas the 20, d-spacing, t, and percentage of each 
deconvoluted scatters are shown in Table El. Effect of D/M ratio used during the 
synthesis of PPy/A on PPy ordering was not dominantly observed. Their 20, d- 
spacing, t, and percentage of each deconvoluted scatters are shown in Table E2.
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Figure E2 The X-ray diffraction patterns 
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Table E l The deconvoluted results from X-ray difffactograms of PPy/De, PPy/U, and doped PPys with various dopants.

M a ter ia l
Line-broadening #1 Line-broadening #2 Line-broadening #3 Line-broadening #4 Line-broadening #5

20
(deg) (A) t(A) % < 2 , (A) t(A) %

& (A) t(A) %
z (A) t(A) % 20

(deg) (A) t(A) %

P P y /D e 17.3 5.1 16.0 24.6 21.0 4 .2 31.7 6.1 22.6 3.9 110.6 2.1 24.9 3.6 28.2 20.3 25 .7 3.5 13.1 44 .7

P P y /U  (1 ) 17.3 5.1 25.0 21.1 21.0 4.2 37.6 15.3 22.6 3.9 119.4 4.5 24.9 3.6 27.8 23.2 25.7 3.5 13.1 32.7

P P y /U  (2 ) 16.9 5.2 25.7 20.3 20.3 4.4 41.9 12.0 22.5 3.9 90.6 7.9 24.3 3.7 23.1 26.4 25.7 3.5 13.1 29.9

P P y /A  (1 ) 15.9 5.6 28.1 15.2 20.6 4.3 36.1 24.9 22.6 3.9 110.1 5 .7 25.5 3.5 33.5 28.2 25.7 3.5 13.1 24.1

P P y /A  (2 ) 16.8 5.3 24.2 21.6 20.4 4.3 43.0 14.8 22.5 3.9 98.1 6.3 25.2 3.5 28.4 32.9 25.7 3.5 13.1 21.6

P P y /A  (3 ) 16.2 5.5 29.5 16.9 20.2 4 .4 39.9 18.6 22.6 3.9 92.7 7.5 25.1 3.5 28.2 33.6 25 .7 3.5 13.1 21.6
P P y /B 16.3 5.4 35.0 13.6 20.3 4 .4 36.5 27.6 22.6 3.9 105.7 6.0 25.3 3.5 29.4 28.0 25.7 3.5 13.1 23.4

P P y /C  (1 ) 16.3 5.5 29.4 16.7 20.8 4.3 31.3 32.1 22.6 3.9 109.9 5.6 25.5 3.5 31.8 17.9 27.0 3.3 16.8 24.1

P P y /C  (2 ) 16.4 5.4 27.9 16.2 20.7 4.3 39.8 24.1 22.6 3.9 88.6 5.6 25.3 3.5 35.4 22.2 25.7 3.5 13.1 28.5

P P y /D  (1 ) 15.6 5.7 41.9 8.5 19.7 4.5 34.8 26.8 22.6 3.9 96.4 6.6 24.3 3.7 23.7 34.6 25 .7 3.5 13.1 22.1

P P y /D  (2 ) 15.8 5.6 41.6 10.0 20.3 4 .4 28.8 41.3 22.8 3.9 105.4 7.8 24.4 3.6 27.0 13.2 25.2 3.5 11.8 26.3

P P y /E  (1 ) 16.2 5.5 34.0 9.8 20.5 4.3 29.2 24.8 22.6 3.9 120.3 5.0 24.5 3.6 21.5 32.6 25.7 3.5 13.1 26.1

P P y /E  (2 ) 16.3 5.4 26.8 15.6 20.3 4 .4 32.3 22.6 22.6 3.9 95.2 7.1 25.3 3.5 24.1 28.6 25.7 3.5 13.1 22.7

P P y /P 17.2 5.1 26.5 20.5 20.8 4.3 41.5 11.8 22.6 3.9 124.6 5.2 24.4 3.6 21.7 37.7 25.7 3.5 13.1 22.3

P P y /A B 16.7 5.3 28.2 17.7 20.7 4.3 35.0 22.1 22.7 3.9 113.1 4.9 24.4 3.7 26.4 27.0 27.8 3 .2 14.6 25.6



Table E2 The deconvoluted results from X-ray diffractograms of PPy/A with various D/M ratios.

D/M
Line-broadening #1 Line-broadening #2 Line-broadening #3 Line-broadening #4 Line-broadening #5

พร) (A) t(A) % 20
(deg) (A) t(A) % 20

(deg) (A) t(A) % 1ร ) (A) t (A) % «ร, (A) t (A) %

PPy/U ( 1 ) 17.3 5.1 25.0 21.1 21.0 4.2 37.6 15.3 22.6 3.9 119.4 4.5 24.9 3.6 27.8 23.2 25.7 3.5 13.1 32.7
PPy/U (2) 16.9 5.2 25.7 20.3 20.3 4.4 41.9 12.0 22.5 3.9 90.6 7.9 24.3 3.7 23.1 26.4 25.7 3.5 13.1 29.9
1/48 16.4 5.4 26.5 18.0 20.3 4.4 40.4 17.9 22.5 4.0 94.2 7.1 25.2 3.5 26.8 33.3 25.7 3.5 13.1 21.1
1/24 15.9 5.6 24.9 18.3 20.6 4.3 31.5 24.7 22.6 3.9 108.2 5.0 25.5 3.5 28.5 25.7 25.7 3.5 13.1 24.5
1/12(1) 15.9 5.6 28.1 15.2 20.6 4.3 36.1 24.9 22.6 3.9 110.1 5.7 25.5 3.5 33.5 28.2 25.7 3.5 13.1 24.1
1/12 (2) 16.8 5.3 24.2 21.6 20.4 4.3 43.0 14.8 22.5 3.9 98.1 6.3 25.2 3.5 28.4 32.9 25.7 3.5 13.1 21.6
1/12(3) 16.2 5.5 29.5 16.9 20.2 4.4 39.9 18.6 22.6 3.9 92.7 7.5 25.1 3.5 28.2 33.6 25.7 3.5 13.1 21.6
1/6 16.6 5.4 25.7 20.6 20.8 4.3 37.5 20.9 22.6 3.9 114.3 5.0 25.0 3.6 30.2 28.1 25.7 3.5 13.1 24.0
1/2(1) 16.7 5.3 26.1 19.8 20.9 4.2 34.6 18.3 22.6 3.9 118.9 3.8 24.8 3.6 26.4 32.4 25.7 3.5 13.1 24.4
1/2 (2) 15.9 5.6 25.9 23.4 20.0 4.4 34.7 19.0 22.1 4.0 123.0 3.6 24.1 3.7 27.9 27.5 25.7 3.5 13.1 24.4
2/3 16.2 5.5 28.0 18.7 20.5 4.3 38.0 18.2 22.6 3.9 116.1 5.9 24.5 3.6 25.5 34.0 25.7 3.5 13.1 21.8
1/1 16.9 5.2 25.1 21.6 20.7 4.3 41.1 16.1 22.6 3.9 99.2 5.2 25.0 3.6 30.1 31.2 25.7 3.5 13.1 24.6



Appendix F Determination of the Morphology of PPy and Its Blends by a 
Scanning Electron Microscope

The scanning electron micrographs of PPy/U and PPy doped with various 
dopants with D/M ratio of 1/12 are shown in Figure FI; whereas, those of PPy/A5 
blends are shown in Figure F2 (see additional pictures in Chapter IV).
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Figure FI The scanning electron micrographs of: a) PPy/U; b) PPy/A; c) PPy/B; d) 
PPy/C; e) PPy/D; f) PPy/E; g) PPy/P; and h) PPy/AB with D/M ratio of 1/12, taken 
at 20 kv and 3,500 times magnification.
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e) PMMA-coated 
PPy/A5 (upper side)

f )  PMMA-coated 
PPy/AS (lower side)

Figure F2 The scanning electron micrographs of: a) PPy/A5/PEO film; b) 
PPy/A5/PS film; c) PPy/A5/ABS film; d) PPy/A5/PMMA film from solution mixing; 
e) PMMA-coated PPy/A5 (upper side); and d) PMMA-coated PPy/A5 (lower side); 
taken at 25 kv  and 1,500 times magnification.



Appendix G Determination of the Doping Level by a Scanning Electron 
Microscope in an Energy Dispersive Mode

An energy-dispersive X-ray analyzer is an accessory of a scanning electron 
microscope (SEM/EDS) with a capability for elemental analysis. The electron beam 
in an SEM (5 -  20 keV) can dislodge many atomic electrons from the sample with a 
penetration depth about 1 pm (http://www.nlectc.org/assistance/edx/html). The atom 
is then immediately neutralized by other electron from higher energy level. In this 
neutralization process, an X-ray with energy which is a characteristic of the atom is 
emitted. Figure G1 shows the EDS spectrum of PPy/P at D/M of 1/12 with the labels 
showing atoms from where X-ray is emitted. Note that two Cu peaks are derived 
from a copper sample holder. Determination of doping level in term of atomic ratio 
of PPy doped with various dopants is described in Chapter II. The results are shown 
in Table Gl.

0 2 4 6 8 10
X-Ray Energy (keV)

Figure Gl EDS spectrum of PPy/P at D/M of 1/12.

http://www.nlectc.org/assistance/edx/html
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Table G1 Doping level of PPy/De, PPy/U and PPy doped with various dopants D/M 
ratio of 1/12 as determined by SEM/EDS.

R un # D o p in g  le v e l  (a to m ic  ratio )
M a te r ia ls . 1 2 3 4 5 6 7 8 Average S D
P P y /D e 0 .0 1 9 0 .0 0 6 0 .0 0 4 0 .0 0 3 0 .0 0 5 - - - 0 .0 0 7 0 .0 0 7
P P y /U 0 .1 0 3 0 .1 1 7 - - - - - - 0 .1 1 0 0 .0 1 0
P P y /A 0 .3 0 3 0 .2 9 9 0 .2 0 4 0 .1 9 2 0 .1 7 4 0 .2 1 5 - - 0 .2 3 1 0 .0 5 6
P P y /B 0 .2 2 3 0 .2 7 6 0 .2 0 6 0 .2 6 1 0 .2 1 8 0 .2 2 6 0 .2 2 6 0 .2 4 4 0 .2 3 5 0 .0 2 4
P P y /C 0 .1 0 5 0 .1 6 5 0 .1 8 2 - - - - - 0 .1 5 1 0 .0 4 0
P P y /D 0 .2 4 6 0 .2 9 6 0 .1 9 2 - - - - - 0 .2 4 5 0 .0 5 2
P P y /E 0 .0 8 3 0 .1 0 4 0 .1 6 7 0 .1 9 5 0 .1 4 9 0 .0 7 2 0 .1 1 1 - 0 .1 2 6 0 .0 4 5
P P y /P 0 .1 7 5 0 .1 3 1 - - - - - - 0 .1 5 3 0 .0 3 1
P P y /A B 0 .2 5 7 0 .2 2 5 - - - - - - 0 .2 4 1 0 .0 2 3



Appendix H Determination of the Charge Carrier Species by an Ultraviolet- 
Visible Spectroscopy

The electron holes in the positively charged PPy that discontinue electron 
mobility manifest themselves as mid-gap states. The polaron state of the p-type 
doped PPy contains one electron and one electron hole, whereas the bipolaron state 
contains two empty electron holes. Figure HI shows the energy, CO (eV) that electron 
needs for transitions in the neutral state and states containing polaron and bipolaron 
of PPy under the irradiation of ultraviolet or visible light (Blackwood and Josowicz, 
1991). Since polaron is formed by removal of only one electron from the valence 
band of the neutral state, we can assume that ©3 ~  © ’3.

Neutral Polaron Bipolaron
Figure HI Electronic structure of the bandgap of p-type doped PPy in its neutral, 
polaron and bipolaron states: CB = conducting band; VB = valence band.

The energy that the molecule needs for electron transition, E, is interrelated to 
the maximum absorption wavelength, A.max observed from UV-Vis spectroscopy, as 
clarified by the Einstein equation:
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where

E = he / X ,

E = energy for transition (eV)
h = Plank’s constant (4.14 X 10‘15 eV ■ ร)
c = light velocity (2.998 X 10i7nm ■ ร)
X = wavelength of the irradiation light (ท!ท)

Energies for electron transition that were appeared in literatures are listed in 
Table HI. Note that some of them were reported in terms of A-max with no type of 
transition specified. The transition energies observed in some soluble PPys from our 
laboratory are shown in Table H2.

Table HI Absorption peaks or transition energies for PPy reported in literatures.

Description

Sample ^'''

Neutral Polaron Bipolaron
ไ
/ x - max
(nm) (eV)

าเ'๖ max
(nm) (eV) (eV)

๙3
(eV ) (eV) (eV)

าเ/v- max
(ท๓) (eV)

Almost neutral PPy* 0.7 2.1 - 1.4 - 3.16
PPy/Perchlorate 
(doping level = 33 %)* - - - - - - - - - 0.76 2.47-

2.86 3.56

Electrochemically 
synthesized PPy* - 2.53 - 0.86 - - - - - - - 2.53

Neutral PPy*
400
(3.1
eV)

PPy/TEATos* - -
540
(2.3
eV)

- - - - - - - - -

Fully oxidized PPy/TEATos*
900

(1.38
eV )

- - -

PPy/TCNQ film5 - -3 .2 - ~0.5 -2 .3 ~3 .2 -1 .8 -2 .3 - >0.5 -2 .3 -3 .6

Electrochemically 
synthesized PPy/DBSA11 - - - - - - - -

461
(2.7
eV)

- - -

Chemically synthesized 
PPy/DBSA1

430
(2.9

_sYL
- - -

PPy/NSA in m -cresof
415
(3.0
eV)

-
655
(1.9
eV )

- - - - -
965
(1.3
eV)

- - -

*Brédas et al., 1984 *Tezuka and Aoki, 1989 *Zotti and Schiavon,1989
B̂lackwood and Josowicz, 1991 K̂im et al., 1995 n Shen and Wan, 1997
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X  (nm )
(a)

1 1.5 2 2.5 3 3.5 4E (eV)
(b)

Figure H2 a) The visible spectrum of PPy/B in NMP solution; and b) its converted 
data with deconvoluted results.
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Table H2 Transition energies in soluble PPys synthesized in our laboratory, along 
with their percentages.

~ ' — Tr ans i t i on ๓3 or  ๓ '3 ๓ 4 ๓ 11 co"3

S am p le  ___ (eV ) (% ) (eV ) (% ) (eV ) (% ) (eV ) (% )
P P y /A  film  fro m  m -c re so l so lu tio n 2 .8 13.2 - - 1.4 4 9 .2 3.5 37 .6

P P y  B in N M P  so lu tio n 3.1 41.8 1.9 20.5 1.6 19.1 3.8 18.6

(0 .0 4 ) (5 .8 4 ) (0 .0 6 ) (4 .5 5 ) (0 .0 3 ) (5 .1 2 ) (0 .0 9 ) (2 .7 8 )

P P y /B  film  fro m  m -c re so l so lu tio n 2.5 18.3 2 .0 1 1 .0 1.4 2 .4 3 .0 68.3

(0 .0 0 ) (1 .4 8 ) (0 .0 1 ) ( 1 .0 2 ) (0 .0 2 ) (0 .5 4 ) (0 .0 0 ) ( 1 .0 0 )

P P y /D  f ilm  fro m  m -c re so l so lu tio n 3 .0 10.8 - - 1.7 63 .8 3 .4 25 .4

Absorbance, A of the sample depends on the molar absorptivity, € as 
described by Beer’s law:

A = 6  b c ........ (H.2)

Where A Absorbance (arbitrary unit)
e molar absorptivity (M' 1 cm'1)
b path length of the light through the sample (cm)
c = sample concentration (M)

Since € depends on both the electron concentration of occupied sites and that
of unoccupied sites available, we can expect that:

€ of ๓3 > € of co’ 3 » € of (£>” 3 and ........ (H.3)
6  of (o’l, (๙2, co’3 > € of 0๙ 4, co’5. ........ (H.4)

€ values of each transitions found in our samples were determined by 
measuring A values of PPy/B solution in NMP with different concentrations whereas 
b was fixed at 1 cm. The slopes of the plots of A values vs. PPy concentrations (in 
g/L), as shown in Figure H3, imply € values in (g/L) '1 cm'1: they are listed in Table 
H3.
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Figure H3 Calibration curves from PPy/B samples in NMP solution.

Table H3 € values of all transitions found in PPy/B in NMP solution and their fit 
goodness, R2.

T ra n s itio n
£  v a lu es  

(g /L )-1 cm -1
R 2

(0 3 o r  ๙ 3 0 .8 6 0.91
CO'4 0 .59 0 .96
, . I I  (0 1 0.55 0 .98

IICO 3 0.53 0 .9 7



Appendix I Determination of the Surface Compositions of PPy by an X-ray 
Photoelectron Spectroscopy

Table I I  Binding energy (BE) of PPy components from literaturess.

R efere n c e Internai
standard B E  (e V ) D e sc r ip tio n  as w ritten  in  re feren ce D e sc r ip tio n  u sed  

in  th is  b o o k
L ian g  

e t a l ,  1992 2 8 4 .6  e V
2 8 3 .8 0 a  r in g  carbon Cct
2 8 4 .9 0 P rin g  carbon cp

2 8 6 .5 0
ca rb o n  a tom s w h ic h  are a d ja cen t to  a 
p o s it iv e ly  ch a rg ed  N  a to m  an d  ca rb o n  a tom s  
w h ic h  are s ig m a  b o n d e d  to  o x y g e n

C -N + &  C - 0

2 8 8 .0 0 ca rb o n y l carbon c=0
3 9 7 .5 0 im in e -lik e  n itrog en = N -

4 0 1 .5 0 p o s it iv e ly  ch a rg ed  p y r ro ly liu m  n itr o g e n  
ca tio n s N +

5 3 1 .5 0 ca rb o n y l o x y g e n 0=c
5 3 4 .0 0 o x y g e n  s ig m a  b o n d e d  to  carb on s o-c

J u l  9 0 l ï ï i v
1 6 8 .5 0 ch aracter istic  o f  th e  su lfa te  s p e c ie s  ( ร (2 p 3/2)) ร  V I
1 6 6 .5 0 im in e -lik e  n itrog en = N -
3 9 9 .7 0 p y rro ly liu m  n itro g en  ( -N H -) -N H -

G u sta fsso n  
e t a l ,  1 9 8 9

N /A 2 8 8 .0 0 ca rb o n y l carbon c=0
3 9 9 .8 0 -N H - -N H -

C h an  e t a l . , 
1988 2 8 5 l0 e ' v 3 9 7 .5 0 d ep roton ated , u n ch a rg ed  n itr o g e n  a to m s  

h a v in g  three b o n d s to  carb on = N -
3 9 9 .5 0 u n ch a rg ed  n itrog en -N H -
4 0 1 .4 0 n itro g en  a to m  a sso c ia te d  w ith  a u n it p o s it iv e  

ch a rg e  in  P P y -I2 N +

4 0 1 .6 0 n itr o g e n  a to m  a sso c ia te d  w ith  a u n it  p o s it iv e  
ch arge in  P P y -B r2 N+

4 0 2 .6 0 n itr o g e n  a to m  a sso c ia te d  w ith  a u n it p o s it iv e  
ch arge in  P P y -I3 N+

4 0 3 .5 0 n itro g en  a to m  a sso c ia te d  w ith  a u n it  p o s it iv e  
ch arge in  P P y -B r2 N+

E rla n d sso n  
e t a l., 1985

N /A 3 9 7 .7 0 im in e -lik e  n itro g en = N -
4 0 0 .0 0 -N H - -N H -

L im  e t a l . , 
1 9 9 9

c 1s 
=  2 8 4 .6  

e V

1 6 7 .7 0 ร  2 p 3/2 ร
3 9 8 .1 0 im in e -lik e  n itrog en = N -
3 9 9 .7 0 a m in e-lik e  n itrog en -N H -
4 0 0 .0 0 p o s it iv e ly  ch a rg ed  n itro g en N +
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Table II Binding energy of PPy components from literatures (continued).

R efere n c e Internal
standard B E  (e V ) D escr ip tio n  as w ritten  in  re feren ce D e sc r ip tio n  u se d  in  

th is b o o k
M a litesta  

e t a l . , 1995
N  Is  

=  3 9 9 .6  
e V

2 8 3 .8 3  ± 0 .0 5 Cp cp
2 8 4 .8 1  ± 0 .0 3 C o e , con t. c Cot &  co n ta m in a te  c
2 8 6 .2 9  ± 0 .0 6 C -O H , C = N , C -N + C -O H , C = N , C -N +
2 8 7 .8 3  ± 0 .1 1 C O ,  C = N + c = 0 ,  C = N +
2 8 9 .7 0  ± 0 .2 0 sh ak e-u p  1 -
2 9 1 .5 0  ± 0 .4 0 sh ak e-u p  2 -

3 9 7 .6 8  ± 0 .1 2 C = N C = N
3 9 9 .6 0 -N H - -N H -
4 0 1 .1 1  ± 0 .0 9 C -N + C -N +
4 0 2 .7 1  ± 0 .1 7 C = N + C = N +
5 3 1 .5 3  ± 0 .1 0 0=c o=c
5 3 3 .1 8  ± 0 .1 1 O H -C O H -C

Table 12 Nitrogen compositions of PPy/De, PPy/บ, and PPy doped with various 
dopants at D/M ratio of 1/12.

M ateria l FW H M *
(e V )

-N =
(im in e - lik e  N )

-N H -
(neu tra l N )

-N H '+-
(p o la ro n )

= N H +-
(b ip o la ro n )

B E  (e V ) % B E  (e V ) % B E  (e V ) % B E  (e V ) %
P P y /D e  (1 ) 1 .8 0 3 9 7 .2 1 2 .9 8 3 9 9 .0 7 4 .5 6 4 0 1 .0 1 2 .4 6 - -
P P y /D e  (1 ) 1.61 3 9 7 .9 1 1 .6 6 3 9 9 .6 7 7 .5 5 4 0 1 .1 1 0 .7 9 - -
P P y /D e  (2 ) 2 .5 3 3 9 7 .0 4 0 .1 6 3 9 8 .7 4 7 .0 9 4 0 0 .9 1 2 .7 5 - -
P P y /U  (1 ) 1.63 3 9 7 .6 3 .5 6 3 9 9 .3 7 3 .4 4 4 0 1 .1 2 3 .0 0 - 0 .0 0
P P y /U  (1 ) 1 .58 3 9 7 .4 3 .1 7 3 9 9 .3 6 5 .2 1 4 0 1 .0 3 1 .6 2 - 0 .0 0
P P y /U  (2 ) 1 .5 8 3 9 8 .1 1 .6 8 3 9 9 .4 7 2 .6 3 4 0 0 .9 2 5 .6 9 - 0 .0 0
P P y /A  (1 ) 1 .49 3 9 7 .1 1 .47 3 9 9 .3 7 0 .9 7 4 0 0 .8 2 1 .2 4 4 0 2 .4 6 .3 3
P P y /A  (1 ) 1 .5 0 3 9 7 .4 1.85 3 9 9 .3 7 0 .5 0 4 0 0 .8 2 1 .1 9 4 0 2 .4 6 .4 6
P P y /A  (2 ) 1 .47 3 9 7 .4 3 .6 2 3 9 9 .2 6 8 .9 3 4 0 0 .7 2 1 .3 1 4 0 2 .3 6 .1 3
P P y /A  (2 ) 1 .5 4 3 9 7 .2 3 .6 9 3 9 9 .3 6 8 .8 7 4 0 0 .8 2 1 .2 6 4 0 2 .4 6 .1 8
P P y /A  (3 ) 1 .5 2 3 9 7 .2 1 .87 3 9 9 .3 7 0 .2 7 4 0 0 .8 2 1 .1 9 4 0 2 .4 6 .6 7
P P y /A  (4 ) 1 .4 8 3 9 7 .4 0 .8 1 3 9 9 .3 7 2 .8 7 4 0 0 .8 2 0 .0 3 4 0 2 .4 6 .2 9
P P y /A  (4 ) 1 .56 3 9 7 .4 2 .0 0 3 9 9 .2 6 9 .3 3 4 0 0 .8 2 2 .3 6 4 0 2 .4 6 .31
P P y /B  (1 ) 1 .4 7 - 0 .0 0 3 9 9 .3 6 8 .1 7 4 0 0 .8 2 5 .9 7 4 0 2 .4 5 .8 7
P P y /B  (2 ) 1 .5 0 3 9 7 .4 0 .9 3 3 9 9 .3 7 1 .0 5 4 0 0 .8 2 8 .0 1 - 0 .0 0

Full width at half-maximum, FWHM
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Table 12 Nitrogen compositions of PPy/De, PPy/U, and PPy doped with various 
dopants at D/M ratio of 1/12 (continued).

M aterial F W H M
(e V )

-N =
(im in e -lik e  N )

-N H -
(neu tra l N )

- N H +-
(p o la ro n )

= N H +-
(b ip o la ro n )

B E  (e V ) % B E  (e V ) % B E  (e V ) % B E  (e V ) %
P P y /B  (3 ) 1 .4 7 3 9 7 .4 3 .4 3 3 9 9 .3 6 4 .7 2 4 0 0 .8 2 5 .9 9 4 0 2 .4 5 .8 5
P P y /C  (1 ) 1.61 3 9 7 .7 4 .7 4 3 9 9 .3 7 1 .6 2 4 0 0 .8 19 .71 4 0 2 .4 3 .9 2
P P y /C  (2 ) 1 .59 3 9 7 .7 1 8 .4 6 3 9 9 .3 5 8 .1 5 4 0 0 .8 1 9 .8 6 4 0 2 .4 3 .5 3
P P y /D  (1 ) 1 .57 3 9 7 .7 8 .9 8 3 9 9 .5 7 1 .3 5 4 0 1 .0 1 9 .6 8 - 0 .0 0
P P y /D  (2 ) 1 .56 3 9 7 .7 8 .7 5 3 9 9 .5 6 8 .6 7 4 0 1 .0 18 .01 4 0 2 .6 4 .5 7
P P y /D  (3 ) 1 .57 3 9 7 .7 7 .1 2 3 9 9 .5 7 2 .2 4 4 0 1 .0 2 0 .3 6 4 0 2 .6 0 .2 8
P P y /D  (3 ) 1 .56 3 9 7 .7 5 .4 7 3 9 9 .5 7 0 .6 8 4 0 1 .0 1 9 .3 0 4 0 2 .6 4 .5 5
P P y /E  (1 ) 1 .67 - 0 .0 0 3 9 9 .3 7 9 .5 2 4 0 0 .8 2 0 .4 8 - 0 .0 0
P P y /E  (1 ) 1 .68 - 0 .0 0 3 9 9 .3 7 6 .5 4 4 0 0 .8 1 9 .2 8 4 0 2 .4 4 .1 8
P P y /E  (2 ) 1.41 3 9 7 .7 4 .4 7 3 9 9 .3 6 5 .6 0 4 0 0 .8 2 2 .0 9 4 0 2 .4 7 .8 5
P P y /E  (2 ) 1 .3 6 3 9 7 .7 4 .9 2 3 9 9 .3 6 3 .8 0 4 0 0 .7 2 2 .3 3 4 0 2 .2 8 .9 5
P P y /P 2 .11 3 9 7 .4 1 9 .6 7 3 9 9 .1 5 8 .5 7 4 0 0 .6 2 1 .7 6 - 0 .0 0
A B ( 1 ) 1 .63 3 9 7 .5 1 6 .0 4 3 9 9 .4 7 5 .0 8 4 0 1 .0 8 .8 9 - 0 .0 0
A B ( 1 ) 1 .63 3 9 7 .5 1 5 .9 9 3 9 9 .4 7 4 .3 7 4 0 1 .0 9 .6 4 - 0 .0 0
A B  (2 ) 1 .6 6 3 9 7 .5 1 4 .7 6 3 9 9 .4 7 4 .8 9 4 0 1 .0 1 0 .3 5 - 0 .0 0
A B ( 2 ) 1 .6 6 3 9 7 .5 1 6 .5 7 3 9 9 .4 7 1 .7 5 4 0 1 .0 1 1 .6 8 - 0 .0 0
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Table 13 Nitrogen compositions of PPy/A at various D/M ratios.

D /M F W H M
(e V )

-N =
( im in e - lik e  N )

-N H -
(neutral N )

- N H +-
(p o la ro n )

= N H +-
(b ip o la ro n )

B E  (e V ) % B E  (e V ) % B E  (e V ) % B E  (e V ) %
1 /9 6 ( 1 ) 1 .3 0 3 9 8 .2 7 .7 6 3 9 9 .4 6 1 .7 2 4 0 0 .5 2 3 .8 8 4 0 2 .0 6 .6 4
1 /9 6 ( 1 ) 1 .2 7 3 9 7 .8 5 .1 5 3 9 9 .2 6 0 .6 5 4 0 0 .3 2 5 .0 4 4 0 1 .6 9 .1 5
1 /9 6  (2 ) 1 .5 7 3 9 7 .8 3 .3 0 3 9 9 .4 7 5 .5 8 4 0 1 .0 1 7 .7 8 4 0 2 .6 3 .3 4
1 /4 8 ( 1 ) 1 .5 7 3 9 7 .4 11 .1 3 3 9 9 .2 6 2 .9 0 4 0 0 .8 1 8 .3 6 4 0 2 .2 7 .6 0
1 /48  (2 ) 1 .5 2 3 9 7 .4 1 1 .1 9 3 9 9 .2 6 0 .6 7 4 0 0 .7 1 9 .4 2 4 0 2 .3 8 .7 2
1 /24 1 .5 0 3 9 7 .4 5 .3 0 3 9 9 .3 6 8 .2 8 4 0 0 .8 2 0 .0 4 4 0 2 .4 6 .3 8
1 /1 2 ( 1 ) 1 .4 4 3 9 7 .2 0 .0 0 3 9 9 .3 7 0 .3 0 4 0 0 .6 2 0 .4 6 4 0 2 .1 9 .2 4
1 /1 2  (2 ) 1 .5 0 3 9 7 .2 0 .0 0 3 9 9 .3 7 3 .7 8 4 0 0 .8 1 8 .7 6 4 0 2 .4 7 .4 6
1 /6 ( 1 ) 1 .4 8 3 9 7 .2 0 .0 0 3 9 9 .2 7 1 .4 7 4 0 0 .7 2 1 .1 8 4 0 2 .3 7 .3 5
1 /6  (2 ) 1 .4 8 3 9 7 .3 2 .9 4 3 9 9 .3 7 2 .1 7 4 0 0 .8 1 9 .6 9 4 0 2 .4 5 .2 0
1 /3 ( 1 ) 1 .5 0 3 9 7 .4 2 .6 5 3 9 9 .3 7 1 .4 8 4 0 0 .9 2 0 .3 3 4 0 2 .5 5 .5 4
1/3 (2 ) 1 .5 6 3 9 7 .2 2 .5 6 3 9 9 .4 7 3 .9 2 4 0 1 .1 1 9 .6 8 4 0 2 .9 3 .8 5
1 /2 ( 1 ) 1 .6 9 3 9 7 .2 3 .6 7 3 9 9 .3 7 3 .3 5 4 0 0 .8 2 1 .7 0 4 0 2 .4 1 .2 9
1/2  (2 ) 1 .68 3 9 7 .1 2 .9 4 3 9 9 .3 6 8 .2 1 4 0 0 .8 2 0 .4 1 4 0 2 .4 8 .4 5
2 /3  (1 ) 1 .5 0 3 9 7 .2 0 .0 0 3 9 9 .4 7 2 .9 2 4 0 0 .9 2 0 .9 9 4 0 2 .5 6 .0 8
2 /3  (1 ) 1 .43 3 9 7 .2 0 .0 0 3 9 9 .3 6 9 .5 0 4 0 0 .7 2 3 .1 0 4 0 2 .3 7 .3 9
2 /3  (2 ) 1 .5 2 3 9 7 .2 0 .0 0 3 9 9 .3 7 4 .0 3 4 0 0 .9 1 9 .7 8 4 0 2 .5 6 .1 9
2 /3  (2 ) 1 .5 0 3 9 7 .2 0 .0 0 3 9 9 .3 7 3 .0 4 4 0 0 .8 2 0 .2 2 4 0 2 .4 6 .7 4
1 /1 ( 1 ) 1.51 3 9 7 .2 0 .0 0 3 9 9 .3 7 1 .5 4 4 0 0 .8 2 3 .3 6 4 0 2 .4 5 .1 0
1/1 (2 ) 1 .4 7 3 9 7 .2 0 .0 0 3 9 9 .3 6 9 .6 4 4 0 0 .7 2 3 .6 6 4 0 2 .1 6 .7 0
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Table 14 Sulfur compositions of PPy/A at various D/M ratios.

F W H M
(e V )

ร  IV  /  N f ร  V I / N *
D /M BE* R u n  # B E R u n  #

(e V ) 1 2 3 4 5 (e V ) 1 2 3 4 5
a - N S A 1.3 7 1 6 7 .8 - - - - - - - - - - -
0 2 .3 2 - 0 .0 0 - - - - 1 6 7 .2 0 .1 2 - - - -
1 /96 2 .4 3 1 6 6 .4 0 .1 4 0 .1 1 0 .1 1 0 .2 0 - 1 6 7 .9 0 .0 1 0 .0 1 0 .0 1 0 .0 2 -
1 /4 8 1 .7 7 1 6 6 .8 0 .1 7 0 .1 6 0 .1 9 - - 1 6 9 .6 0 .0 2 0 .0 2 0 .0 2 - -
1 /2 4 1 .7 8 1 6 6 .8 0 .1 7 0 .1 7 0 .1 7 - - 1 6 8 .7 0 .0 6 0 .0 6 0 .0 6 - -
1 /1 2 1 .6 4 1 6 6 .6 0 .1 9 0 .1 8 0 .2 0 0 .2 0 0 .2 0 1 6 8 .5 0 .0 5 0 .0 6 0 .0 4 0 .0 5 0 .0 6
1/6 1 .6 9 1 6 6 .7 0 .2 2 0 .2 4 0 .2 0 - - 1 6 8 .6 0 .0 9 0 .1 1 0 .0 6 - -
1/3 2 .0 7 1 6 7 .9 0 .1 8 0 .1 4 0 .2 1 - - 1 6 9 .8 0 .1 5 0 .1 9 0 .1 2 - -
1/2 1 .7 4 1 6 6 .6 0 .21 0 .1 6 0 .2 0 0 .2 3 0 .2 3 1 6 8 .5 0 .1 1 0 .1 6 0 .1 2 0 .0 9 0 .0 6
2 /3 1 .6 6 1 6 6 .6 0 .1 9 0 .1 4 0 .2 0 0 .2 3 - 1 6 8 .5 0 .1 4 0 .1 9 0 .1 3 0 .1 0 -
1/1 1 .73 1 6 6 .5 0 .2 6 0 .2 5 0 .2 6 - - 1 6 7 .8 0 .0 9 0 .1 0 0 .0 9 - -

* Represents BEs of ร 2p 1/2; whereas those of2p 3/2 are -1.28 eV (SD = 0.6 eV) 
lower
 ̂Represents areas of ร 2p in ร IV (ร 2p 1/2 and 2p 3/2)

* Represents areas of ร 2p in ร VI (ร 2p 1/2 and 2p 3/2)



Appendix J Determination of the Surface Compositions of PPy Blends by an X- 
Ray Photoelectron Spectroscopy

Scheme J1 Chemical structure of PMMA with labels on c  and o  atoms (italic 
letters).

Table J1 Parameters in XP spectra of PMMA (Wagner, 1989).

\ ( D r b i t a l c Is 0  Is
P a r a m e t e i^ ' ' \ 1 2 3 4 1 2
B E * (e V ) 2 8 5 2 8 5 .7 2 2 8 6 .7 9 2 8 9 .0 3 5 3 2 .2 1 5 3 3 .7 7
F W H M T (e V ) 1 .15 1 .0 6 1 .28 0 .9 9 1 .2 7 1 .3 9
A rea  (% ) 4 2 21 21 17 51 4 9

* Binding energy, BE 
 ̂ Full width at half-maximum, FWHM

The fractions of PMMA (derived from the XPS peak area ratios, as described 
in Chapter IV) at the surfaces of PPy/A5/PMMA obtained from dry mixing, of 
PPy/A5/PMMA films obtained from solution mixing, and of PMMA-coated PPy are 
shown in Table J2. The fractions of PMMA at the surfaces of PPy/A/PMMA 
obtained from solution mixing with various fed PMMA/PPy ratios, as reported in 
Chapter V, are shown in Table J3.
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Table J2 PMMA fraction at surface of PPy/A5 blends from three different mixing 
methods.

M ateria l F ed
P M M A /P P y

P M M A  fra ctio n  at su rface
R u n  #  1 R u n  #  2 A v era g e S D

P P y /A 5 /P M M A  fro m  dry m ix in g 1/1 0 .2 1 - 0 .21 -
P P y /A 5 /P M M A  fro m  so lu tio n  m ix in g 1/1 0 .3 4 0 .3 8 0 .3 6 0 .0 3
P M M A -c o a te d  P P y /A 5 2 .2 /1 0 .6 8 - 0 .6 8 -

Table J3 PMMA fraction at surface of PPy/A blends from solution mixing with 
various fed PMMA/PPy ratios.

M ateria l P M M A /P P y
P M M A /P P y  at su rface

R u n  #  1 R u n  # 2 A v era g e S D
P P y /A /P M M A  fro m  so lu tio n  m ix in g 1/1 0 .3 8 - 0 .3 8 -
P P y /A /P M M A  fro m  so lu tio n  m ix in g 2/1 0 .4 6 0 .4 2 0 .4 4 0 .0 3
P P y /A /P M M A  fro m  so lu tio n  m ix in g 3/1 0 .5 0 0 .3 9 0 .4 4 0 .0 8
P P y /A /P M M A  fro m  so lu tio n  m ix in g 4/1 0 .4 1 0 .3 2 0 .3 7 0 .0 7



Appendix K Determination of the Contact Angle of Water on PPy and Its 
Blends

As 5 pL of water was dropped onto sample surface, contact angle, 0, was 
directly measured visually, whereas the remaining water volume on the surface was 
calculated from the observed parameters as shown in Scheme K. 1.

Scheme K.1 Profile of water droplet on specimen surface: พ  = water droplet; ร = 
specimen; D = diameter of the surface of contact of the droplet; H = height of the 
droplet; and 0 = contact angle.

K.l Determination of water volume on specimen surface

If the specimen is absorbent, the decrease of water volume at the surface as 
the functions of time is worth determining. The volume was calculated from the 
droplet profile, assuming the droplet on the surface is a part of a symmetric sphere.

K.1.1 When H < ว /2 and 0 < 90

y  I r -H* ๙ * 7 3 7 ) 2  d y

1* R2dy y = RJ U y dy 
y  -  R -H
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ท R2 y
R -H

-  ท y3 
3

R

R -H

7tR2R - 7tR2 (R - H) -  TC R3 + 7t (R-H)3

.(K.1)

When H + H’

H + D tan (90 -  0) 
2

.(K.2)

K. 1.2 When H > D/2 and 0 > 90

V o 1 '  -

y = --------------~~r Ty = (H-R) W?Z7mพ/.

^  D/2 ^

3 y  ไ  ( H - R )  2I X 4 Tt R3 + 1 7T r  dy2 3 y -0

2 7โ R3 + Tl R2 y
H -R

0 ท y 
3

H -R

0

2 71 R3 + ท R2 (H - R) -  0 -  n (H -R)3 + 0

.(K.3)

H - H ’

H -  D tan (0 -  90) ........ (K.4)2
Experimental data from contact angle measurement between water and the 

surfaces of PPy/A5, its blends, and PMMA sheet are shown in Tables K1 -  K5.
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Table Kl Experimental data from the contact angle measurement between water
and the surface of PPy/A5.

T im e
(s e c )

D
(c m )

H
(cm )

V o l.
(c m 3)

C on tact a n g le  
(d eg r ee ) T im e

(se c )
D

(c m )
H

(cm )
V o l.

( c m )

C o n tac t a n g le  
(d eg r ee )

L eft R igh t L eft R ig h t
41 0 .2 6 2 0 .1 3 0 4.6E-03 9 0 9 0 3 7 0 0 .2 4 4 0 .0 6 5 1.5E-03 - 6 0
91 0 .2 6 2 0 .1 1 8 4.5E-03 - 8 0 4 0 5 0 .2 4 0 0 .0 4 9 1.3E-03 - 4 0

117 0 .2 6 0 0 .1 1 4 4.5E-03 - 75 4 4 9 0 .2 3 6 0 .0 3 5 6 .3E -04 - 4 0
150 0 .2 7 4 0 .1 0 6 4.3E-03 7 0 7 0 4 7 7 0 .2 3 4 0 .0 2 6 3.3E -04 - 4 0
2 6 4 0 .2 6 8 0 .0 8 7 2.9E-03 - 65 4 9 3 0 .2 3 2 0 .0 2 0 2.7E -04 - 3 0
2 8 4 0 .2 6 2 0 .0 7 8 2.2E-03 - 65 5 1 0 0 .2 3 0 0 .0 1 5 1.4E-04 - 3 0
3 0 7 0 .2 5 6 0 .0 7 6 2.3E-03 - 6 0 5 3 0 0 .2 2 8 0 .0 1 0 6.4E-05 - 3 0
3 2 6 0 .2 5 0 0 .0 7 3 2.0E-03 - 6 0 5 5 3 0 .2 2 6 0 .0 0 0 0.0E +00 - 0

Table K2 Experimental data from the contact angle measurement between water 
and the surface of PPy/A5/PMMA as obtained from dry mixing.

T im e
(s e c )

D
(cm )

H
(c m )

V o l.
(c m 3)

C on tact a n g le  
(d eg r ee ) T im e

(se c )
D

(c m )
H

(cm )
V o l.

(c m 3)

C o n tact a n g le  
(d eg r ee )

L eft R ig h t L eft R ig h t
8 0 .3 1 2 0 .1 0 4 5.1E-03 55 7 0 2 9 7 0 .3 0 0 0 .0 4 4 1.6E-03 3 0 3 5

2 9 0 .3 1 2 0 .0 9 0 4.6E-03 4 5 6 0 3 3 5 0 .2 9 0 0 .0 3 8 1.3E-03 - 3 0
55 0 .3 1 0 0 .0 7 7 3.4E-03 - 5 0 3 6 5 0 .2 8 0 0 .0 3 0 1.1E-03 - 2 0

113 0 .3 0 8 0 .0 7 0 3.1E-03 4 5 4 5 4 0 4 - 0 .0 2 0 - - 10
170 0 .3 0 6 0 .0 6 4 2.9E-03 4 0 - 4 4 0 - 0 .0 1 4 - 15 5
2 1 8 0 .3 0 4 0 .0 5 8 2.3E-03 - 4 0 4 9 5 - 0 .0 1 0 - - -
2 4 8 0 .3 0 2 0 .0 5 2 1.8E-03 - 4 0
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Table K3 Experimental data from the contact angle measurement between water
and the surface of PPy/A5/PMMA as obtained from solution mixing.

T im e
(se c )

D
(c m )

H
(c m )

V o l.
(c m 3)

C o n tact a n g le  
(d eg r ee ) T im e

(s e c )
D

(cm )
H

(c m )
V o l.

( c m )

C o n tact a n g le  
(d eg r ee )

L eft R ig h t L eft R igh t
10 0 .1 7 8 0 .1 7 4 3.9E-03 130 130 5 2 7 - 0 .0 9 6 - 95 -
38 0 .1 7 8 0 .1 7 4 3.9E-03 130 - 5 8 0 0 .1 6 5 0 .0 8 4 1.1E-03 95 95
4 7 0 .1 7 8 0 .1 7 0 3.5E-03 130 - 6 4 0 - 0 .0 7 0 - 85 85
87 0 .1 7 7 0 .1 6 6 3.2E-03 130 - 7 0 0 0 .1 6 1 0 .0 5 7 6.9E -04 7 0 7 0

139 0 .1 7 6 0 .1 6 0 3.6E-03 125 - 7 2 0 0 .1 6 0 0 .0 4 4 4 .6E -04 6 0 6 0
168 0 .1 7 5 0 .1 5 7 3.4E-03 125 - 7 6 0 0 .1 6 0 0 .0 3 6 3.3E -04 - 55
2 4 0 0 .1 7 4 0 .1 4 7 3.2E-03 120 120 7 8 7 0 .1 4 8 0 .0 3 0 2 .0E -04 55 -
3 3 0 0 .1 7 2 0 .1 3 0 2.9E-03 110 - 8 2 0 0 .1 1 2 0 .0 1 0 2.3E -05 4 0 4 0
4 1 0 0 .1 7 1 0 .1 1 9 2.9E-03 100 100 8 4 0 0 .0 0 0 0 .0 0 0 0.0E +00 2 0 2 0
4 9 2 0 .1 7 1 0 .1 0 4 1.8E-03 100 -

Table K4 Experimental data from the contact angle measurement between water 
and the surface of PMMA-coated PPy/A5.

T im e
(se c )

D
(cm )

H
(c m )

V o l.
( c m )

C o n tact a n g le  
(d eg r ee ) T im e

(se c )
D

(cm )
H

(c m )
V o l.

( c m )

C o n tac t a n g le  
(d eg r ee )

L eft R igh t L eft R ig h t
10 0 .2 5 8 0 .1 2 6 5.3E-03 - 80 3 6 0 0 .2 3 6 0 .0 7 3 1.7E-03 - 65
6 0 0 .2 5 4 0 .1 2 0 4.6E-03 - 8 0 4 2 0 0 .2 2 7 0 .0 6 1 1.1E-03 - 65
9 0 0 .2 5 0 0 .1 1 5 4.1E-03 - 80 4 8 0 0 .2 1 8 0 .0 5 1 1.2E-03 - 4 5

120 0 .2 5 0 0 .1 1 0 3.6E-03 - 8 0 5 4 0 0 .2 0 5 0 .0 4 0 7.5E -04 - 4 0
180 0 .2 5 0 0 .1 0 2 2.9E-03 - 8 0 6 0 0 0 .1 7 5 0 .0 2 8 4.2E -04 - 3 0
2 4 0 0 .2 4 4 0 .0 9 3 2.3E-03 - 8 0 6 6 0 0 .1 2 4 0 .0 1 3 9.5E-05 - 2 0
3 0 0 0 .2 4 0 0 .0 8 3 1.9E-03 - 75



Table K5 Experimental data from the contact angle measurement between water
and the surface of PMMA sheet.

T im e
(s e c )

D
(cm )

H
(cm )

V o l.
(c m 3)

C on tact a n g le  
(d eg r ee ) T im e

(se c )
D

(cm )
H

(c m )
V o l.

(c m 3)
C o n tact a n g le  

(d eg r ee )
L eft R ig h t L eft R ig h t

15 0 .3 0 5 0 .1 1 6 4.7E-03 75 8 0 3 0 0 0 .3 0 2 0 .0 7 5 2.9E-03 4 5 6 0
4 5 0 .3 0 5 0 .1 1 2 4.8E-03 75 7 0 3 6 0 0 .3 0 2 0 .0 6 6 2.9E -03 4 5 4 0
9 0 0 .3 0 5 0 .1 0 3 4.1E-03 - 7 0 4 2 0 0 .3 0 0 0 .0 5 6 2.3E-03 4 0 35

120 0 .3 0 5 0 .1 0 1 4.4E-03 - 65 4 8 0 0 .2 9 5 0 .0 4 8 2.1E-03 3 0 3 0
165 0 .3 0 5 0 .0 9 4 3.7E-03 - 65 5 4 0 0 .2 9 0 0 .0 3 8 1.9E-03 2 0 2 0
180 0 .3 0 5 0 .0 9 3 3.6E-03 - 65 6 0 0 0 .2 7 9 0 .0 2 9 1.1E-03 15 25
2 1 0 0 .3 0 5 0 .0 8 9 3.2E-03 - 65 6 6 0 0 .2 6 9 0 .0 1 8 5.2E -04 2 0 10
2 4 0 0 .3 0 5 0 .0 8 4 3.2E-03 - 6 0 6 9 0 0 .2 5 1 0 .0 1 4 2.9E -04 15 15
2 7 0 0 .3 0 5 0 .0 7 6 2.9E-03 5 0 6 0



Appendix L Effect of Contact Force of Probe on the Specific Conductivity of 
PPy

L.l Introduction

Aparecido et al. (1996) pointed out the significant influence of force on the 
conductivity of conductive polymers. The force of more than 30 N may cause 
bending to polymer. As the applied force increases, the conductivity increases 
nonlinearly, along with the increasing of measurement errors. In this work, this 
phenomenon has been carefully considered before building a four-point probe. The 
custom-made four-point probe was fabricated by fixing the stainless steel bar on the 
upper piece of probe (see Figure LI). The suitable weight, which is sufficiently high 
to give the precise conductivity values but not so high as can destroy the sample, was 
investigated by the following procedure.

L.2 Experiment

Stainless steel bars with different weights were attached onto the upper piece 
of probe (Figure LI). The specific conductivity of a sample was measured. The PPy 
sample used can be any. In this experiment, the pellet of PPy/A at D/M of 1/60 and at 
APS/M of 1/1 was used.

Upper piece of probe

Figure LI Geometry of the custom-made four-point probe.
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L.3 Result and Discussion

When the loading weight was varied from 57.9 -  384.3 g, the specific 
conductivity of the sample remained constant at 0.29 s/cm with the standard 
deviation of only 0.014 s/cm. This means all of the weights studied here are suitable. 
The experimental results are shown in Table LI.

Table LI The specific conductivity of PPy/A at D/M ratio of 1/60 and at APS/M of 
1/1 at different loading weights on the upper piece of the custom-made four-point 
probe, thickness of pellet = 0.008 cm and K of probe = 1.65.

L o a d in g  W e ig h t (g )
O ' (S /c m )

R u n  #1 R u n  # 2
5 7 .9 2 .9 E -0 1 -
1 1 4 .7 2 .7 E -0 1 2 .9 E -0 1
1 7 3 .7 2 .8 E -0 1 -
3 2 7 .0 3 .0 E -0 1 3 .1 E -0 1
3 8 4 .3 3 .1 E -0 1 -

a v era ge  a  (S /c m ) 2 .9 E -0 1
S D  (S /c m ) 1 .4 E -0 2

L.4 Conclusion

The specific conductivity of the sample does not depend on the loading 
weight on the top of the probe in the range of study. So, any of stainless steel bars 
can be selected for the further experiment and it was the bar with the weight of 327.0 
g-

L.5 Reference

1. Aparecido, A.C., Robert, G.R. (1996) A new method for extending the 
range of conductive polymer sensors for contact force. International Journal of 
Industrial Ergonomics. 17, 285-290.



Appendix M Determination of the Geometric Correction Factor of the Custom- 
Made Four-Point Probe

Scheme M.l Dimensions of probes and sample: พ  = width of probes; t = thickness 
of sample; L = distance between two inner probes; and A = cross-sectional area 
where electron flux flows.

A geometric correction factor, K of a four-point probe is a ratio of probe 
width, พ , to the distance between two inner probes, L. This factor can be obtained 
practically by measuring the specific conductivity of standard semiconductor sheets 
with known resistivity values. K is then simply defined as a ratio of a specific 
resistivity of the standard obtained from text book or measured by another reliable 
probe, p std, text, to a resistance times thickness of the standard sample measured in our 
laboratory, (Rstd, mea t), as derived from these following correlation:
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Ostd, text = 1 เ p std, text
= L / (R std, mea A)
= L/(Rstd.mea ■ t ' พ ) .......(M.l)

L /W = Œ std, text (R std, mea t). .......(M.2)
By definition, K = W/ L,
then K = 1/ [c std, text (R std, mea t)]j
or K = p std, text เ (R std, mea t))- .......(M.3)

For other samples K = 1/ [or real (Rmea t)]j
then real = l / R mea/ t / K .......(M.4)

In this work, K values were determined from Si and SiC>2 wafers with known 
specific resistivity values. The results are shown in Tables Ml and M2 for the 
custom-built four-point probes having linear array geometry (for gas exposure) and 
in Table M3 for the one having square array geometry (for liquid exposure).
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Table Ml Experimental data of K determination for the custom-built four-point
probe #1 (linear array for gas exposure), measured at 25 ± 1 °c, 50 ± 10 %RH.

Material p Thickness Applied I V olt drop K
(Q  cm) (cm) (m A) (mV)

S i_ A l 9.1E-03 7.2E-02 60.6 4.1 1.87E+00
S i_ A l 9.1E-03 7.2E-02 82.6 5.6 1.87E+00
S i_A l 9.1E -03 7.2E-02 115.9 7.8 1.88E+00
S i_ A l 9.1E-03 7.2E-02 153.4 10.2 1.90E+00
S i_A l 9.1E-03 7.2E-02 195.0 13.7 1.80E+00
Average 1.87E+00
Si_A 2 9.3E-03 7.2E -02 69.4 5.6 1.61E+00
Si_A 2 9.3E-03 7.2E-02 88.6 7.1 1.62E+00
Si_A 2 9.3E-03 7.2E-02 109.5 8.8 1.62E+00
Si_A 2 9.3E-03 7.2E-02 133.9 11.1 1.57E+00
S(_A2 9.3E-03 7.2E-02 173.1 14.4 1.56E+00
Average 1.59E+00
Si_A3 9.3E-03 7.2E -02 66.9 6.1 1.42E+00
Si_A3 9.3E-03 7.2E-02 97.1 8.4 1.50E+00
Si_A3 9.3E-03 7.2E-02 122.7 10.5 1.52E+00
Si_A3 9.3E-03 7.2E -02 166.0 14.8 1.46E+00
Si_A3 9.3E-03 7.2E -02 187.4 16.4 1.48E+00
Average 1.48E+00
Si B1 1.2E+00 5.4E -02 0 .6960 7.5 2.10E +00
S i_ B l 1.2E+00 5.4E -02 0 .7150 8.0 2.02E +00
S i_ B l 1.2E+00 5.4E -02 0 .8020 8.7 2.08E +00
S i_ B l 1.2E+00 5.4E -02 0 .8160 9.4 1.96E+00
Average 2.04E +00
S i_C l 3.6E+01 5.3E-02 0 .0510 24.5 1.42E+00
S i_C l 3.6E+01 5.3E-02 0.0655 33.4 1.34E+00
Si C l 3.6E+01 5.3E -02 0 .0689 34.6 1.36E+00
ร i_C l 3.6E+01 5.3E-02 0 .0707 30.7 1.57E+00
S i_C l 3.6E+01 5.3E -02 0 .0752 35.4 1.45E+00
Average 1.43E+00

1.68E+00Average K
SD 2.63E-01
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Table M2 Experimental data of K determination for the custom-built four-point
probe #2 (linear array for gas exposure), measured at 25 + 1 °c, 50 ± 10 %RH.

Material p Thickness Applied I Volt drop K
( n  cm) (cm) (mA) (mV)

Si_Al 9.1E-03 7.2E-02 54.7 3.8 1.82E+00
Si_Al 9.1E-03 7.2E-02 70.7 4.7 1.90E+00
Si_Al 9.1E-03 7.2E-02 82.7 6.2 1.69E+00
Si_Al 9.1E-03 7.2E-02 104.4 7.8 1.69E+00
Si_Al 9.1E-03 7.2E-02 125.0 9.8 1.62E+00
Si_A. 1 9.1E-03 7.2E-02 180.5 14.1 1.62E+00
Average 1.72E+00
Si_A2 9.3E-03 7.2E-02 166.6 14.6 1.48E+00
Si_A2 9.3E-03 7.2E-02 80.5 6.9 1.52E+00
Si_A2 9.3E-03 7.2E-02 80.8 6.7 1.57E+00
Si_A2 9.3E-03 7.2E-02 107.3 9.2 1.51E+00
Si_A2 9.3E-03 7.2E-02 131.8 10.2 1.68E+00
Si_A2 9.3E-03 7.2E-02 133.1 10.8 1.60E+00
Average 1.56E+00
Si_A4 9.1E-03 7.2E-02 142.6 10.0 1.81E+00
Si_A4 9.1E-03 7.2E-02 154.3 11.2 1.74E+00
Si_A4 9.1E-03 7.2E-02 160.2 11.0 1.84E+00
Si_A4 9.1E-03 7.2E-02 157.0 11.0 1.82E+00
Si_A4 9.1E-03 7.2E-02 159.5 11.0 1.84E+00
Average 1.81E+00
Si_Bl 1.2E+00 5.4E-02 0.5900 7.5 1.78E+00
Si_Bl 1.2E+00 5.4E-02 0.7500 8.4 2.02E+00
Si B1 1.2E+00 5.4E-02 0.8100 9.4 1.95E+00
Si_Bl 1.2E+00 5.4E-02 0.8500 9.9 1.94E+00
Average 1.92E+00
Si_Cl 3.6E+01 5.3E-02 0.0611 31.5 1.32E+00
Si_Cl 3.6E+01 5.3E-02 0.0668 32.8 1.39E+00
Si_Cl 3.6E+01 5.3E-02 0.0712 36.1 1.35E+00
Average 1.35E+00

1.67E+00Average K
SD 2.23E-01



Table M3 Experimental data of K determination for the custom-built four-point
probe (square array for liquid exposure), measured at 26 ± 1 °c, 55 ± 5 %RH.

Material p Thickness Applied I Volt drop K
(Q cm) (cm) (mA) (mV)

S i0 2_Al 2.9E-01 5.3E-02 80.9 74.5 5.96E+00
S i0 2_Al 2.9E-01 5.3E-02 91.5 84.5 5.94E+00
S i0 2_Al 2.9E-01 5.3E-02 107.5 98.0 6.02E+00
S i0 2_Al 2.9E-01 5.3E-02 122.2 110.5 6.07E+00
S i0 2_A l 2.9E-01 5.3E-02 137.1 124.0 6.07E+00
S i0 2_A l 2.9E-01 5.3E-02 147.1 132.0 6.11E+00
Average 6.03E+00
S i0 2_B l 2.1E+00 7.2E-02 56.9 445.5 3.67E+00
Si0 2_B1 2.1E+00 7.2E-02 73.7 545.5 3.88E+00
S i0 2 B1 2.1E+00 7.2E-02 85.3 607.5 4.03E+00
Si02_Bl 2.1E+00 7.2E-02 94.0 625.5 4.31E+00
S i0 2_B 1 2.1E+00 7.2E-02 100.6 836.5 3.45E+00
Average 3.87E+00
Si_C2 3.5E+01 5.2E-02 2.93 830.5 2.35E+00
Si_C2 3.5E+01 5.2E-02 2.95 857.5 2.29E+00
Si_C2 3.5E+01 5.2E-02 3.22 896.5 2.39E+00
Si_C2 3.5E+01 5.2E-02 3.07 890.5 2.29E+00
Average 2.33E+00

4.Q8E+0QAverage K 
SD 1.86E+00



Appendix N Determination of Chemical Vapor Concentration for the Flow
System

The concentration of a chemical saturated vapor at a particular temperature 
can be determined from its constants: A, B, and c, by using an Antoine equation 
(Seader et a l, 1998) as shown in Eqs. N.l and N.2.

Vapor pressure = 10 A‘(B/(C+T)) mmHg ....(N.l)
Saturated concentration at T °c = Vapor pressure / 760 X 100 Vol.% ....(N.2)

Table N1 Antoine parameters of chemical studied in this work.

Chemical A B c Saturated concentration 
at 25 °c (Vol.%)

Water* N/A N/A N/A 23.56
Toluene^ 6.95464 1344.80 219.482 3.74
Acetone^ 7.23160 1277.03 237.230 30.26
Acetic-acid^ 7.29960 1479.02 216.820 2.01

Saturated concentration at 25 °c was calculated from saturated concentration of 
water at 20 °c (17.5 Vol.%: Chou, 2000)
 ̂A, B, and c constants were obtained from Seader et al. (1998)

The concentration of chemical vapors in the flow system can be varied by 
changing the chemical volume (Viiq) in a chemical container, using this correlation:

Vapor concentration (Vol.%) = Viiq(cm3) X 22,400 (cm3/mole) X p(g/cm3) X 100..(N.3)
Vtot (cm3) xMw (g/mole)

Where: vliq = volume of liquid chemical in container
Vtot = volume of the whole flow system
p = density of chemical (0.791 g/cm3 for acetone)
Mw = molecular weight of chemical (58.08 g/mole 

for acetone)



Appendix o Experimental Data of Conductivity Measurement and Electrical 
Conductivity Response of PPy and Its Blends

Table Ol The experimental conditions and data of conductivity measurement and 
electrical conductivity response toward water liquid of PPy/A5 and its blends.

M aterial Run
# <•๑

%
RH

t
(cm )

Applied
current

(A)

Voltage
drop
(V ) (S /cm )

W ater exposure

(S /cm )
Aa/ctj X 
100 (%)

tr+
(ร) >£,

1*
++

PPy/A5 1 25 59 0.007 3.4E -02 2.0E-01 6.2E +00 2 .4E + 00 39 .50 2 635
PPy/A 5 2 25 59 0.007 3.7E -02 1.8E-01 7.5E +00 1.9E +00 25 .00 1 628
B lends from  Drv  
m ixing
PPy/A 5/PE O 1 27 51 0.018 3.1E -02 9.6E-01 4.6E -01 -3 .6E -02 -7.88 3 999
P Py/A 5/P M M A 1 27 51 0.007 2.6E -02 2.0E +00 4.5E -01 1.8E-01 40 .27 19 346
P Py/A 5/P M M A 2 27 51 0.008 2.7E -02 1.7E+00 4.8E -01 2.1E-01 44 .55 22 689
P Py/A 5/H D PE 1 27 51 0.007 2.3E -02 2.5E +00 3.6E -01 1.1E-01 29 .67 55 380
B lends from  
solution m ixing
PPy/A 5/PE O 1 25 59 0.040 8.0E -04 5.6E +00 8.9E -04 -5 .4E -04 -61 .06 3 183
PPy/A 5/P M A - - - - - - - - - - -
P Py/A 5/P M M A 1 25 59 0.010 5.5E -04 2.4E +00 5.7E -03 1.6E-05 0.29 30 400
PPy/A 5/P S 1 25 59 0.011 2.3E -03 1.9E+00 2.7E -02 1.1E -03 4 .09 unclear 356
PPy/A 5/P S 2 25 59 0.011 3.0E -03 1.9E+00 3.6E -02 -8 .4E -04 -2.33 unclear 489
PPy/A 5/P S 3 25 59 0.011 1.9E-03 1.9E+00 2.3E -02 1.1E -04 0.49 unclear 787
P P y/A 5/A B S 1 25 59 0.011 1.5E-03 1.9E+00 1.8E-02 -1 .5E -03 -8 .35 1 464
P P y/A 5/A B S 2 25 59 0.010 2.6E -03 5.3E +00 1.2E-02 -9 .0E -04 -7 .19 2 799
Polvm er-coated
PPy/A 5
PM M A -coated
PPy/A 5 1 26 70 0.006 4.3E -05 5.1E +00 3.6E -04 -4 .5E -06 -1 .26 210 1614

PM M A -coated
PPy/A5 2 25 69 0.006 2.2E -05 6.7E +00 1.4E-04 -3 .3E -06 -2 .44 unclear 3000

 ̂the time at which sample conductivity started to change (response time, tr)
* the time sample needed to reach an equilibrium change (equilibrium time, teqb)
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Table 02 The experimental conditions and data of conductivity measurement and 
electrical conductivity response toward toluene liquid of PPy/A5 and its blends.

Material Run
# T %

RH
t

(cm )
A pplied
current

(A)

Voltage
drop
(V ) (S /cm )

T oluene exposure

(S /cm )
A a/üj X 
100 (%) (ร)

t-eqb
(ร)

PPy/A5 1 25 59 0.006 3.1E -02 2.1E-01 6.2E +00 7.5E -02 1.20 unclear 628
B lends from  
solution m ixing
PPy/A 5/PM M A 1 25 59 0.010 1.2E-03 5.1E +00 5.6E -03 -4 .2E -03 -74.43 1 233
PPy/A 5/PS 1 28 77 0.011 4.0E -03 4 .6E +00 1.9E-02 -1 .2E -02 -64.13 1 796
P P y/A 5/A B S 1 25 59 0.011 1.5E-03 6.5E +00 5.4E -03 -3 .5E -03 -65.25 1 455
Polvm er-coated
PPv/A5
PM M A -coated
PPy/A5 1 25 69 0.006 3.5E -06 1.1E+00 1.3E-04 1.7E -04 132.16 150 2500
PM M A -coated
PPy/A5 2 25 69 0.006 3.4E -06 1.0E+00 1.4E-04 2 .0E -04 146.09 9 3530

Table 03 The experimental conditions and data of conductivity measurement and 
electrical conductivity response toward acetone liquid of PPy/A5 and its blends.

Material Run
ท TO

%
RH

t
(cm )

Applied
current

(A)

Voltage
drop
(V ) (S /cm )

A ceton e exposure

(S /cm )
A o / a ;  x 
100 (%) (ร)

t-eqb
(ร)

PPy/A5 1 25 59 0.006 3.4E -02 1.8E-01 7.8E +00 -1 .8E + 00 -23.65 1 719
PPy/A5 2 25 59 0.006 3.4E -02 1.9E-01 7.5E +00 -2 .5E + 00 -33 .22 1 927
B lends from  
solution m ixing
PPy/A 5/PM M A 1 25 59 0.010 9.2E -04 2.9E +00 7.9E -03 -7 .7E -03 -98.27 2 281
PPy/A 5/PM M A 2 28 77 0 .0 1 1 1.2E-03 7.0E +00 3.8E -03 -3 .7E -03 -98 .16 1 357
PPy/A 5/PS 1 28 77 0 .0 1 1 3.7E -03 6.6E +00 1.3E-02 -1 .3E -02 -99.48 1 153
PPy/A 5/PS 2 28 77 0 .0 1 1 3.4E -03 6.7E +00 1.1E -02 -1 .1E -02 -99 .49 1 94
P P y/A 5/A B S 1 25 59 0 .0 1 1 1.4E-03 3.5E +00 8.9E -03 -8 .8E -03 -98.81 1 817
P P y/A 5/A B S 2 28 58 0.010 2.5E -03 5.8E +00 1.1E -02 -1 .0E -02 -97.11 1 395
Polvm er-coated
PPv/A5
PM M A -coated
PPy/A5 1 26 70 0.006 9.3E -05 5.1E +00 7.7E -04 -7 .3E -04 -94 .617 1144 1614



Table 04  The experimental conditions and data of conductivity measurement and 
electrical conductivity response toward glacial acetic acid liquid of PPy/A5 and its 
blends.

M aterial Run
# TO

%
RH

t
(cm )

Applied
current

(A)

V oltage
drop
(V ) (S /cm )

A cetic acid exposure

(S /cm )
Aü/cj; X 
100 (%) (ร)

teqb
(ร)

PPy/A5 1 25 59 0.006 3.1E -02 1.6E-01 7.8E +00 -4.4E -01 -27.21 1 614
B lends from  
solution m ixing
P Py/A 5/P M M A 1 25 59 0.010 1.1E-03 6.1E +00 4.4E -03 -2 .3E -03 -51 .97 0 397
PPy/A 5/PM M A 2 28 58 0.011 1.4E-03 5.2E +00 6.2E -03 -3 .7E -03 -58 .66 1 381
PPy/A 5/PS 1 28 77 0.011 3.7E -03 7.1E +00 1.2E-02 -6 .5E -03 -55.03 2 578
PPy/A 5/PS 2 28 77 0.011 3.3E -03 4.6E +00 1.6E-02 -9 .6E -03 -58 .97 1 140
P P y/A 5/A B S 1 25 59 0.011 1.1E-03 2.1E +00 1.2E-02 -4 .8E -03 -38 .72 1 177
P P y/A 5/A B S 2 28 58 0.010 2.4E -03 6.2E +00 9.5E -03 -4 .8E -03 -50.48 1 250
Polvm er-coated
PPy/A 5
PM M A -coated
PPy/A5 1 28 67 0.006 4.8E -04 4.2E +00 4.3E -04 -3 .3E -04 -76 .26 885 3000
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Table 05 The experimental conditions and data of reproducibility measurement in 
electrical conductivity response toward saturated acetone vapor in N2 of 
PPy/A/PMMA from solution mixing at various PMMA:PPy weight ratios.

M aterial
PMMA
/PPy
ratio

ท TO %RH t
(cm )

A pplied
current

(A)

Voltage
drop
(V) (S /cm )

A cetone exposure

(S /cm )
Acr/dj X 100 (%) a n/ o .

P Py/A

0 1 26 43 0.006 2.52E -02 9.27E -02 2.77E +01 -4.32E -01 -1 .57 1.00
2 25 49 3.00E -03 1.07E -02 2.85E +01 -6.88E -01 -2 .44 1.03
3 26 48 3.18E -03 1.12E -02 2.89E +01 -6.55E -01 -2 .29 1.04
4 26 49 3.29E -03 1.15E -02 2.92E +01 -7.20E -01 -2 .49 1.05
5 26 59 3.50E -03 1.22E -02 2.93E +01 -7.10E -01 -2 .16 1.06

PM M A /
PPy/A

1 1 25 44 0.028 2.10E -03 2.73E +00 1.64E -02 -2 .85E -03 -17.43 1.00
2 24 54 1.57E-03 1.95E +00 1.72E -02 -3 .22E -03 -16.55 1.05
3 24 49 1.42E-03 1.72E +00 1.75E -02 -3 .29E -03 -18.75 1.07
4 25 47 1.52E-03 1.89E +00 1.71E -02 - - 1.05

PM M A /
P Py/A

1 1 25 44 0.027 1.53E-03 2.47E +00 1.35E -02 -1 .87E -03 -13 .88 1.00
2 24 54 1.50E-03 1.90E +00 1.73E -02 -3 .11E -03 -18 .00 1.27
3 24 49 1.83E-03 2.73E +00 1.47E -02 -2 .71E -03 -18 .42 1.09
4 25 47 1.54E-03 2.31E +00 1.45E -02 - - 1.07

PM M A /
P Py/A

2 1 26 43 0.034 8.04E -04 2.14E +00 6.53E -03 -3 .30E -03 -50 .46 1.00
2 25 49 7.79E -04 2.80E +00 4.84E -03 -1 .39E -03 -28 .80 0.74
3 26 48 7.77E -04 2.82E +00 4.80E -03 -1 .29E -03 -26 .94 0.73
4 26 49 8.04E -04 2.88E +00 4.84E -03 -1 .22E -03 -25.21 0.74
5 26 59 8.29E -04 2.94E +00 4.90E -03 -9 .45E -0 4 -19 .27 0.75

PM M A /
P Py/A

3 1 25 54 0.020 1.30E-03 1.99E +00 1.95E -02 -1 .32E -0 2 -67 .76 1.00
2 26 57 6.15E -04 2.15E +00 8.52E -03 -4 .54E -03 -53 .30 0.44
3 25 52 3.95E -04 2.04E +00 5.79E -03 -1 .02E -03 -17 .67 0.30
4 26 53 4.18E -04 2.05E +00 6.07E -03 -1 .14E -03 -18 .80 0.31
5 26 52 4.26E -04 2.06E +00 6.17E -03 - - 0.32

PM M A /
PPy/A

3 1 25 54 0.018 3.86E -03 2.59E +00 4.95E -02 -3 .60E -02 -72.73 1.00
2 26 57 1.14E-04 2.09E -01 1.81E -02 -1 .10E -02 -61 .07 0.37
3 25 52 1.72E-04 4.96E -01 1.15E -02 -2 .69E -03 -23 .34 0.23
4 26 53 2.24E -04 6.09E -01 1.22E -02 -2 .97E -03 -24.34 0.25
5 26 52 1.99E -04 5.40E -01 1.22E -02 - - 0.25
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Table 05  The experimental conditions and data of reproducibility measurement in 
electrical conductivity response toward saturated acetone vapor in N2 of 
PPy/A/PMMA from solution mixing at various PMMA:PPy weight ratios 
(continued).

M aterial
P M M A
/PPy
ratio

ท CC) %RH t
( c m )

A pplied
current

(A)

Voltage
drop
(V) (S/cm )

A cetone exposure

(S/cm )
Aa/CTj X 
100 (%) a n/a .

4 .0
PM M A /
PPy/A

4 1 26 53 0.017 2 .31E -04 3.33E +00 2.45E -03 -2 .28E -03 -93 .29 1.00
2 26 43 3.55E -05 2.92E +00 4 .29E -04 -1 .89E -04 -44 .06 0.18
3 26 50 4.10E -05 3.03E +00 4 .76E -04 -2 .15E -04 -45.13 0.19
4 25 44 5.40E -05 3.41E +00 5.58E -04 -4 .63E -04 -82.81 0.23
5 27 53 2.28E -02 2.67E +03 3.01E -04 -2 .36E -05 -7.83 0.12

4.0
PM M A /
PPy/A

4 1 26 53 0.018 3.04E -04 2.16E +00 4.67E -03 -4 .22E -03 -90 .39 1.00
2 26 43 5.90E -05 3.34E +00 5.87E -04 -1 .54E -04 -26 .18 0.13
3 26 50 5.90E -05 3.27E +00 5.98E -04 -2 .43E -04 -40 .65 0.13
4 25 44 4.30E -05 3.94E +00 3.62E -04 -2 .79E -04 -77 .05 0.08
5 27 53 2.28E -02 4.04E +03 1.87E -04 -3 .06E -05 -16 .39 0.04

Table 06  The experimental conditions and data of reproducibility measurement in 
electrical conductivity response toward saturated acetic acid vapor in N2 of 
PPy/A/PMMA from solution mixing at various PMMA:PPy weight ratios.

M aterial
P M M A
/PPy
ratio

ท ( ? ) %RH t
(cm )

Applied
current

(A)

Voltage
drop
(V ) (S/cm )

A cetic acid exposure

(S /cm )
A a/C Tj X 
100 (%) c r „ / a  1

PPy/A

0 1 26 59 0.006 3.45E -03 1.20E -02 2.90E +01 -6.24E -01 -2 .15 1.00
2 25 55 5.96E -03 2 .05E -02 2.94E +01 -2.21E -01 -0 .75 1.01
3 26 44 9.16E -03 3.26E -02 2.83E +01 -4.19E -01 -1 .48 0.98
4 25 49 6.24E -03 2.13E -02 2.96E +01 -1 .06E + 00 -3.57 1.02
5 26 49 8.67E -03 2.93E -02 2.99E +01 -1 .24E + 00 -4.15 1.03

PM M A /
PPy/A

1 1 24 50 0.028 1.59E-03 1.97E +00 1.72E -02 -1 .55E -03 -9 .02 1.00
2 25 49 1.69E-03 1.99E +00 1.80E -02 -3 .41E -03 -18.91 1.05
3 25 49 1.65E-03 1.97E +00 1.78E -02 -3 .12E -03 -17 .57 1.03
4 25 49 1.69E-03 2 .01E + 00 1.79E -02 -3 .09E -03 -17 .32 1.04
5 25 47 1.72E-03 2.08E +00 1.75E -02 -3 .40E -03 -19.43 1.02
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Table 06 The experimental conditions and data of reproducibility measurement in 
electrical conductivity response toward saturated acetic acid vapor in N2 of 
PPy/A/PMMA from solution mixing at various PMMA:PPy weight ratios 
(continued).

M aterial
P M M A
/PPy
ratio

ท
TO

%RH t
(cm )

Applied
current

(A)

Voltage
drop(V) (S /cm )

A cetic acid exposure

(S /cm )
A ct/ ü ; X 
100 (%) c jn/ a i

PM M A/
PPy/A

1 1 24 50 0.027 1.28E-03 1.92E +00 1.46E -02 -8 .40E -04 -5 .74 1.00
2 25 49 1.40E-03 2.00E +00 1.54E -02 -2 .25E -03 -14 .64 1.05
3 25 49 1.65E-03 2.04E +00 1.78E -02 -3 .02E -03 -17.03 1.21
4 25 49 1.69E-03 2.08E +00 1.79E-02 -3 .26E -03 -18.28 1.22
5 25 47 1.30E-03 1.97E +00 1.45E -02 -2 .12E -03 -14 .56 0.99

PM M A /
PPy/A

2 1 26 59 0.034 8.29E -04 2.93E +00 4.90E -03 -9 .45E -04 -19.27 1.00
2 25 55 9.03E -04 3.04E +00 5.16E -03 -1 .13E -03 -21.95 1.05
3 26 44 7.93E -04 2.90E +00 4.74E -03 -3 .00E -03 -63 .20 0.97
4 25 49 4.68E -04 2.90E +00 2.80E -03 -8 .53E -04 -30.45 0.57
5 26 49 1.38E-03 3.05E +00 7.87E -03 -3 .43E -03 -43 .59 1.60

PM M A /
P Py/A

3 1 26 47 0.014 5.20E -04 1.16E+01 1.95E-03 -5 .12E -04 -26.21 1.00
2 26 50 9.03E -04 2.19E +01 1.80E-03 -3 .78E -04 -21.05 0.92
3 27 61 1.27E-03 2.68E +01 2.06E -03 -2 .97E -0 4 -14 .40 1.06
4 27 59 1.55E-03 3.20E +01 2.11E -03 -4 .47E -0 4 -21.13 1.08

PM M A /
PPy/A

4 1 26 54 0.017 2.72E -04 2.75E +00 3.46E -03 -1 .29E -03 -37 .39 1.00
2 25 45 2.53E -04 2.95E +00 3.00E -03 -8 .30E -04 -27 .64 0.87
3 26 53 2.31E -04 3.31E +00 2.45E -03 -2 .28E -03 -93.29 0.71
4 26 43 3.55E -05 2.90E +00 4.29E -04 - - 0.12

PM M A /
PPy/A

4 1 26 54 0.018 2 .16E -04 2.00E +00 3.57E -03 -1 .91E -03 -53.48 1.00
2 25 45 4.81E -04 2.01E +00 7.91E -03 -3 .84E -03 -48 .54 2.22
3 26 53 3.04E -04 2.16E +00 4.67E -03 -4 .22E -03 -90 .39 1.31
4 26 43 5.90E -05 3.33E +00 5.87E -04 - - 0.16



196

Table 07  The experimental conditions and data of a รณdy of the effect of humidity 
on electrical conductivity response toward saturated acetone vapor in N2 of 
PPy/A/PMMA from solution mixing at PMMA:PPy weight ratios of 3:1.

Sam ple
# (°C) %RH t

(cm )
Applied
current

(A )

V oltage
drop
(V ) (S/cm )

A ceton e exposure
teqb

(sec) (S/cm )
A a / a  i X 
100 (%)

1 26 20 0.026 2.25E -04 4.27E +00 1.21E-03 8 -9 .90E -04 -81 .59
2 26 20 0.040 1.96E -04 2.39E +00 1.22E-03 8 -1 .05E -03 -86 .19
3 26 31 0.026 3.63E -04 5.02E +00 1.66E-03 12 -9.33E -04 -56.13
4 26 31 0.026 3.35E -04 6.40E +00 1.20E-03 12 -7.54E -04 -62.81
5 24 48 0.020 1.44E-04 2.91E +00 1.47E-03 6 -1.02E -03 -68 .98
6 26 48 0.017 8.04E -04 2.56E +00 1.11E -02 15 -5.58E -03 -50 .46
7 25 48 0.020 1.30E-03 2.38E +00 1.95E -02 29 -1.38E -02 -70 .83
8 25 48 0.018 3.86E -03 3.10E +00 4.73E -02 33 -3.44E -02 -72.73
9 26 70 0.026 2.95E -04 6.26E +00 1.08E-03 26 -6.49E -04 -59.85
10 26 70 0.026 2.01E -04 4.34E +00 1.07E-03 26 -5.93E -04 -55 .62

Table 08  The experimental conditions and data of a study of effect of humidity on 
electrical conductivity response toward saturated acetic acid vapor in N2 of 
PPy/A/PMMA from solution mixing at PMMA:PPy weight ratios of 3:1.

Sam ple
# (°C) %RH t

(cm )
Applied
current

(A)

V oltage
drop
(V ) (S /cm )

A cetic  acid exposure
teqb

(sec) (S /cm )
Aa/Oj X 
100 (%)

1 26 20 0.020 5.23E -05 1.17E +00 1.34E-03 44 -3 .50E -04 -26 .19
2 26 20 0.020 9.03E -05 2.19E +00 1.23E-03 42 -2.62E -04 -21.31
3 25 47 0.020 1.35E -04 2.92E +00 1.38E-03 45 -2 .94E -0 4 -21 .40
4 25 47 0.018 1.99E -04 6.47E +00 1.02E-03 36 -3.08E -03 -30 .14
5 27 70 0.014 1.22E-04 3.23E +00 1.65E-03 40 -3.62E -04 -21.93
6 27 70 0.016 1.24E-04 2.97E +00 1.56E-03 43 -1.94E -04 -12.45



Appendix p Experimental Data of Electrical Conductivity Measurement of PPy
at Aging Time more than 1 Year

Table PI Experimental conditions and data of electrical conductivity measurement 
of PPy/บ and PPy doped with various dopants at D/M of 1/12 at aging time more 
than 1 year.

M aterial
Synthesis

date
(mm/dd/yy)

A ge
(day)

t
(cm ) (°C) %

RH
Applied
voltage(V)

Applied
current
(m A)

V oltage
drop
(m V ) (S/cm )

A verage

(S/cm )
PPy/U (1) 03 /2 1 /00 612 7.18E -03 25.5 58 12.0 3.30 1720 6.68E -02 6.87E -02

(1.85E-04) 14.5 4 .00 2070 6.73E -02 (1.68E-03)
16.9 4 .80 242 0 6.91E -02
20.8 5.90 295 0 6.97E -02
23.7 6.90 3390 7.09E -02

PPy/U (2) 08 /2 0 /00 463 8.53E -03 25.8 57 10.9 4 .40 1695 7.61E -02 7 .70E -02
(2.43 E-04) 13.7 5.50 2095 7.70E -02 (9.01 E-04)

18.7 7.60 286 0 7.79E -02
PPy/U (3) 08 /2 2 /00 461 7.79E -03 25.8 57 7.5 1.00 1035 3.10E -02 3.26E -02

(3.90E-04) 11.6 1.60 1565 3.28E -02 (8.87E-04)
16.7 2.30 2240 3.30E -02
21.1 2.90 2825 3.30E -02
24 7 3.40 3290 3.32E -02

PPy/A (1) 08 /3 1 /99 813 5.70E -03 25 56 0.3 15.90 47 1.48E+01 1.62E+01
(3.42E-04) 0.5 23.35 65 1.58E+01 (7.26E-01)

0.7 28.35 78 1.59E+01
0.8 35.75 96 1.63E+01
1.0 42.45 113 1.65E+01
1.2 51.35 134 1.68E+01
1.4 60.35 156 1.70E+01

PPy/A (2) 08 /2 3 /00 460 5.59E -03 25.5 56 0.6 29.85 77 1.73E+01 1.77E+01
(3.32E-04) 0.7 37.45 96 1.74E+01 (3.49E-01)

0.9 43 .85 110 1.78E+01
1.0 51 .70 129 1.80E+01
1.2 59.25 146 1.81E+01

PPy/B (1) 08 /3 1 /99 817 6.01E -03 25.8 57 2.4 69.15 210 1.37E+01 1.39E+01
(3.80E-04) 2.7 80 .00 240 1.39E+01 (1.63E-01)

3.0 94 .90 282 1.40E+01
PPy/B (2) 11/02/99 755 6.66E -03 26.5 60 1.3 56 .90 168 1.27E+01 1.31E+01

(2.29E-03) 1.6 74 .50 216 1.29E+01 (2.88E-01)
2.1 97 .00 275 1.32E+01
2.4 111.30 313 1.33E+01



Table PI Experimental data of electrical conductivity measurement of PPy doped
with various dopants at D/M of 1/12 at aging time more than 1 year (continued).

Material
Synthesis

date
(mm/dd/yy)

A ge
(day)

t
(cm ) C O

%
RH

A pplied
voltage

(V )

A pplied
current
(m A)

V oltage
drop
(m V ) (S/cm )

A verage

(S/cm )
PPy/B (3) 08 /2 0 /00 463 6.20E -03 26.5 60 0.6 25.85 140 7.45E+00 7.68E +00

(1.08E-03) 0.9 31.45 170 7.46E+00 (2.34E-01)
1.4 44 .15 230 7.74E+00
1.8 53.05 275 7.78E+00
2.2 61 .50 310 8.00E+00

PPy/B (4) 08 /3 1 /99 828 5.78E -03 26.5 60 2.0 64 .80 203 1.38E+01 1.40E+01
(1.58E-03) 2.3 75 .10 232 1.40E+01 (2.05E-01)

2.5 87 .10 265 1.42E+01
PPy/B (5) 01 /1 9 /00 689 5.69E -03 25.8 57 1.0 4 7 .10 143 1.45E+01 1.47E+01

(8.83E-04) 1.3 59.15 178 1.46E+01 (1.94E-01)
1.4 68.05 202 1.48E+01
1.6 78.35 231 1.49E+01

PPy/C (1) 0 1 /1 2 /00 681 6.93E -03 26 59 8.7 8.70 1235 2.54E -01 2.62E -01
(6.24E-04) 10.7 10.90 1540 2.55E -01 (7.79E-03)

13.4 14.00 1930 2.62E -01
15.7 16.80 228 0 2.66E -01
18.5 20 .70 2735 2.73E -01

PPy/D (1) 0 8 /1 8 /00 465 3.06E -03 25.7 58 8.4 1.70 1245 1.12E-01 1.13E-01
(3.27E-04) 10.5 2.10 1540 1.12E-01 (2.20E-03)

15.2 3.00 220 0 1.12E-01
19.1 3 .90 2770 1.15E-01
23.1 4.75 3350 1.16E-01

PPy/D (2) 03 /1 6 /00 632 6.16E -03 25.7 58 18.4 1.78 2215 3.26E -02 3 .35E -02
(5.1 IE-04) 23.1 2 .30 2820 3.31E -02 (8.32E-04)

27.1 2.75 3305 3 37E -02
32.5 3.38 3965 3 46E -02

PPy/D (3) 08 /1 8 /00 480 5.78E -03 25.8 58 6.7 1.65 560 1.27E-01 1.31E-01
(7.77E-04) 11.7 2.90 961 1.30E-01 (3.31E-03)

16.6 4 .40 1420 1 34E-01
PPy/E ( 1 ) 01 /1 1 /00 682 6.71E -03 25.6 57 9.2 5.50 1175 1.74E-01 1.79E-01

(6.48E-04) 12.3 7.40 1555 1.77E-01 (4.15E-03)
15.9 9 .70 2000 1.81E-01
19.0 11.90 2410 1.84E-01

PPy/E (2) 01 /1 1 /00 682 6.84E -03 25.6 57 9.9 3.90 1020 1.40E-01 1.42E-01
(7.67E-04) 12.1 4.85 1255 1.41E-01 (2.47E-03)

14.9 6.10 1555 1.43E-01
17.7 7 .30 1835 1 45E -01

PPy/P (1) 0 1 /1 0 /0 0 683 6.46E -03 25.6 57 5.4 5.90 875 2.61E -01 2.67E -01
(2.37E-04) 7.3 8.00 1175 2.63E -01 (5.86E-03)

9.8 10.95 1577 2.68E -01
12.2 14.00 1976 2.74E -01
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Table PI Experimental data of electrical conductivity measurement of PPy doped
with various dopants at D/M of 1/12 at aging time more than 1 year (continued).

Material
Synthesis

date
(mm/dd/yy)

A ge
(day)

t
(cm ) (°C) %

RH
A pplied
voltage

(V)

A pplied
current
(m A )

V oltage
drop
(m V ) (S/cm )

Average

(S/cm )
PPy/P (2) 01 /1 0 /00 683 6.84E -03 25.8 58 9.7 6.80 801 3.10E -01 3.13E -01

(2.57E-04) 13.1 9.30 1076 3.16E -01 (2.89E-03)
17.1 12.30 1447 3.1 IE-01
21.4 15.65 1815 3.15E -01

PPy/AB 08 /1 7 /00 466 5.89E -03 25.5 58 33.4 0.35 4 00 3.71E -05 3.71E -05
(4.65E-04) 43 .0 0.45 515 3.71E -05 (4.52E-08)

58.2 0.60 685 3.72E -05

Table P2 Experimental conditions and data of electrical conductivity measurement 
of PPy/A with various D/M ratios at aging time more than 1 year.

D /M
Synthesis

date
(m m /dd/yy)

A ge
(day)

t
(cm ) (°C) %

RH
A pplied
voltage

(V )

A pplied
current
(m A )

V oltage
drop
(m V ) (S /cm )

Average a  

(S /cm )

1 /9 6 (1 ) 07 /2 4 /00 504 5.66E -03 25 54 0.91 11.90 109 4 .82E + 00 4 .81E + 00
(1.50E -04) 2.94 36.25 341 4 .70E + 00 (3.69E -01)

4.05 52 .30 4 7 0 4 .92E + 00
1/96 (2) 07 /2 4 /00 504 5.28E -03 25 54 1.84 19.10 221 4.09E + 00 4.14E + 00

(1.06E -04) 2.88 30.25 342 4.19E + 00 (6 .78E -02)
1/48 10/28/99 755 5.39E -03 25.7 58 1.08 37.25 126 1.37E+01 1.40E+01

(4.91E -04) 1.37 4 7 .7 0 159 1.39E+01 (2 .12E -01)
1.66 58.25 192 1.41E+01
1.87 66.45 217 1.42E+01

1/24 (1) 09 /0 6 /99 807 5.53E -03 25.5 57 1.83 57 .80 213 1.23E+01 1.24E+01
(4.37E -04) 2.08 65.95 241 1.24E+01 (9 .35E -02)

2.22 70 .80 257 1.25E+01
1/6 07 /2 5 /00 503 5.91E -03 26.5 60 1.50 54 .10 547 4.19E + 00 4 .21E + 00

(7.69E -04) 1.67 64 .60 650 4.21E + 00 (2 .18E -02)
1.85 72.15 722 4.23E + 00

1/3 07 /2 7 /00 501 5.28E -03 26.5 60 4.27 28 .10 211 6 .31E + 00 6.42E +00
(4.44E -04) 6.09 38 .90 285 6.47E +00 (9 .30E -02)

7.19 51.45 376 .5 6 4 7 E + 0 0
1 /2 (1 ) 09 /0 2 /99 811 5.14E -03 25.5 57 1.90 23.55 265 4.32E + 00 4 .38E + 00

(2.77E -04) 2.40 28 .30 316 4.36E + 00 (4 .64E -02)
3.00 35 .20 390 4 .39E + 00
3.70 42 .45 466 4.43E + 00



Table P2 Experimental conditions and data of electrical conductivity measurement
of PPy/A with various D/M ratios at aging time more than 1 year (continued).

D/M
Synthesis

date
(m m /dd/ 
___ H )___

A ge
(day)

t
(cm ) (°C)

%
RH

Applied
voltage

(V)

A pplied
current
(m A )

V oltage
drop
(m V ) (S/cm )

A verage CT 
(S /cm )

1/2 (2) 09 /0 3 /99 810 5.65E -03 25.5 57 0.59 7 .40 100 3.27E +00 2.99E +00
(8.59E -04) 1.17 14.40 188.5 3.38E +00 (3.40E -01)

2.26 27 .10 372 .5 3 .22E + 00
3.18 31 .50 516 2 .70E + 00
4.13 38.75 650 .5 2.64E +00
6.00 61 .30 1004.5 2.70E +00

1/2 (3) 07 /2 6 /00 502 5.48E -03 25.8 58 2.02 33.55 243 .5 6.28E +00 6.34E +00
(4.00E -04) 2.37 39.65 285 6.34E +00 (5 .68E -02)

2.90 46.85 334 6.40E +00
2/3 09 /0 2 /99 811 5.14E -03 25.5 57 1.50 29 .90 220 6.61E +00 6.80E +00

(2.83E -04) 1.80 35.25 257 6.67E +00 (1 .57E -01)
2.50 46 .45 335 6.75E +00
3.00 55.85 398 6.83E +00
3.50 66.05 464 6.93E +00
4 .00 75.85 525 7.03E +00

1/1 09 /0 2 /99 811 1.18E-02 26 57 4 .96 52.95 557 2 .02E + 00 2.06E +00
(1.16E -03) 5.70 62 .60 646 .5 2 .05E + 00 (5.15E -02)

6.49 73.35 734 .5 2.12E +00
1/1 09 /0 2 /99 303 1.29E-02 25 50 N /A 22 .10 73 5.88E +00 5.79E +00

(2.22E -03) N /A 87.55 298 .5 5.70E +00 (1 .30E -01)



Appendix Q Experimental data of electrical conductivity response measurement 
of PPy toward acetone vapor at 16.7 vol.% in N2

Table Q1 Experimental data of electrical conductivity response รณdy of PPy toward 
acetone vapor at 16.7 vol.% in N2, 1 atm and at 23-26 °c, sample thickness values 
are shown with their standard derivations in parentheses (data of PPy/B are excluded; 
they are shown only in Table Q3 due to the different data format).

M ateria l T h ick n e ss
(c m )

A p p lie d
current
(m A )

V o lta g e
drop
(m V ) (S /c m )

A c e to n e  ex p o su re

(S /c m )
A ct/ ct; X 
1 0 0  (% )

P P y /U  (3 ) 1 .0 5 E -0 2  (3 .4 6 E -0 2 ) 2 .1 5 4 3 .9 0 3 .1 6 E + 0 0 -7 .1 0 E -0 3 -0 .2 3
P P y /U  (4 ) 1 .0 9 E -0 2  (3 .3 5 E -0 2 ) 1 .17 2 3 .2 4 3 .1 2 E + 0 0 -8 .0 3 E -0 3 -0 .2 6
P P y /A  (5 ) 6 .4 7 E -0 3  (3 .0 2 E -0 4 ) 2 2 .4 2 9 2 .8 6 2 .5 2 E + 0 1 -3 .7 5 E -0 1 -1 .4 9
P P y /A  (3 ) 1 .8 0 E -0 2  (2 .5 2 E -0 3 ) 2 8 .4 1 4 9 .9 5 2 .1 4 E + 0 1 -3 .8 6 E -0 1 -1 .8 1
P P y /C  (1 ) 9 .2 2 E -0 3  (1 .4 9 E -0 3 ) 2 2 .2 0 4 8 2 .9 8 3 .3 6 E + 0 0 -2 .8 8 E -0 2 -0 .8 6
P P y /C  (1 ) 9 .2 2 E -0 3  (1 .4 9 E -0 3 ) 2 4 .4 0 5 3 5 .1 1 3 .3 4 E + 0 0 -2 .1 0 E -0 2 -0 .6 3
P P y /C  (2 ) 8 .9 4 E -0 3  (1 .1 3 E -0 3 ) 2 1 .6 1 5 1 8 .3 9 3 .1 5 E + 0 0 -1 .9 9 E -0 2 -0 .6 3
P P y /D 1 .3 4 E -0 2  (1 .1 6 E -0 3 ) 1 .17 5 6 1 .1 3 1 .0 5 E -0 1 -1 .6 9 E -0 2 -1 6 .1 3
P P y /E  (1 ) 9 .6 0 E -0 3  (1 .3 3 E -0 3 ) 2 3 .0 0 5 4 3 .1 4 2 .9 8 E + 0 0 -3 .7 4 E -0 2 -1 .2 6
P P y /E  (1 ) 9 .6 0 E -0 3  (1 .3 3 E -0 3 ) 2 1 .6 0 5 1 7 .8 5 2 .9 3 E + 0 0 -6 .3 5 E -0 2 -2 .1 7
P P y /E  (2 ) 9 .1 0 E -0 3  (5 .9 4 E -0 4 ) 4 .2 9 1 0 7 .2 4 2 .9 7 E + 0 0 -6 .4 1 E -0 2 -2 .1 6
P P y /E  (2 ) 9 .1 0 E -0 3  (5 .9 4 E -0 4 ) 4 .8 5 1 1 8 .6 9 3 .0 3 E + 0 0 -7 .5 6 E -0 2 -2 .5 0
P P y /P  (1 ) 1 .0 3 E -0 2  (9 .3 1 E -0 4 ) 2 .4 5 1 8 5 .8 2 8 .6 6 E -0 1 -2 .8 9 E -0 2 -3 .3 4
P P y /P  (1 ) 1 .0 3 E -0 2  (9 .3 1 E -0 4 ) 2 .61 2 0 9 .5 9 8 .1 9 E -0 1 -1 .6 2 E -0 2 -1 .9 7
P P y /A B  (2 B ) 9 .2 1 E -0 3  (2 .9 9 E -0 3 ) 0 .0 5 3 0 1 3 .0 0 1 .2 0 E -0 3 -3 .0 0 E -0 4 -2 4 .9 9
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Table Q2 Experimental data of electrical conductivity response study of PPy/A with 
various D/M ratios toward acetone vapor at 16.7 vol.% in N2, 1 atm and at 25 ± 1 °c 
(excluding data of PPy/A with D/M ratio of 1/12 which is shown in Table Ql).

M ateria l T h ick n e ss
(cm )

A p p lied
current
(m A )

V o lta g e
drop
(m V ) (S /c m )

A c e to n e ex p o su re

(S /c m )
A ct/ cti X 
1 0 0  (% )

1 /9 6 1 .1 0 E -0 2  (1 .1 6 E -0 3 ) 2 0 .0 7 5 7 .3 3 1 .8 9 E + 0 1 -4 .3 3 E -0 2 -0 .2 3
1/48 9 .6 6 E -0 3  (1 .5 0 E -0 3 ) 2 0 .5 7 4 8 .8 9 2 .6 0 E + 0 1 -1 .4 5 E -0 1 -0 .5 6
1 /2 4 9 .4 4 E -0 3  (4 .3 0 E -0 4 ) 2 0 .2 6 5 1 .2 5 2 .5 0 E + 0 1 -3 .5 0 E -0 1 -1 .4 0
1/6 1 .0 3 E -0 2  (5 .4 5 E -0 4 ) 2 0 .0 7 7 2 .7 6 1 .6 0 E + 0 1 -3 .8 1 E -0 1 -2 .3 8
1/6 1 .0 3 E -0 2  (5 .4 5 E -0 4 ) 2 0 .0 9 5 6 .0 5 2 .0 8 E + 0 1 -4 .2 0 E -0 1 -2 .0 2
1 /3 ( 1 ) 9 .7 5 E -0 3  (1 .2 3 E -0 3 ) 2 0 .7 7 1 7 9 .1 5 7 .1 0 E + 0 0 -1 .4 8 E -0 1 -2 .0 8
1 /3 ( 1 ) 9 .7 5 E -0 3  (1 .2 3 E -0 3 ) 2 0 .7 8 1 1 3 .5 8 1 .1 2 E + 0 1 -3 .5 0 E -0 1 -3 .1 3
1/3 (2 ) 1 .0 9 E -0 2  (1 .6 3 E -0 3 ) 2 0 .4 1 1 2 3 .5 0 9 .0 4 E + 0 0 -2 .8 0 E -0 1 -3 .1 0
1 /2 ( 1 ) 1 .1 0 E -0 2  (2 .2 6 E -0 3 ) 2 0 .9 6 1 2 8 .8 8 8 .8 0 E + 0 0 -4 .0 9 E -0 1 -4 .6 5
1 /2 ( 1 ) 1 .1 0 E -0 2  (2 .2 6 E -0 3 ) 2 1 .2 1 8 8 .2 8 1 .3 0 E + 0 1 -2 .6 7 E -0 1 -2 .0 5
1 /2 ( 1 ) 1 .1 0 E -0 2  (2 .2 6 E -0 3 ) 2 1 .2 9 1 5 9 .1 1 7 .2 4 E + 0 0 -2 .8 1 E -0 1 -3 .8 8
1/2  (2 ) 8 .9 9 E -0 3  (6 .5 2 E -0 4 ) 2 0 .7 2 9 1 .1 3 1 .5 1 E + 0 1 -5 .5 1 E -0 1 -3 .6 5
2 /3 1 .0 1 E -0 2  (1 .3 6 E -0 3 ) 2 1 .7 5 1 3 2 .0 4 9 .7 0 E + 0 0 -2 .9 0 E -0 1 -2 .9 9
2 /3 1 .0 1 E -0 2  (1 .3 6 E -0 3 ) 2 1 .2 0 9 1 .1 3 1 .3 7 E + 0 1 -4 .0 0 E -0 1 -2 .9 2
1/1 (1 A ) 9 .1 6 E -0 3  (1 .6 8 E -0 3 ) 2 0 .7 2 1 9 8 .6 2 6 .8 0 E + 0 0 -2 .2 0 E -0 1 -3 .2 4
1/1 (1 A ) 9 .1 6 E -0 3  (1 .6 8 E -0 3 ) 2 4 .9 6 1 6 2 .6 7 1 .0 0 E + 0 1 -2 .7 0 E -0 1 -2 .7 0
1/1 ( I B ) 8 .6 6 E -0 3  (3 .3 4 E -0 4 ) 2 3 .9 3 1 0 3 .1 2 1 .6 0 E + 0 1 -3 .2 0 E -0 1 -2 .0 0



Appendix R Experimental Data of Electrical Conductivity Response
Measurement of PPy toward Acetone Vapor at Various Concentration in N2

Table R1 Experimental data of electrical conductivity response study of PPy/U 
toward acetone vapor at various concentrations in N2, 1 atm and at 23-25 °c, sample 
thickness values are shown with their standard derivations in parentheses.

M ateria l T h ick n e ss
(cm )

A p p lie d
current
(m A )

V o lta g e
drop
(m V ) (S /c m )

A c e to n e  ex p o su re
A c e to n e

vap or
co n e .

(v o l.% )
(S /c m )

Aa/cjj X 100 (%)
PPy/U (1) 1.15E-02 (1.59E-03) 1.37 32.92 2.45E+00 0 .0 0 3.91E-04 0.02
PPy/U (1) 1.15E-02 (1.59E-03) 1.37 32.88 2.45E+00 0 .0 0 -1.16E-04 0.00
PPy/U (1) 1.15E-02 (1.59E-03) 2.05 48.11 2.51E+00 3 .3 3 -2.46E-03 -0.10
PPy/U (2) 1.27E-02 (2.38E-03) 1.22 28.21 2.29E+00 3 .3 3 -2.81E-03 -0.12
PPy/U (1) 1.15E-02 (1.59E-03) 1.31 31.44 2.45E+00 8.32 -4.70E-03 -0.19
PPy/U (3) 1.05E-02 (3.46E-02) 2.15 43.90 3.16E+00 16.65 -7.10E-03 -0.23
PPy/U (4) 1.09E-02 (3.35E-02) 1.17 23.24 3.12E+00 16.65 -8.03E-03 -0.26
PPy/U (1) 1.15E-02 (1.59E-03) 1.37 32.89 2.45E+00 24.97 -1.17E-02 -0.48
PPy/U (1) 1.15E-02 (1.59E-03) 1.38 33.20 2.44E+00 24.97 -8.54E-03 -0.35
PPy/U (1) 1.15E-02 (1.59E-03) 2.04 48.36 2.48E+00 33.30 -8.47E-03 -0.34
PPy/U (1) 1.15E-02 (1.59E-03) 1.37 33.13 2.44E+00 33.30 -9.65E-03 -0.40
PPy/U (2) 1.27E-02 (2.38E-03) 1.22 27.92 2.31E+00 33.30 -1.01E-02 -0.44



Table R2 Experimental data o f electrical conductivity response study o f  PPy/A
toward acetone vapor at various concentrations in N 2 , 1 atm and at 23-25 °c.

M ateria l T h ic k n e ss
(cm )

A p p lie d
current
(m A )

V o lta g e
drop
(m V ) (S /c m )

A c e to n e  ex p o su re
A c e to n e

v a p o r
co n e .

(v o l.% )
(S /c m )

Àa/üj X 
1 0 0  (% )

P P y /A  (1) 9 .4 8 E -0 3 (6 .1 7 E -0 4 ) 2 1 .8 1 4 8 .8 3 3 .1 8 E + 0 1 0 .0 2 5 -1 .6 8 E -0 2 -0 .0 5
P P y /A  (2A) 8 .0 8 E -0 3 (7 .6 5 E -0 4 ) 2 1 .6 8 8 3 .6 0 2 .1 7 E + 0 1 0 .0 2 5 -9 .9 4 E -0 3 -0 .0 5
P P y /A  (3) 1 .8 0 E -0 2 (2 .5 2 E -0 3 ) 2 7 .2 5 4 2 .8 6 2 .3 9 E + 0 1 0 .2 5 -1 .4 5 E -0 2 -0 .0 6
P P y /A  (1) 9 .4 8 E -0 3 (6 .1 7 E -0 4 ) 2 1 .2 9 4 7 .4 6 3 .1 9 E + 0 1 0 .2 5 -1 .1 9 E -0 2 -0 .0 4
P P y /A  (1) 9 .4 8 E -0 3 (6 .1 7 E -0 4 ) 2 1 .6 6 4 8 .9 4 3 .1 5 E + 0 1 1 .05 -1 .1 6 E -0 1 -0 .3 7
P P y /A  (3) 1 .8 0 E -0 2 (2 .5 2 E -0 3 ) 2 7 .8 1 4 4 .2 8 2 .3 6 E + 0 1 1.05 -1 .0 4 E -0 1 -0 .4 4
P P y /A  (4A) 9 .3 0 E -0 3 (2 .6 7 E -0 3 ) 2 1 .8 2 7 8 .1 3 2 .0 3 E + 0 1 1.05 -7 .8 2 E -0 2 -0 .3 9
P P y /A  (3) 1 .8 0 E -0 2 (2 .5 2 E -0 3 ) 2 9 .8 4 4 8 .8 3 2 .2 9 E + 0 1 2 .51 -1 .8 7 E -0 1 -0 .8 1
P P y /A  (4A) 9 .3 0 E -0 3 (2 .6 7 E -0 3 ) 2 7 .2 5 9 4 .8 7 2 .0 8 E + 0 1 2 .5 1 -1 .5 2 E -0 1 -0 .7 3
P P y /A  (4B ) 1 .1 2 E -0 2 (1 .9 5 E -0 3 ) 2 0 .5 5 4 5 .6 0 2 .7 1 E + 0 1 2 .5 1 -2 .0 0 E -0 1 -0 .7 4
P P y /A  ( 4 ๑ 9 .1 0 E -0 3 (8 .6 5 E -0 3 ) 2 2 .4 2 7 3 .5 0 2 .2 6 E + 0 1 2 .5 1 -1 .4 9 E -0 1 -0 .6 6
P P y /A  (5) 6 .4 7 E -0 3 (3 .0 2 E -0 4 ) 2 7 .2 5 1 1 7 .1 9 2 .4 3 E + 0 1 4 .1 8 -1 .8 4 E -0 1 -0 .7 6
P P y /A  (2B ) 9 .2 3 E -0 3 (1 .6 4 E -0 3 ) 2 2 .4 6 6 8 .9 5 2 .3 8 E + 0 1 8 .3 7 -2 .4 9 E -0 1 -1 .0 5
P P y /A  (6) 9 .9 6 E -0 3 (1 .2 7 E -0 3 ) 2 1 .9 0 5 8 .5 9 2 .5 3 E + 0 1 8 .3 7 -3 .1 5 E -0 1 -1 .2 4
P P y /A  (5) 6 .4 7 E -0 3 (3 .0 2 E -0 4 ) 2 1 .8 2 7 8 .1 3 2 .9 1 E + 0 1 1 2 .5 5 -3 .6 0 E -0 1 -1 .2 4
P P y /A  (3) 1 .8 0 E -0 2 (2 .5 2 E -0 3 ) 2 6 .3 8 4 4 .4 9 2 .2 3 E + 0 1 1 2 .5 5 -3 .5 9 E -0 1 -1 .6 1
P P y /A  (4B ) 1 .1 2 E -0 2 (1 .9 5 E -0 3 ) 2 0 .1 3 4 4 .2 8 2 .7 4 E + 0 1 1 2 .5 5 -3 .3 9 E -0 1 -1 .2 4
P P y /A  (5) 6 .4 7 E -0 3 (3 .0 2 E -0 4 ) 2 2 .4 2 9 2 .8 6 2 .5 2 E + 0 1 1 6 .7 0 -3 .7 5 E -0 1 -1 .4 9
P P y /A  (3) 1 .8 0 E -0 2 (2 .5 2 E -0 3 ) 2 8 .4 1 4 9 .9 5 2 .1 4 E + 0 1 1 6 .7 0 -3 .8 6 E -0 1 -1 .8 1
P P y /A  (4B ) 1 .1 2 E -0 2 (1 .9 5 E -0 3 ) 2 1 .7 6 4 8 .9 0 2 .6 8 E + 0 1 2 5 .0 2 -4 .0 7 E -0 1 -1 .5 2
P P y /A  (4B ) 1 .1 2 E -0 2 (1 .9 5 E -0 3 ) 2 1 .9 5 4 8 .9 2 2 .7 0 E + 0 1 3 7 .6 5 -4 .0 9 E -0 1 -1 .5 1
P P y /A  (2B ) 9 .2 3 E -0 3 (1 .6 4 E -0 3 ) 2 0 .8 5 7 3 .9 2 2 .0 6 E + 0 1 3 7 .6 5 -4 .0 5 E -0 1 -1 .9 6



Table R3 Experimental data o f electrical conductivity response study o f  PPy/B
toward acetone vapor at various concentrations in N2, 1 atm and at 23-25 °c.

M ateria l T h ick n e ss
(cm )

Ap
pl

ied
 cu

rr
en

t 
(m

A)
Vo

lta
ge

 dr
op

 
(m

V)

(S /c m )

A c e to n e  ex p o su re

Ac
eto

ne
 va

po
r 

co
ne

, (
vo

l.%
)

(S /c m )
A d /a , X  

1 0 0  (% )

P P y /B  (1) 8 .9 6 E -0 3  (1 .5 5 E -0 3 ) N /A N /A 3 .5 2 E + 0 1  (1 .1 E -0 2 ) 0 .2 5 -3 .4 3 E -0 2 -0 .1 3
P P y /B  (2) 8 .2 5 E -0 3  (5 .4 0 E -0 3 ) N /A N /A 2 .8 2 E + 0 1  (7 .9 E -0 3 ) 0 .2 5 -2 .9 9 E -0 2 -0 .1 1
P P y /B  (1) 8 .9 6 E -0 3  (1 .5 5 E -0 3 ) N /A N /A 3 .4 2 E + 0 1  (4 .3 E -0 3 ) 0 .3 3 -3 .4 2 E -0 2 -0 .1 0
P P y /B  (3A) 1 .0 2 E -0 2  (1 .1 6 E -0 2 ) 1 9 .5 0 3 6 .3 3 3 .5 6 E + 0 1 0 .3 3 -3 .4 8 E -0 2 -0 .1 0
P P y /B  (1) 8 .9 6 E -0 3  (1 .5 5 E -0 3 ) N /A N /A 3 .4 3 E + 0 1  (2 .0 E -0 2 ) 1 .05 -3 .2 3 E -0 2 -0 .1 0
P P y /B  (2) 8 .2 5 E -0 3  (5 .4 0 E -0 3 ) N /A N /A 2 .9 3 E + 0 1  (2 .1 E -0 3 ) 1 .05 -3 .2 1 E -0 2 -0 .1 1
P P y /B  (3B ) 8 .9 2 E -0 3  (7 .2 8 E -0 3 ) 1 4 .6 0 3 3 .6 3 3 .2 8 E + 0 1 3 .3 3 -8 .5 3 E -0 2 -0 .2 6
P P y /B  (4A) 7 .9 2 E -0 3  (1 .2 4 E -0 3 ) N /A N /A 2 .6 2 E + 0 1  (1 .3 E -0 1 ) 8 .3 7 -1 .4 5 E -0 1 -0 .5 5
P P y /B  (4B) 8 .4 2 E -0 3  (4 .2 6 E -0 3 ) N /A N /A 2 .6 8 E + 0 1  (1 .7 E -0 1 ) 8 .3 7 -1 .5 2 E -0 1 -0 .5 7
P P y /B  (5) 1 .5 2 E -0 2  (2 .3 7 E -0 3 ) 16.81 2 5 .0 6 2 .9 7 E + 0 1 1 2 .5 5 -1 .6 8 E -0 1 -0 .5 7
P P y /B  (1) 8 .9 6 E -0 3  (1 .5 5 E -0 3 ) N /A N /A 2 .8 8 E + 0 1  (4 .0 E -0 3 ) 1 6 .6 5 -1 .9 9 E -0 1 -0 .6 9
P P y /B  (5) 1 .5 2 E -0 2  (2 .3 7 E -0 3 ) 16 .8 5 2 3 .6 8 3 .1 5 E + 0 1 1 6 .6 5 -1 .9 1 E -0 1 -0 .6 1
P P y /B  (5) 1 .5 2 E -0 2  (2 .3 7 E -0 3 ) 1 6 .9 0 2 5 .6 2 2 .9 2 E + 0 1 2 5 .0 2 -2 .1 0 E -0 1 -0 .7 2
P P y /B  (3A) 1 .0 2 E -0 2  (1 .1 6 E -0 2 ) 1 8 .8 6 3 5 .4 0 3 .5 4 E + 0 1 3 7 .6 5 -1 .9 0 E -0 1 -0 .7 5



Table R4 Experimental data o f electrical conductivity response study o f PPy/AB
toward acetone vapor at various concentrations in N2, 1 atm and at 23-25 °c.

M aterial T h ick n e ss
(c m )

A p p lie d
current
(m A )

V o lta g e
drop
(m V ) (S /c m )

A c e to n e  ex p o su re
A c e to n e

v a p o r
co n e .

(v o l.% )
(S /c m )

À a /a ;  X 
1 0 0  (% )

P P y /A B  (1A ) 7 .7 1 E -0 3  (5 .3 0 E -0 3 ) 0 .0 2 4 1 1 8 6 9 .0 1 .1 3 E -0 3 0 .1 7 -1 .0 5 E -1 8 0 .0 0
P P y /A B  (1A ) 7 .7 1 E -0 3  (5 .3 0 E -0 3 ) 0 .0 2 3 7 1 9 2 6 .0 1 .0 7 E -0 3 0 .3 3 -4 .6 5 E -0 5 -4 .3 3
P P y /A B  (IB ) 7 .4 1 E -0 3  (5 .9 3 E -0 3 ) 0 .0 7 2 3 3 1 0 0 .0 2 .1 2 E -0 3 0 .3 3 -3 .4 2 E -0 5 -1 .6 1
P P y /A B  (1A ) 7 .7 1 E -0 3  (5 .3 0 E -0 3 ) 0 .0 2 2 7 1 8 7 5 .0 1 .0 6 E -0 3 0 .8 3 -1 .0 4 E -0 4 -9 .8 0
P P y /A B  (IB ) 7 .4 1 E -0 3  (5 .9 3 E -0 3 ) 0 .0 6 9 1 3 2 5 0 .0 1 .9 4 E -0 3 1 .65 -1 .2 5 E -0 4 -6 .4 8
P P y /A B  (2A ) 9 .1 0 E -0 3  (1 .0 4 E -0 2 ) 0 .0 6 1 0 2 6 3 7 .5 1 .7 1 E -0 3 1 .65 -2 .2 4 E -0 4 -1 3 .0 5
P P y /A B  (IB ) 7 .4 1 E -0 3  (5 .9 3 E -0 3 ) 0 .0 6 3 7 3 1 1 5 .0 1 .8 6 E -0 3 3 .3 3 -2 .4 0 E -0 4 -1 2 .8 8
P P y /A B  (2A ) 9 .1 0 E -0 3  (1 .0 4 E -0 2 ) 0 .0 6 3 0 3 0 2 5 .0 1 .5 4 E -0 3 3 .3 3 -3 .0 0 E -0 4 -1 9 .4 3
P P y /A B  (1 A) 7 .7 1 E -0 3  (5 .3 0 E -0 3 ) 0 .0 2 7 3 2 2 6 0 .0 1 .0 6 E -0 3 8 .3 7 -2 .8 3 E -0 4 -2 6 .7 2
P P y /A B  (2B ) 9 .2 1 E -0 3  (2 .9 9 E -0 3 ) 0 .0 4 9 4 3 0 1 3 .0 1 .2 0 E -0 3 1 6 .6 0 -3 .0 0 E -0 4 -2 4 .9 9
P P y /A B  (1A ) 7 .7 1 E -0 3  (5 .3 0 E -0 3 ) 0 .0 2 3 3 1 9 1 0 .0 1 .0 7 E -0 3 3 7 .6 5 -2 .6 6 E -0 4 -2 4 .9 1



As referred in the introduction part of Chapter V, the electrical responses of 
PPy/A in Chapter V (D/M = 1/12) toward toluene, acetone, and acetic acid are 
similar to those of PPy/A in Chapter IV (D/M = 1/5), whereas their electrical 
responses toward water are different. Note that PPy/A, which has a higher moisture 
content, shows a smaller response to water than PPy/A5.
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Appendix ร Comparison of Electrical Responses of PPy/A5 in Chapter IV and
PPy/A in Chapter V

๐ PPy/A, D/M = 1 /5 (Chapter IV)
□  PPy/A, D/M = 1/12 (Chapter V)
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Chemicals

Figure SI Comparison of electrical responses of: (O) PPy/A5 in Chapter IV and 
(□ ) PPy/A in Chapter V upon exposures to chemical liquids.



Upon exposure to the saturated acetone vapor, the absorbance peak in the 
visible spectrum of PPy/B film cast from m-cresol solution evidently decreased in 
magnitude, as shown in Figure Tl. This corresponds to the change observed by 
Blackwood and Josowicz (1991) upon methanol vapor exposure. It was claimed to be 
the reduction in polaron and bipolaron species in the PPy/TCNQ film because 
methanol acts as a reducing agent toward PPy. The same reason is also applicable for 
the acetone exposure. In addition, suggesting acetone as a reducing agent 
corresponds to the fact that acetone reduces the conductivity of PPy. The decreases 
in bipolaron were found to be more dominant than those of polaron, as clarified in 
Table Tl. There was no significant change in the transition energies observed.

Appendix T Effect of Acetone Exposures on Charge Carrier Species of PPy

Figure Tl 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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Table Tl Transition energies in the fresh PPy/B film and the film under saturated 
acetone vapor.

~----- Transition © 3  or ๙ 3 ๙ 4 CÙII 1 © II
3

Sample — (eV ) (%) (eV ) (%) (eV ) (%) (eV ) (%)
Fresh PPy/B (1) 3.04 67.6 1.97 10.2 1.40 2.8 2.52 19.3

(0.01) (2.77) (0.00) (0.44) (0 .00) (0.21) (0.02) (3.06)
PPy/B (1) in saturate acetone vapor 3.06 75.5 1.98 7.5 1.41 0.5 2.53 16.5

(0.01) (0.36) (0.00) (0 .19) (0 .00) (0 .00) (0.03) (0.16)
% Change in energy (1) 0.47 - 0.29 - 0.36 - 0.31 -
% Change in percentage (1) - 11.62 - -26.74 - -82.15 - -14.48
Fresh PPy/B (2) 3.04 69.0 1.98 11.7 1.37 2.1 2.52 17.2

(0.00) (0.22) (0.00) (0 .08) (0.00) (0 .09) (0.00) (0.34)
PPy/B  (2) in saturate acetone vapor 3.07 75.6 1.99 7.0 1.43 0.1 2.54 17.3

(0.00) (0.69) (0.00) (0 .37) (0 .01) (0 .01) (0.01) (1.08)
% Change in energy (2) 0.75 - 0.13 - 4 .24 - 0.52 -
% Change in percentage (2) - 9.53 - -40.15 - -95.01 - 0.38



Figures U la -  f  show X-ray photoelectron spectrum of the fresh PPy/A at 
D/M ratio of 1/12 and the ones treated with chemical vapors. The changes caused by 
the chemicals are described in Chapter IV.

Appendix บ Effect of Chemical Exposures on Chemical Structure of PPy

3500 โ (e)
3000 A

g  2500 1 1// 1
2000 / /  1

.....
1500 1ร ุ? น ร., \

412 407 402 397 392
Binding Energy (eV)

Figure U1 XPS spectra with deconvoluted results of the pellets of: a) fresh PPy/A; 
b) PPy/A after exposure to saturated water vapor; c) PPy/A after exposure to 
saturated toluene vapor; d) PPy/A after exposure to saturated acetone vapor; and e) 
PPy/A after exposure to saturated acetic acid vapor.
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Table U1 FWHM, percentages of =N-, -NH-, -NH +-, and =NH+- of the fresh PPy/A 
at D/M of 1/12 and the ones treaded with saturated chemical vapors, and the 
percentage of change as compared with the fresh PPy/A.

M a teria l F W H M
(e V )

% -N =  
( im in e -lik e  

N )
% -N H -  

(n eu tra l N )
% -N H '+- 
(p o la ro n )

% = N H +- 
(b ip o la ro n )

F resh  P P y /A  (1 ) 1 .47 4 .0 7 6 7 .6 7 2 0 .8 0 7 .4 6
F resh  P P y /A  (2 ) 1 .50 3 .01 6 9 .7 8 2 0 .5 5 6 .6 6
F resh  P P y /A  (3 ) 1 .44 4 .1 1 6 8 .2 0 2 1 .0 5 6 .6 4
A v era g e 1 .47 3 .7 3 6 8 .5 5 2 0 .8 0 6 .9 2
S D (0 .0 3 ) (0 .6 3 ) (1 .1 0 ) (0 .2 5 ) (0 .4 7 )
W ater-treated  P P y /A  (4 ) 1.51 5 .7 4 6 7 .9 7 2 0 .8 7 5 .4 2
W a ter-treated  P P y /A  (5 ) 1.51 5 .8 4 6 7 .9 2 2 0 .8 9 5 .3 6
A v era g e 1.51 5 .7 9 6 7 .9 5 2 0 .8 8 5 .3 9
S D (0 .0 1 ) (0 .0 7 ) (0 .0 4 ) (0 .0 1 ) (0 .0 5 )
% C h a n g e 2 .5 7 5 5 .1 1 -0 .8 8 0 .3 6 -2 2 .1 0
T o lu en e -tr ea ted  P P y /A  (6 ) 1 .49 3 .4 1 6 9 .8 9 19 .81 6 .8 9
T o lu en e -tr ea ted  P P y /A  (7 ) 1 .48 3 .31 6 9 .2 3 2 0 .9 2 6 .5 4
A v era g e 1 .49 3 .3 6 6 9 .5 6 2 0 .3 7 6 .71
S D (0 .0 1 ) (0 .0 7 ) (0 .4 7 ) (0 .7 9 ) (0 .2 5 )
% C h an ge 0 .9 4 -9 .9 0 1 .47 -2 .0 9 -2 .9 7
A c eto n e -tr e a te d  P P y /A  (8 ) 1 .47 2 .9 5 7 0 .6 7 1 9 .8 2 6 .5 6
A c eto n e -tr e a te d  P P y /A  (9 ) 1 .47 2 .8 3 7 0 .4 0 2 1 .2 3 5 .5 4
A v era g e 1 .47 2 .8 9 7 0 .5 3 2 0 .5 2 6 .0 5
S D (0 .0 0 ) (0 .0 8 ) (0 .1 9 ) (1 .0 0 ) (0 .7 3 )
% C h an ge -0 .0 6 -2 2 .4 7 2 .9 0 -1 .3 4 -1 2 .5 5
A c e t ic  a c id -trea ted  P P y /A  (1 0 ) 1 .48 1 .48 7 2 .8 7 1 9 .5 5 6 .1 0
A c e t ic  ac id -trea ted  P P y /A  (1 1 ) 1 .49 0 .8 5 7 2 .5 2 2 0 .3 6 6 .2 7
A v era g e 1 .49 1 .16 7 2 .7 0 1 9 .9 5 6 .1 9
S D (0 .0 1 ) (0 .4 5 ) (0 .2 5 ) (0 .5 7 ) (0 .1 2 )
% C h a n g e 1.01 -6 8 .8 0 6 .0 5 -4 .0 8 -1 0 .6 0



Figures v ia -  f  show XRD patterns of the fresh PPy/A at D/M ratio of 1/12 
and the ones treated with chemical vapors. Note that the effect of toluene was not 
studied due to the null electrical response of PPy/A to toluene and its toxicity.

Due to H+ abstraction at -NH- of pyrrole ring by the water molecule, as 
discussed in Chapter IV, intensities of line-broadenings #2 (Py-Py order aggregation 
connected by single bond) and #3 (Py-Py order aggregation connected by double 
bond) decrease, corresponding to an increment in -N= species (see Appendix บ). At 
the same time, line-broadenings #4 and #5 (van der Waals-induced order 
aggregation) increase in intensity. This could be explained by the reduction in 
amount of charge from H+ abstraction which enhances van der Waals force.

Effect of an acetone exposure on order aggregation are discussed in Chapter
III. Note that a decrease in area of the line-broadening #3 and an increase in area of 
the line-broadening #2 corresponds to an increase in the neutral form of PPy (-NH-) 
as observed by XPS (see Appendix บ).

Upon exposure to saturated acetic acid vapor, the line-broadening #5 of 
PPy/A tremendously increases in intensity. Protonation caused by acetic acid, as 
revealed by XPS, reduces order aggregations extensively.

Appendix V Effect of Chemical Exposures on Order Aggregation in PPy
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(c)

(e) (f)
Figure VI XRD patterns with deconvoluted results of: a) the fresh PPy/A pellet; b) 
the same pellet after exposure to saturated water vapor; c) the fresh PPy/A pellet; d) 
the same pellet after exposure to saturated acetone vapor; e) the fresh PPy/A pellet; 
and f) the same pellet after exposure to saturated acetic acid vapor.
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Table VI Diffraction peaks (29), d-spacing (D), order aggregation extent (t), and 
area of diffraction peaks of the fresh PPy/A at D/M of 1/12 and the ones treated with 
saturated chemical vapors, and the percentage of change in area as compared with 
XRD patterns of the fresh PPy/A (see the line-broadening assignments in Appendix 
E).

M ateria l
L in e-b ro a d en in g  #1 L in e -b ro a d en in g  # 2

(deg .) D ( Â ) t(A ) A rea
(co u n t)

%
C h an ge (d e g .) D ( Â ) t(A ) A rea

(co u n t)
%

C h a n g e
A ir 1 6 .6

(0 .1 ) <050 )
2 4 .1
(0 .9 )

1 .7 E + 0 3
(1 .3 E + 0 2 )

0 .0 2 0 .5
(0 .0 ) z 4 1 .1

(1 .0 )
1 .3 E + 0 3

(7 .0 E + 0 1 )
0 .0

W ater 1 7 .0
(0 .7 ) <0^

2 8 .0
(0 .0 )

1 .3 E + 0 3
(3 .2 E + 0 2 )

-2 4 .9 2 0 .6
(0 .3 )

3 9 .8
(0 .0 )

8 .2 E + 0 2
(9 .8 E + 0 1 )

-3 9 .2

A c e to n e 16.3
(0 .5 )

2 7 .9
(0 .0 )

9 .7 E + 0 2
(1 .2 E + 0 2 )

-4 2 .1 2 0 .5
(0 .0 ) «

3 9 .8
(0 .0 )

2 .0 E + 0 3
(3 .6 E + 0 2 )

4 9 .6

A c e t ic
A c id

17 .3
( 1 .1 ) 1: "

2 8 .0
(0 .0 )

1 .3 E + 0 3
(3 .5 E + 0 2 )

-2 3 .6 2 0 .8
(0 .5 ) 5 3 9 .8

(0 .0 )
1 .6 E + 0 3

(2 .9 E + 0 1 )
1 9 .4

M ateria l
L in e-b ro a d en in g  #3 L in e -b ro a d en in g  # 4

(deg .) D (A ) t ( A ) A rea
(co u n t)

%
C h an ge (d e g .) D ( Â ) t ( A ) A rea

(co u n t)
%

C h a n g e
A ir 22.6

(0 .0 )
3 .9

(0 .0 )
9 0 .4

(1 .4 )
4 .7 E + 0 2

(2 .3 E + 0 1 )
0 .0 2 5 .1

(0 .1 ) Z 3 0 .7
( 1 1 )

2 .3 E + 0 3
(1 .6 E + 0 2 )

0 .0

W a ter 22.6
(0 .1 )

3 .9
(0 .0 )

88.6
(0 .0 )

3 .7 E + 0 2
(1 .7 E + 0 2 )

-21.8 2 5 .4
(0 .3 )

3 5 .4
(0 .0 )

2 .5 E + 0 3
(4 .0 E + 0 2 )

6 .4

A c e to n e 2 2 .5
(0 .1 ) Â 88.6

(0 .0 )
3 .0 E + 0 2

(9 .4 E + 0 1 )
-3 6 .0 2 5 .1

(0 .2) (0 -0 )
3 5 .4
(0 .0 )

1 .9 E + 0 3
(5 .3 E + 0 2 )

-1 6 .6

A c e tic
A c id

22 .6
(0 .1 ) m

88.6
(0 .0 )

4 .7 E + 0 2
(1 .2 E + 0 2 )

1.6 ร 3 5 .4
(0 .0 )

2 .7 E + 0 3
(2 .9 E + 0 1 )

1 5 .0

M ateria l
L in e-b ro a d en in g  #5

(d e g .) D ( A ) t ( A ) A rea
(cou n t)

%
C h an ge

A ir 2 5 .7
(0 .0 ) z 1 3 .0

(0 .1 )
1 .8 E + 0 3

(1 .8 E + 0 1 )
0 .0

W ater z 3 .4
(0 .0 )

1 2 .4
(1 .2 )

2 .3 E + 0 3
(4 .3 E + 0 2 )

2 8 .0

A c e to n e 2 6 .6
(1 .2 ) z 11.5

(2 .7 )
3 .3 E + 0 3

(8 .3 E + 0 2 )
8 8 .2

A c e tic
A c id

2 6 .5
(1 .1 )

10 .4
(2 .3 )

3 .5 E + 0 3
(7 .3 E + 0 2 )

1 0 0 .8



Appendix พ  Determination of the Surface Degradation of PPy/A by an X-ray 
Photoelectron Spectroscopy

Table พ ! Deconvoluted results from XP spectra of c  Is in PPy/A at different 
accumulated X-ray exposure times.

Accumulated 
X -ra y  

ex p o su re  
tim e  (m in )

c Is

C /N FW HM 3
c h yd roca rb on  ^ C -O H  &  H 20  § c=o3 71-71*JL C / N C / N <eV) C / N ท-ท*/ N

150 7 .8 7 1.9 2 8 4 .0 2 5 .4 9 2 8 6 .2 5 1 .48 2 8 8 .0 8 0 .6 5 2 9 0 .1 5 0 .2 5
150 7 .71 1.9 2 8 4 .0 6 5 .5 6 2 8 6 .2 5 1 .33 2 8 8 .0 8 0 .5 9 2 9 0 .3 2 0 .2 3
4 5 0 9 .2 5 1.9 2 8 4 .3 8 7 .6 4 2 8 6 .3 8 1 .06 2 8 8 .2 7 0 .4 4 2 9 0 .2 3 0 .1 2
4 5 0 8 .31 1.9 2 8 4 .2 8 6 .6 5 2 8 6 .3 9 1 .0 7 2 8 8 .2 7 0 .4 4 2 9 0 .2 4 0 .1 5
6 0 0 7 .7 6 1.9 2 8 4 .2 8 6 .0 8 2 8 6 .1 3 1 .05 2 8 8 .0 0 0 .4 5 2 9 0 .2 8 0 .1 7
7 5 0 7 .6 9 1.9 2 8 4 .2 8 6 .0 5 2 8 6 .1 2 1.03 2 8 7 .9 8 0 .4 4 2 9 0 .1 9 0 .1 6
9 0 0 7 .7 4 1.9 2 8 4 .2 8 6 .1 0 2 8 6 .1 2 1.03 2 8 7 .9 8 0 .4 4 2 9 0 .2 0 0 .1 6

1 0 5 0 7 .7 5 1.9 2 8 4 .2 8 6 .1 2 2 8 6 .1 4 1 .03 2 8 8 .0 0 0 .4 4 2 9 0 .2 3 0 .1 6
1 1 5 0 7 .7 9 1.9 2 8 4 .2 8 6 .1 5 2 8 6 .1 3 1 .03 2 8 7 .9 8 0 .4 5 2 9 0 .2 0 0 .1 7
1 1 5 0 7 .7 9 1.8 2 8 4 .2 8 6 .1 5 2 8 6 .2 1 1 .03 2 8 7 .9 8 0 .4 5 2 9 0 .2 0 0 .1 7
1 5 0 0 8 .51 1.8 2 8 4 .3 1 6 .9 0 2 8 6 .2 3 1 .03 2 8 8 .1 5 0 .4 2 2 9 0 .2 7 0 .1 6
1 5 0 0 8 .51 1.8 2 8 4 .3 1 6 .9 0 2 8 6 .2 3 1 .03 2 8 8 .1 5 0 .4 2 2 9 0 .2 7 0 .1 6
1 5 0 0 8 .3 0 1.8 2 8 4 .3 1 6 .7 3 2 8 6 .2 3 1 .00 2 8 8 .1 5 0 .4 1 2 9 0 .2 7 0 .1 6
1 8 0 0 7 .4 0 1.8 2 8 4 .3 1 6 .0 0 2 8 6 .0 0 0 .8 3 2 8 7 .6 0 0 .3 9 2 8 9 .3 7 0 .1 9
1 8 0 0 7 .4 0 1.8 2 8 4 .3 1 6 .0 0 2 8 6 .0 0 0 .8 3 2 8 7 .6 0 0 .3 9 2 8 9 .3 7 0 .1 9
1 8 0 0 7 .2 9 1.8 2 8 4 .3 1 5 .91 2 8 6 .0 0 0 .8 1 2 8 7 .6 0 0 .3 8 2 8 9 .3 7 0 .1 9
2 1 0 0 9 .2 9 1.8 2 8 4 .3 8 7 .7 7 2 8 6 .2 5 0 .9 7 2 8 8 .0 8 0 .3 8 2 9 0 .1 5 0 .1 6
2 4 0 0 9 .1 0 1.8 2 8 4 .3 9 7 .6 0 2 8 6 .3 8 0 .9 6 2 8 8 .3 0 0 .3 6 2 9 0 .2 9 0 .1 8
2 4 0 0 9 .0 0 1.8 2 8 4 .3 9 7 .51 2 8 6 .3 8 0 .9 5 2 8 8 .3 0 0 .3 5 2 9 0 .2 9 0 .1 8
2 5 5 0 1 0 .1 8 1.8 2 8 4 .3 8 8 .51 2 8 6 .2 2 1 .07 2 8 8 .0 4 0 .4 2 2 9 0 .1 5 0 .1 8
2 5 5 0 1 0 .1 8 bo 2 8 4 .3 8 8 .51 2 8 6 .2 2 1 .0 7 2 8 8 .0 4 0 .4 2 2 9 0 .1 5 0 .1 8
2 8 5 0 8 .8 0 1.8 2 8 4 .6 2 7 .2 2 2 8 6 .2 4 0 .9 8 2 8 8 .0 4 0 .4 5 2 9 0 .2 0 0 .1 5

3 Full width at half-maximum, FWHM 
 ̂Ca and Cp of pyrrole rings and contaminant hydrocarbon 

* Binding energy, BE
§ Excluding c  of dopant, c  at polaron, and C=N- 
3 Excluding c  at bipolaron



Table พ 2 Deconvoluted results from XP spectra of N Is in PPy/A at different
accumulated X-ray exposure times.

A ccum u la ted  
X -ra y  

ex p o su re  
tim e  (m in )

N  Is

C /N F W H M
= N - -N H - -N H '+- (p o la ro n ) = N H  ' - 

(b ip o la ro n )

<evE > = N -/N
(“

-N H -/N -N H -7 N = N H +-
/N

150 1 .0 0 1.5 3 9 7 .3 2 0 .0 2 3 9 9 .3 2 0 .7 4 4 0 0 .8 3 0 .2 0 4 0 2 .4 3 0 .0 4
150 1 .0 0 1.5 3 9 7 .3 3 0 .0 2 3 9 9 .3 3 0 .7 4 4 0 0 .8 4 0 .1 9 4 0 2 .4 4 0 .0 5
4 5 0 1 .0 0 1.5 3 9 7 .4 2 0 .0 4 3 9 9 .4 2 0 .7 3 4 0 0 .9 3 0 .1 9 4 0 2 .5 3 0 .0 4
4 5 0 1 .0 0 1.5 3 9 7 .4 2 0 .0 2 3 9 9 .4 2 0 .7 3 4 0 0 .9 3 0 .1 9 4 0 2 .5 3 0 .0 6
6 0 0 1 .0 0 1.5 3 9 7 .4 7 0 .0 4 3 9 9 .4 7 0 .7 4 4 0 0 .9 8 0 .1 9 4 0 2 .5 8 0 .0 3
7 5 0 1 .0 0 1.5 3 9 7 .4 7 0 .0 4 3 9 9 .4 7 0 .7 3 4 0 0 .9 8 0 .1 9 4 0 2 .5 8 0 .0 4
9 0 0 1 .0 0 1.6 3 9 7 .4 7 0 .0 4 3 9 9 .4 7 0 .7 3 4 0 0 .9 8 0 .1 8 4 0 2 .5 8 0 .0 4

1 0 5 0 1 .0 0 1.5 3 9 7 .4 7 0 .0 4 3 9 9 .4 7 0 .7 4 4 0 0 .9 8 0 .1 8 4 0 2 .5 8 0 .0 4
1 1 5 0 1 .0 0 1.5 3 9 7 .4 7 0 .0 4 3 9 9 .4 7 0 .7 4 4 0 0 .9 8 0 .1 8 4 0 2 .5 8 0 .0 4
1 1 5 0 1 .0 0 1.4 3 9 7 .4 7 0 .0 4 3 9 9 .4 7 0 .7 4 4 0 0 .9 8 0 .1 8 4 0 2 .5 8 0 .0 4
1 5 0 0 1 .0 0 1.5 3 9 7 .7 7 0 .0 7 3 9 9 .4 8 0 .7 4 4 0 0 .9 9 0 .1 6 4 0 2 .5 9 0 .0 3
1 5 0 0 1 .0 0 1.5 3 9 7 .7 7 0 .0 7 3 9 9 .4 8 0 .7 4 4 0 0 .9 9 0 .1 6 4 0 2 .5 9 0 .0 3
1 5 0 0 1 .0 0 1.5 3 9 7 .4 7 0 .0 6 3 9 9 .4 7 0 .7 4 4 0 0 .9 8 0 .1 5 4 0 2 .5 8 0 .0 5
1 8 0 0 1 .0 0 1.5 3 9 7 .9 2 0 .0 8 3 9 9 .5 2 0 .7 5 4 0 1 .0 3 0 .1 4 4 0 2 .6 3 0 .0 3
1 8 0 0 1 .0 0 1.5 3 9 7 .9 3 0 .0 8 3 9 9 .5 2 0 .7 6 4 0 1 .0 3 0 .1 4 4 0 2 .6 3 0 .0 2
1 8 0 0 1 .0 0 1.6 3 9 7 .5 0 0 .0 6 3 9 9 .5 0 0 .7 7 4 0 1 .0 1 0 .1 3 4 0 2 .6 1 0 .0 4
2 1 0 0 1 .0 0 1.6 3 9 8 .0 0 0 .1 0 3 9 9 .5 7 0 .7 5 4 0 1 .0 8 0 .1 2 4 0 2 .6 8 0 .0 3
2 4 0 0 1 .0 0 1.5 3 9 7 .8 2 0 .0 9 3 9 9 .5 6 0 .7 5 4 0 1 .0 7 0 .1 3 4 0 2 .6 7 0 .0 3
2 4 0 0 1 .0 0 1.6 3 9 7 .5 5 0 .0 8 3 9 9 .5 5 0 .7 7 4 0 1 .0 6 0 .1 2 4 0 2 .6 6 0 .0 3
2 5 5 0 1 .0 0 1.5 3 9 7 .6 9 0 .0 8 3 9 9 .5 3 0 .7 6 4 0 1 .0 4 0 .1 3 4 0 2 .6 4 0 .0 3
2 5 5 0 1 .0 0 1.5 3 9 7 .6 9 0 .0 8 3 9 9 .5 3 0 .7 6 4 0 1 .0 4 0 .1 3 4 0 2 .6 4 0 .0 3
2 8 5 0 1 .0 0 1.6 3 9 7 .7 5 0 .0 8 3 9 9 .7 5 0 .7 6 4 0 1 .2 6 0 .11 4 0 2 .8 6 0 .0 5



Table พ 3 Deconvoluted results from XP spectra of o  Is and ร 2p in PPy/A at
different accumulated X-ray exposure times.

A ccum u la ted  
X -ra y  

ex p o su re  
tim e  (m in )

0  Is ร  2p

O /N F W H M
(e V )

0=c O -H
S /N FW H M

(e V )
S I V ร  V I

z 0=c/
N

O -H /
N & ร พ /

N & ร  V I /  
N

150 1 .7 6 2.1 530 .90 1 .28 532.90 0 .4 8 0 .2 6 1.45 166.29 0 .1 8 167.58 0 .0 8
150 1 .6 2 2 .2 530.91 1 .17 532.83 0 .4 5 0 .2 6 1 .54 166.35 0 .1 9 167.71 0 .0 7
4 5 0 1 .7 9 2 .3 531.20 1 .26 533.03 0 .5 4 0 .2 1 1 .44 166.46 0 .1 5 167.77 0 .0 7
4 5 0 1 .5 9 2 .3 531.15 1 .14 533.00 0 .4 5 0 .2 5 1 .52 166.55 0 .1 9 168.10 0 .0 6
6 0 0 1 .3 9 2 .3 531.19 1 .07 533.15 0 .3 2 0 .2 1 1 .33 166.49 0 .1 5 167.86 0 .0 6
7 5 0 1 .38 2 .3 531.19 1 .07 533.13 0 .3 1 0 .2 1 1.41 166.48 0 .1 5 167.77 0 .0 6
9 0 0 1 .38 2 .3 531.18 1 .07 533.14 0 .31 0 .2 1 1 .44 166.50 0 .1 5 167.74 0 .0 6

1 0 5 0 1 .3 9 2 .3 531.18 1 .08 533.16 0 .31 0 .2 1 1 .39 166.50 0 .1 4 167.70 0 .0 6
1 1 5 0 1 .3 9 2 .2 531.18 1 .07 533.15 0 .31 0 .2 1 1 .42 166.45 0 .1 4 167.66 0 .0 7
1 1 5 0 1 .39 2.1 531.18 1 .07 533.15 0 .31 0 .2 1 1 .40 166.46 0 .1 4 167.68 0 .0 7
1 5 0 0 1 .28 2.1 531.09 0 .9 3 532.94 0 .3 5 0 .1 8 1 .38 166.62 0 .1 5 168.00 0 .0 2
1 5 0 0 1 .28 2.1 531.09 0 .9 3 532.94 0 .3 5 0 .1 8 1 .37 166.55 0 .1 4 167.72 0 .0 4
1 5 0 0 1 .25 2.1 531.09 0 .91 532 .94 0 .3 5 0 .1 7 1 .4 0 166.62 0 .1 5 168.00 0 .0 2
1 8 0 0 1 .1 2 2 .2 531.19 0 .8 4 533.11 0 .2 8 0 .1 5 1.63 166.50 0 .1 3 168.00 0 .0 2
1 8 0 0 1 .1 2 2 .1 531.19 0 .8 4 533.11 0 .2 8 0 .1 5 1 .68 166.50 0 .1 3 168.00 0 .0 3
1 8 0 0 1.11 2 .2 531.19 0 .8 3 533.11 0 .2 7 0 .1 5 1 .64 166.50 0 .1 3 168.00 0 .0 2
2 1 0 0 1 .25 2.1 531.24 0 .9 6 533.18 0 .2 9 0 .1 6 1 .73 166.54 0 .1 3 167.98 0 .0 3
2 4 0 0 1.21 2 .1 531.19 0 .91 533.05 0 .3 0 0 .1 7 1 .36 166.44 0 .1 3 167.57 0 .0 4
2 4 0 0 1 .1 9 2.1 531.19 0 .9 0 533.05 0 .3 0 0 .1 7 1 .36 166.44 0 .1 2 167.57 0 .0 4
2 5 5 0 1 .2 7 2.1 531 .20 0 .91 532.95 0 .3 6 0 .1 4 1.33 166.60 0 .1 2 167.84 0 .0 2
2 5 5 0 1 .2 7 2.1 531.20 0 .91 532.95 0 .3 6 0 .1 4 1.33 166.62 0 .1 2 168.01 0 .0 2
2 8 5 0 1 .0 6 2 .3 531.47 0 .81 533.24 0 .2 6 0 .1 1 1 .34 166.73 0 .1 0 168.16 0 .0 2
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Table พ 4 Deconvoluted results from XP spectra of c  Is in PPy/A at different
accumulated X-ray exposure times when there was no liquid nitrogen cooling kit
used.

Accumulated
X -ra y  

ex p o su re  
tim e  (m in )

c Is

C /N F W H M
c h yd roca rb on C -O H  &  H 20 c=0 7t-7T*

^
C / N

<55 ,
C / N

<“
C / N 7t-7t*/ N

150 8 .4 5 1.8 2 8 4 .2 3 6 .61 2 8 6 .1 1 1 .14 2 8 7 .9 6 0 .5 0 2 9 0 .2 4 0 .21
150 7 .6 8 1.9 2 8 3 .8 5 5 .4 3 2 8 5 .6 3 1 .3 9 2 8 7 .6 2 0 .6 4 2 8 9 .7 7 0 .2 2
150 7 .7 5 1.9 2 8 3 .8 5 5 .4 8 2 8 5 .6 3 1 .4 0 2 8 7 .6 2 0 .6 5 2 8 9 .7 7 0 .2 2
3 0 0 9 .0 5 1.9 2 8 4 .2 3 6 .6 9 2 8 5 .9 6 1 .45 2 8 7 .7 8 0 .6 3 2 8 9 .7 8 0 .2 8
3 0 0 9 .2 1 1.9 2 8 4 .2 3 6 .81 2 8 5 .9 6 1 .48 2 8 7 .7 8 0 .6 4 2 8 9 .7 8 0 .2 8
3 0 0 7 .8 7 1.9 2 8 3 .9 4 5 .7 6 2 8 5 .7 2 1 .28 2 8 7 .6 0 0 .6 0 2 8 9 .6 9 0 .2 3
3 0 0 8 .0 4 1.9 2 8 3 .9 4 5 .8 8 2 8 5 .7 2 1.31 2 8 7 .6 0 0 .61 2 8 9 .6 9 0 .2 3
4 5 0 8 .2 9 1.8 2 8 4 .2 8 6 .3 8 2 8 6 .1 0 1 .26 2 8 8 .0 5 0 .4 8 2 9 0 .1 7 0 .1 7
4 5 0 8 .7 4 1.8 2 8 4 .2 8 6 .7 2 2 8 6 .1 0 1.33 2 8 8 .0 5 0 .51 2 9 0 .1 7 0 .1 8
4 5 0 7 .7 1 1.9 2 8 3 .9 8 5 .7 6 2 8 5 .8 2 1.21 2 8 7 .7 5 0 .5 3 2 8 9 .8 4 0 .2 0
4 5 0 7 .8 7 1.9 2 8 3 .9 8 5 .8 8 2 8 5 .8 2 1 .24 2 8 7 .7 5 0 .5 4 2 8 9 .8 4 0 .2 1
6 0 0 8 .9 5 1.9 2 8 4 .3 0 7 .0 3 2 8 6 .2 2 1 .2 6 2 8 8 .2 5 0 .4 9 2 9 0 .5 9 0 .1 7
6 0 0 7 .8 7 1.9 2 8 4 .0 1 5 .9 9 2 8 5 .8 5 1 .1 6 2 8 7 .7 6 0 .5 2 2 8 9 .9 9 0 .1 9
6 0 0 8 .0 4 1.9 2 8 4 .0 1 6 .1 2 2 8 5 .8 5 1 .1 9 2 8 7 .7 6 0 .5 4 2 8 9 .9 9 0 .2 0
7 5 0 8 .0 2 1.9 2 8 4 .0 2 6 .1 8 2 8 5 .8 8 1 .12 2 8 7 .7 6 0 .5 1 2 8 9 .8 6 0 .2 0
7 5 0 8 .1 7 1.9 2 8 4 .0 2 6 .2 9 2 8 5 .8 8 1 .14 2 8 7 .7 6 0 .5 2 2 8 9 .8 6 0 .21
7 5 0 8 .0 2 1.9 2 8 4 .0 2 6 .1 8 2 8 5 .8 8 1 .12 2 8 7 .7 6 0 .51 2 8 9 .8 6 0 .2 0
9 0 0 10 .21 1.8 2 8 4 .4 0 8 .1 4 2 8 6 .2 2 1 .33 2 8 8 .0 9 0 .5 4 2 8 9 .9 9 0 .2 0
9 0 0 10 .2 1 1.8 2 8 4 .4 0 8 .1 4 2 8 6 .2 2 1 .33 2 8 8 .0 9 0 .5 4 2 8 9 .9 9 0 .2 0
9 0 0 1 0 .5 9 1.8 2 8 4 .4 0 8 .4 4 2 8 6 .2 2 1 .38 2 8 8 .0 9 0 .5 6 2 8 9 .9 9 0 .21
9 0 0 1 0 .5 9 1.8 2 8 4 .4 0 8 .4 4 2 8 6 .2 2 1 .38 2 8 8 .0 9 0 .5 6 2 8 9 .9 9 0 .21
9 0 0 8 .2 3 1.9 2 8 4 .0 5 6 .4 6 2 8 5 .9 6 1 .09 2 8 7 .7 9 0 .4 9 2 8 9 .9 2 0 .2 0

1 0 5 0 11 .01 1.8 2 8 4 .4 1 8 .9 4 2 8 6 .3 2 1 .3 4 2 8 8 .2 6 0 .5 5 2 9 0 .2 5 0 .1 8
1 0 5 0 1 0 .6 2 1.8 2 8 4 .4 1 8 .6 3 2 8 6 .3 2 1 .29 2 8 8 .2 6 0 .5 3 2 9 0 .2 5 0 .1 8



Table พ ร Deconvoluted results from XP spectra of N Is in PPy/A at different
accumulated X-ray exposure times when there was no liquid nitrogen cooling kit
used.

A ccum u la ted  
X -ra y  

ex p o su re  
tim e  (m in )

N  Is

C /N F W H M
= N - -N H - -N H  +- (p o la ro n ) = N H +-

(b ip o la ro n )

<“
= N -/N

(“
-N H -/N

&
-N H -7 N (e V )

= N H +-
/N

150 1 .0 0 1.5 3 9 7 .4 2 0 .01 3 9 9 .4 2 0 .7 7 4 0 0 .9 3 0 .1 7 4 0 2 .5 0 0 .0 5
150 1 .0 0 1.5 3 9 7 .0 8 0 .0 3 3 9 9 .0 8 0 .7 0 4 0 0 .5 9 0 .2 0 4 0 2 .1 9 0 .0 7
150 1 .0 0 1.5 3 9 7 .1 0 0 .0 3 3 9 9 .0 7 0 .6 9 4 0 0 .5 1 0 .2 0 4 0 2 .0 1 0 .0 8
3 0 0 1 .0 0 1.4 3 9 7 .3 8 0 .0 4 3 9 9 .3 8 0 .7 0 4 0 0 .8 9 0 .2 0 4 0 2 .4 9 0 .0 6
3 0 0 1 .0 0 1.4 3 9 7 .3 4 0 .0 4 3 9 9 .3 5 0 .6 9 4 0 0 .7 4 0 .2 0 4 0 2 .1 2 0 .0 7
3 0 0 1 .0 0 1.5 3 9 7 .1 5 0 .0 3 3 9 9 .1 5 0 .7 3 4 0 0 .6 6 0 .1 8 4 0 2 .2 6 0 .0 6
3 0 0 1 .0 0 1.4 3 9 7 .4 9 0 .0 4 3 9 9 .1 0 0 .6 7 4 0 0 .3 6 0 .21 4 0 1 .8 8 0 .0 8
4 5 0 1 .0 0 1.5 3 9 7 .3 8 0 .0 5 3 9 9 .3 8 0 .6 9 4 0 0 .8 9 0 .1 9 4 0 2 .4 9 0 .0 7
4 5 0 1 .00 1.3 3 9 7 .7 9 0 .0 5 3 9 9 .3 6 0 .6 6 4 0 0 .6 9 0 .21 4 0 2 .3 3 0 .0 8
4 5 0 1 .00 1.5 3 9 7 .1 8 0 .0 4 3 9 9 .1 8 0 .7 2 4 0 0 .6 9 0 .1 9 4 0 2 .2 9 0 .0 6
4 5 0 1 .0 0 1.4 3 9 7 .4 4 0 .0 4 3 9 9 .1 4 0 .6 7 4 0 0 .4 3 0 .21 4 0 1 .9 1 0 .0 8
6 0 0 1 .0 0 1.5 3 9 7 .4 1 0 .0 4 3 9 9 .4 1 0 .7 0 4 0 0 .9 2 0 .1 9 4 0 2 .5 2 0 .0 6
6 0 0 1 .00 1.5 3 9 7 .2 1 0 .0 3 3 9 9 .2 1 0 .7 4 4 0 0 .7 2 0 .1 7 4 0 2 .3 2 0 .0 5
6 0 0 1 .0 0 1.4 3 9 7 .7 0 0 .0 4 3 9 9 .1 8 0 .6 8 4 0 0 .4 5 0 .2 0 4 0 1 .9 9 0 .0 7
7 5 0 1 .0 0 1.5 3 9 7 .2 5 0 .0 4 3 9 9 .2 5 0 .7 6 4 0 0 .7 6 0 .1 5 4 0 2 .3 6 0 .0 5
7 5 0 1 .00 1.4 3 9 7 .4 8 0 .0 4 3 9 9 .2 0 0 .7 0 4 0 0 .4 4 0 .1 8 4 0 1 .9 7 0 .0 7
7 5 0 1 .00 1.5 3 9 7 .2 5 0 .0 4 3 9 9 .2 5 0 .7 6 4 0 0 .7 6 0 .1 5 4 0 2 .3 6 0 .0 5
9 0 0 1 .00 1.5 3 9 7 .5 0 0 .0 4 3 9 9 .5 0 0 .7 4 4 0 1 .0 1 0 .1 8 4 0 2 .6 1 0 .0 5
9 0 0 1 .0 0 1.5 3 9 7 .5 0 0 .0 4 3 9 9 .5 0 0 .7 4 4 0 1 .0 1 0 .1 8 4 0 2 .6 1 0 .0 5
9 0 0 1 .00 1.4 3 9 7 .7 6 0 .0 4 3 9 9 .4 7 0 .7 1 4 0 0 .7 7 0 .1 9 4 0 2 .1 8 0 .0 6
9 0 0 1 .0 0 1.4 3 9 7 .7 6 0 .0 4 3 9 9 .4 7 0 .7 1 4 0 0 .7 7 0 .1 9 4 0 2 .1 8 0 .0 6
9 0 0 1 .0 0 1.4 3 9 7 .7 7 0 .0 5 3 9 9 .1 9 0 .6 7 4 0 0 .4 0 0 .2 1 4 0 1 .9 1 0 .0 7

1 0 5 0 1 .0 0 1.4 3 9 7 .9 7 0 .0 4 3 9 9 .4 7 0 .7 0 4 0 0 .6 8 0 .2 0 4 0 2 .0 3 0 .0 6
1 0 5 0 1 .00 1.6 3 9 7 .5 2 0 .0 3 3 9 9 .5 2 0 .7 6 4 0 1 .0 3 0 .1 7 4 0 2 .6 3 0 .0 4
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Table พ6 Deconvoluted results from XP spectra of o Is and ร
different accumulated X-ray exposure times when there was no
cooling kit used.

2p in PPy/A at 
liquid nitrogen

Ac
cu

mu
lat

ed
 

X-
ray

 ex
po

su
re 

tim
e (

mi
n)

0 Is ร  2 p

O /N FW HM
(e V )

o=c O -H
S /N FW HM

(e V )
S I V ร  V I ร  n e w^ 0=c/

N z O -H /
N <f>

S I V /
N f & S W

N f ส>ร  new/
N +

150 1 .64 2.1 53 1 .14 1 .27 53 3 .10 0 .3 7 0 .2 9 1 .44 166.67 0 .1 9 168.02 0 .0 6 - 0 .0 0
150 1 .86 2 .2 53 0 .85 1 .28 532.73 0 .5 8 0 .2 7 1 .52 166.09 0 .2 0 167 .46 0 .0 6 - 0 .0 0
1 5 0 1 .88 2 .2 530 .85 1 .2 9 532.73 0 .5 9 0 .2 7 1 .52 166.09 0 .2 0 167.46 0 .0 6 - 0 .0 0
3 0 0 1 .98 2 .2 531 .32 1 .4 0 53 3 .20 0 .5 8 0 .3 1 1 .58 166.45 0 .21 167.54 0 .1 0 - 0 .0 0
3 0 0 2 .0 2 2 .2 531 .32 1 .42 53 3 .20 0 .5 9 0 .3 2 1 .58 166.45 0 .2 1 167.54 0 .1 1 - 0 .0 0
3 0 0 1 .79 2 .2 530 .93 1 .23 532.78 0 .5 6 0 .2 7 1 .60 166.20 0 .2 0 167.53 0 .0 6 - 0 .0 0
3 0 0 1 .83 2 .2 530 .93 1 .26 532.78 0 .5 7 0 .2 7 1 .60 166.20 0 .2 1 167.53 0 .0 6 - 0 .0 0
4 5 0 1.75 2 .2 531 .29 1 .18 53 3 .04 0 .5 7 0 .2 5 1 .23 166.61 0 .1 2 167.59 0 .0 9 165.50 0 .0 5
4 5 0 1 .8 4 2 .2 531 .29 1 .24 53 3 .04 0 .6 0 0 .2 6 1 .23 166.61 0 .1 2 167.59 0 .1 0 165.50 0 .0 5
4 5 0 1 .7 0 2.1 5 3 0 .96 1 .1 6 532.81 0 .5 4 0 .2 4 1.41 166.43 0 .1 4 167.64 0 .0 5 165.50 0 .0 6
4 5 0 1 .74 2.1 53 0 .96 1 .19 532.81 0 .5 5 0 .2 5 1.41 166.43 0 .1 5 167.64 0 .0 6 165.50 0 .0 6
6 0 0 1 .79 2 .2 53 1 .38 1 .26 533 .15 0 .5 3 0 .2 4 1 .22 166.48 0 .1 3 167.51 0 .0 9 165.50 0 .0 3
6 0 0 1.65 2.1 53 1 .00 1 .14 532 .80 0 .5 1 0 .2 5 1 .63 166.54 0 .1 6 167.93 0 .0 4 165.50 0 .0 6
6 0 0 1 .69 2.1 53 1 .00 1 .16 532 .80 0 .5 2 0 .2 5 1 .63 166.54 0 .1 7 167.93 0 .0 4 165.50 0 .0 6
7 5 0 1.63 2.1 53 1 .00 1.11 532 .82 0 .51 0 .2 3 1 .44 166.35 0 .1 4 167.52 0 .0 6 165.50 0 .0 3
7 5 0 1 .66 2 .1 5 3 1 .00 1 .13 532 .82 0 .5 2 0 .2 4 1 .42 166.31 0 .1 5 167.50 0 .0 6 165.50 0 .0 3
7 5 0 1 .63 2 .1 53 1 .00 1.11 532 .82 0 .51 0 .2 3 1 .42 166.31 0 .1 5 167.50 0 .0 6 165.50 0 .0 3
9 0 0 2 .01 2 .2 53 1 .49 1 .3 6 533 .18 0 .6 5 0 .2 6 1.61 166.62 0 .1 8 167.78 0 .0 8 - 0 .0 0
9 0 0 2 .0 1 2 .2 53 1 .49 1 .3 6 533 .18 0 .6 5 0 .2 5 1 .32 166.70 0 .1 4 167.77 0 .0 8 165.50 0 .0 4
9 0 0 2 .0 8 2 .2 53 1 .49 1.41 533 .18 0 .6 7 0 .2 7 1.61 166.62 0 .1 9 167.78 0 .0 8 - 0 .0 0
9 0 0 2 .0 8 2 .2 53 1 .49 1.41 533 .18 0 .6 7 0 .2 6 1 .32 166.70 0 .1 5 167.77 0 .0 8 165.50 0 .0 4
9 0 0 1 .62 2.1 531.03 1 .1 4 532 .84 0 .4 8 0 .2 4 1 .48 166.32 0 .1 8 167.73 0 .0 5 165.50 0 .0 1

1 0 5 0 2 .1 0 2 .3 53 1 .49 1.41 533.13 0 .6 9 0 .2 6 1 .57 166.53 0 .1 7 167.73 0 .0 9 - 0 .0 0
1 0 5 0 2 .0 2 2 .3 53 1 .49 1 .36 533.13 0 .6 6 0 .2 5 1 .44 166.59 0 .1 5 167.75 0 .0 9 165.50 0 .0 2

Represents BEs of ร 2p 1/2; whereas those of 2p 3/2 are -1.28 eV (SD = 0.6 eV) 
lower

 ̂Represents areas of ร 2p (ร 2p 1/2 and 2p 3/2)
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