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A p p e n d ic e s

Appendix A Fingerprint Peaks of FT-IR Spectra of Poly(p-phenylene) (PPP)

F u n c tio n a l g ro u p s  o f  u n d o p e d  an d  d o p e d  p o ly (/? -p h e n y le n e )  w ere  
c h a ra c te r iz e d  b y  u s in g  th e  F T -IR  sp e c tro p h o to m e te r  (N ic o le t, N e x u s  6 7 0 ). T h e  
e x p e r im e n t w as  o p e ra te d  in th e  tra n s m is s io n  m o d e  in th e  w a v e n u m b e r  ra n g e  o f  4 0 0 -  
4 0 0 0  c m ’1 w ith  6 4  sc a n s  an d  ±  4 c m '1. T h e  sa m p le  w a s  d r ie d  b e fo re  g r in d in g  and  
th e n  m ix e d  w ith  d r ie d  p o ta s s iu m  b ro m id e  (K B r)  w h ic h  w a s  u se d  as a b a c k g ro u n d  
m a te r ia l.

Figure A1 FT-IR spectra of uPPP and dPPP.

T h e  F T -IR  sp e c tra  o f  s y n th e s iz e d  P P P  v ia  th e  o x id a tiv e  c a tio n ic  
p o ly m e r iz a t io n  (P lo c h a rsk i et a i ,  2 0 0 0 )  sh o w  tra n s m is s io n  p e a k s  a t 6 9 2 ,7 6 4  and  
805  c m '1 w h ic h  can  be  a s s ig n e d  to  th e  C -H  o u t o f  p la n e  v ib ra tio n  o f  th e  m o n o
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su b s ti tu te d  b e n z e n e  r in g  (S o h n  e t al., 2 0 0 1 ). T h e  h ig h ly  in te n se  p e a k  a t 9 9 9  c m '1 can  
be  a s s ig n e d  to  th e  C -C  s tre tc h in g  o f  th e  b e n z e n e  r in g  (K u n a n u ra k s a p o n g  et al.,
2009). F u r th e rm o re , o th e r  in te n se  p e a k s  a t 1392 an d  1479  c m '1 c a n  be  a s s ig n e d  to  th e  
p a ra -d is u b s t i tu t io n  o f  th e  b e n z e n e  r in g  (P h u m m a n  et al., 2 0 0 7 ).

U s in g  iro n (III )  c h lo r id e  as th e  d o p a n t c a u se s  an  a d d it io n a l tra n sm is s io n  
p e a k s  in th e  sp e c tra . T h e  p e a k s  a p p e a r  a t 1110 an d  1559  c m '1 w h ic h  can  be 
a ttr ib u te d  to  th e  in tr in s ic  v ib ra tio n  in th e  d o p in g  s ta te  o f  th e  p o ly m e r  w h ic h  d o es  n o t 
a p p e a r  in th e  u n d o p e d  s ta te  (P h u m m a n  e t al., 2 0 0 7 ).

Table A l  P e a k  a s s ig n m e n ts  o f  p p p

Wavenumber (cm-1) Assignment References

6 9 2
C-FI o u t o f  p la n e  v ib ra tio n  

o f  m o n o  s u b s titu te d  
b e n z e n e  r in g

D u b o is  e t a i ,  2001

76 4
C -H  o u t o f  p la n e  v ib ra tio n  

o f  m o n o  s u b s titu te d  
b e n z e n e  r in g

D u b o is  e t al., 2001

805
C -H  o u t o f  p la n e  v ib ra tio n  

o f  m o n o  su b s titu te d  
b e n z e n e  r in g

S o h n  e t al., 2001

9 9 9 C -C  S tre tc h in g  o f  b e n z e n e  
r in g

K u n a n u ra k s a p o n g  e t al., 
2009

1392
C -H  o u t o f  p la n e  v ib ra tio n  

o f  p a ra  d isu b s t i tu te d  
b e n z e n e  r in g

P h u m m a n  et al., 2 0 0 7

1479
C -H  o u t o f  p la n e  v ib ra tio n  

o f  p a ra  d is u b s t i tu te d  
b e n z e n e  r in g

S o h n  e t al., 2001

3 0 2 6 C -H  s tre tc h in g  o f  b e n z e n e  
r in g L i et al., 2 0 0 8



Appendix B Thermal Property

T h e rm a l p ro p e r t ie s  o f  u P P P  an d  30:1 d P P P  w e re  in v e s tig a te d  b y  u s in g  th e  
th e rm o g ra v im e tr ic a n a ly s e r  (P e rk in  E lm e r, T G A 7 ). T h e  e x p e r im e n t w a s  o p e ra te d  
fro m  3 0 -9 0 0 °C  w ith  th e  h e a t in g  ra te  o f  1 0 ° c /m in  an d  u n d e r  n itro g e n  a tm o sp h e re . 
T h e  s a m p le  w a s  w e ig h te d  in th e  ra n g e  o f  5 -2 0 m g  b e fo re  lo a d e d  in to  a p la tin u m  pan . 
T h e  th e rm o g ra m  fro m  f ig u re  B1 sh o w s  th a t b o th  u P P P  a n d  30:1 d P P P  do  n o t 
d e c o m p o se  v is ib ly  b e lo w  6 0 0  °c, th e y  b e g in  to  d e c o m p o se  a t  a p p ro x im a te ly  7 0 0 ° c  
b u t n o t c o m p le te ly  e v e n  a t te m p e ra tu re  u p  to  9 0 0 ° c  th a t can  be  c o n c lu d e d  th a t bo th  
o f  u P P P  an d  d P P P  h a v e  g o o d  th e rm a l s ta b ility .

T h e rm o g ra m  o f  d P P P  su g g e s ts  a  h ig h e r  ra te  o f  d e g ra d a tio n  th a n  th e  
u n d o p e d  o n e . T h is  m e a n s  th a t d P P P  h as le ss  th e rm a l s ta b il i ty  w h e n  te m p e ra tu re  
in c re a se s  b e c a u s e  o f  th e  d e fe c t o f  c o u n te r io n s  in th e  p p p  b a c k b o n e .

Figure B IT G A th e rm o g ra m  o f  u P P P  an d  30:1 d P P P .

F o r  P C L  a n d  c ro s s lin k e d  P C L  m a tr ix , th e re  is d ra m a tic a l ly  w e ig h t lo ss at 
a p p ro x im a te ly  3 8 4  a n d  368°c, re sp e c tiv e ly , w h ic h  can  be  c o n tr ib u te d  to  th e  P C L  
c h a in  d e c o m p o s itio n . F o r  th e  P C L /P P P  c o m p o s ite , th e  d e c o m p o s i tio n  te m p e ra tu re  is
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a p p ro x im a te ly  370°c. F u rth e rm o re , th e  w e ig h t re m a in s  a f te r  
w h e n  in c re a se  th e  c o n c e n tra t io n  o f  e m b e d d e d  p p p  w h ic h  is 
a lth o u g h  th e  te m p e ra tu re  r ise s  to  900°c.

th e  e x p e r im e n t in c re a se  
n o t d e g ra d e  c o m p le te ly

Figure B2 T G A th e rm o g ra m  o fP C L  an d  3 % w t B P O  cP C L .

0 200 400 600 800 1000 1200

Temperature (°C)

Figure B3 T G A th e rm o g ra m  o f  c P C L  an d  its c o m p o s ite .
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Table B1 D e c o m p o s itio n  te m p e ra tu re , in itia l an d  f in a l w ig h t o f  u P P P  an d  30:1 d P P P

Sample Td(°C) Initial wight 
(mg)

Final weight 
(mg)

u P P P 7 .2 2 6 .03
30:1 d P P P 5 79 4 .7 8

Table B2 D e c o m p o s itio n  te m p e ra tu re , in itia l a n d  fin a l w ig h t o f  c P C L  an d  its 
c o m p o s ite  a t v a r io u s  c o n c e n tra t io n  o f  p p p

Sample Td(°C) Initial wight
(mg)_____

Final weight
_____ (mg)_____

P C L 3 8 4 .1 8 15 .04 0 .0 3 2
3 % w t B P O  c P C L 3 6 8 .7 2 15.03 0 .0 2 5

0 .0 1 % v /v  P P P /c P C L 367.41 15 .89 0 .0 4 9
0 .0 5 % v /v  P P P /c P C L 3 6 9 .1 5 16 .38 0 .0 5 6
0 .1 % v /v  P P P /c P C L 3 6 9 .0 8 15.35 0 .0 6 6
0 .5 % v /v  P P P /c P C L 3 7 0 .4 6 15 .87 0 .071
1 .0 % v /v  P P P /c P C L 3 6 7 .6 8 15.53 0 .1 1 8



A p p e n d ix  c  D e n s i ty  M e a s u r e m e n t  o f  P o ly ( p - p h e n y le n e )  ( P P P )

T h e  d e n s ity  o f  u P P P  w a s  m e a su re d  o u t b y  u s in g  a  g a s  p y c n o m e te r  
(Q u a n ta c h ro m e  In s tru m e n t, U ltra p y c n o m e te r  1000 ). T h e  o p e ra t io n  w a s  re p e a te d  fo r  
2 0  t im e s  u n d e r  u ltra  h ig h  p u rity  h e liu m  a tm o sp h e re  w ith  th e  p u rg e  t im e  o f  1 m in u te .

T a b l e  C l  C o m p a ris o n  o f  th e  d e n s ity  o f  th e  P P P  p a rtic le

R u n  n u m b e r A v e r a g e  d e n s i ty  ( g /c m 3) S t a n d a r d  d e v ia t io n

u P P P 1.366 0 .0 3 7

1:30 d P P P 1.466 0 .0 2 7

30:1  d P P P 1.634 0 .0 0 8

100:1 d P P P 1.846 0 .0 3 6

T a b le  C 2  R a w  d a ta  o f  d e n s ity  o f  u P P P

R u n  n u m b e r V o lu m e  ( c m 3) D e n s i ty  ( c m 3)

1 0 .4 0 7 1 .397

2 0 .4 1 9 1 .358

3 0 .4 2 3 1.345

4 0 .4 0 0 1 .422

5 0 .4 2 8 1 .329

6 0 .4 0 9 1.391

7 0 .4 1 4 1 .374

8 0 .4 0 7 1 .398

9 0 .4 1 6 1 .367

10 0 .4 1 7 1 .366
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Run number Volume (cm3) Density (cm3)
11 0 .4 3 0 1.323

12 0 .4 3 8 1 .299

13 0 .4 1 7 1 .366

14 0 .4 0 9 1.391

15 0 .415 1 .372

16 0.411 1 .384

17 0 .3 9 6 1 .436

18 0 .4 1 4 1.376

19 0 .4 2 8 1.331

20 0 .4 1 0 1 .387

Table C 2  R a w  d a ta  o f  d e n s ity  o f 1:30 d P P P

Run number Volume (cm3) Density (cm3)
1 0 .3 5 8 1.593

2 0 .3 7 6 1.513

3 0 .4 0 3 1 .414

4 0 .3 8 7 1.471

5 0 .3 9 5 1.441

6 0 .3 8 9 1 .462

7 0.371 1 .534

8 0 .3 7 8 1.505

9 0 .3 7 6 1.515

10 0 .3 8 9 1.463
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Run number Volume (cm3) Density (cm3)
11 0 .3 8 7 1 .469

12 0 .3 9 2 1 .452

13 0 .3 7 8 1.505

14 0 .3 8 5 1.478

15 0 .3 9 6 1 .439

16 0 .3 9 4 1 .446

17 0 .3 7 7 1 .509

18 0 .3 8 4 1.483

19 0.401 1 .419

20 0 .3 8 9 1.465

Table C 3  R a w  d a ta  o f  d e n s ity  o f  30:1 d P P P

Run number Volume (cm3) Density (cm3)
1 0 .7 3 4 1 .647

2 0 .7 2 9 1 .664

3 0 .745 1.629

4 0 .7 3 5 1 .649

5 0 .7 2 6 1.671

6 0 .7 2 6 1 .672

7 0 .7 3 4 1.654

8 0 .7 3 7 1 .646

9 0 .7 4 3 1 .632

10 0 .7 4 4 1.631
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Run number Volume (cm3) Density (cm3)
11 0 .7 4 9 1 .619

12 0 .7 4 3 1.631

13 0.741 1 .638

14 0 .7 4 2 1.635

15 0 .7 4 8 1.623

16 0 .7 3 7 1 .647

17 0 .7 4 2 1 .636

18 0 .7 4 0 1 .639

19 0 .7 3 9 1.641

20 0 .7 4 2 1.636

Table C 4 R a w  d a ta  o f  d e n s ity  o f  100:1 d P P P

Run number Volume (cm3) Density (cm3)
1 0 .4 6 5 1.845

2 0 .4 6 5 1.847

3 0 .4 6 9 1.831

4 0 .4 4 9 1.911

5 0 .4 6 6 1.842

6 0 .4 7 5 1 .807

7 0 .4 6 8 1.835

8 0 .473 1 .812

9 0 .4 6 4 1.852

10 0 .4 5 4 1.892
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Run number Volume (cm3) Density (cm3)
11 0 .4 5 9 1 .872

12 0 .4 4 4 1 .934

13 0.471 1.823

14 0 .4 6 9 1 .830

15 0 .4 5 7 1 .877

16 0 .473 1 .816

17 0.471 1.821

18 0 .4 6 5 1 .847

19 0 .4 7 2 1.818

20 0.471 1.823



Appendix D Particle Size and Particle Size Distribution of Poly(p-phenylene) 
(PPP)

A  p a r tic le  s iz e  a n a ly s e r  (M a lv e rn , M a s te rs iz e r  X ) w a s  u se d  to  d e te rm in e  th e  
p a r tic le  s ize  an d  th e  p a r tic le  s ize  d is tr ib u tio n  o f  u P P P . u P P P  w a s  g ro u n d  in the  
m o r ta r  b y  p e s t le  b e fo re  th e  e x a m in a tio n .

Table D1 A v e ra g e  p a r tic le  s ize  o f  u P P P

Average particle diameter (pm)
sample 1 2 3 average SD

PPP 91.2 91.6 91.8 91.5 0.309

Table D2 R a w  d a ta  o f  p a r tic le  s ize  o f  P P P

p a r tic le  s ize  
d ia m e te r  (p m )

u P P P
1 2 3

S iz e  lo w S iz e  h ig h ๒ % u n d e r% ๒ % u n d e r% ๒ % u n d e r%
0 .5 0 1.32 0 .13 0 .13 0 .1 4 0 .1 4 0 .15 0 .15

1.32 1.60 0 .3 8 0.51 0.41 0 .55 0 .43 0 .5 8

1.60 1.95 0 .53 1.05 0 .5 7 1.11 0 .6 0 1.18

1.95 2 .3 8 0 .5 6 1.61 0 .6 0 1.71 0 .6 3 1.82

2 .3 8 2 .9 0 0.51 2 .1 2 0 .5 4 2 .2 5 0 .5 6 2 .3 8

2 .9 0 3 .53 0 .4 4 2 .5 6 0 .4 6 2 .7 0 0 .4 8 2 .8 6

3 .53 4 .3 0 0.41 2 .9 7 0 .4 2 3 .1 2 0 .4 4 3 .3 0

4 .3 0 5 .2 4 0 .4 7 3 .45 0 .4 8 3.61 0 .5 0 3 .8 0

5 .2 4 6 .3 9 0 .6 8 4 .1 2 0 .7 0 4.31 0 .7 3 4 .53

6 .3 9 7 .7 8 1.09 5 .22 1.14 5 .45 1.19 5 .72

7 .78 9 .4 8 1.82 7 .0 4 1.89 7 .3 4 1.97 7 .6 9

9 .4 8 11.55 3 .0 4 10 .08 3 .1 4 10 .48 3 .2 6 10 .94
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particle size 
diameter (pm)

uPPP
1 2 3

Size low Size high ๒% under% ๒% under% ๒% under%
11.55 14.08 4.89 14.98 5.03 15.52 5.18 16.13
14.08 17.15 7.23 22.21 7.38 22.90 7.56 23.68
17.15 20.90 9.45 31.65 9.59 32.49 9.74 33.42
20.90 25.46 10.52 42.17 10.61 43.09 10.66 44.08
25.46 31.01 10.13 52.29 10.10 53.20 10.03 54.10
31.01 37.79 8.79 61.09 8.64 61.84 8.45 62.55
37.79 46.03 6.98 68.06 6.74 68.58 6.48 69.03
46.03 56.09 4.90 72.96 4.64 73.22 4.39 73.42
56.09 68.33 2.79 75.75 2.58 75.80 2.39 75.82
68.33 83.26 0.98 76.72 0.86 76.65 0.76 76.57
83.26 101.44 0.00 76.73 0.00 76.67 0.00 76.59
101.44 123.59 0.00 76.73 0.00 76.67 0.00 76.59
123.59 150.57 0.00 76.73 0.00 76.67 0.00 76.59
150.57 183.44 0.44 77.17 0.38 77.04 0.37 76.96
183.44 223.51 2.49 79.67 2.37 79.42 2.33 79.30
223.51 272.31 5.22 84.89 5.10 84.52 5.03 84.33
272.31 331.77 7.17 92.05 7.20 91.71 7.16 91.48
331.77 404.21 6.02 98.05 6.24 97.93 6.29 97.75
404.21 492.47 1.93 99.98 2.05 99.97 2.23 99.97
492.47 600.00 0.00 100.00 0.00 100.00 0.00 100.00



Appendix E Conductivity Measurement

Electrical conductivity (a) was measured by a two-point probe connected with 
a voltage supplier (Keithley, 6517A). The polymers were compressed into pellets at 10 
tons with 1 cm diameter. A constant voltage was applied under air atmosphere, 40-60% 
RH and at 25-27°C, and the current was simultaneously measured then converted into 
electrical conductivity. The electrical conductivity was calculated from the equation El :

a = 1/p = 1/Rst = I/KVt (El)

where (7 is the electrical conductivity (S/cm). p is the specific resistivity (f2.cm), Rs is 
sheet resistance (Q/sq), I is the measured current (A), V is the applied voltage (V), t is 
the sample thickness, and K is the geometric correction factor of the two-point probe 
which can be determined by calibrating the probe with a silicon wafer possessing a 
known resistivity value.

Table El The electrical conductivity of uPPP and each doping level of dPPP

Doping Level Conductivity (S/cm) Standard deviation
uPPP 8.14x 10"6 8.73x 10'7

1:50 dPPP 4.53 X 1O'6 1.66x1 O'6
1:30 dPPP 1.35x1 O'5 2.40x1 O'7
1:1 dPPP 7.85 Xl0‘5 4.53 X1 O'6

30:1 dPPP 6.63x10'3 1.43x1 O'4
50:1 dPPP 9.12X10'3 1.26x10‘3
100:1 dPPP 1.48x10'2 8.42x10'3
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Figure El Electrical conductivity of uPPP and dPPP at various doping level.

Table E2 The electrical conductivity of PCL, cPCL film and PCL/PPP composites

Sample Conductivity (S/cm) Standard deviation
Neat PCL 3.31 X10-8 1.25 X 10'8

3%wt BPO cPCL 3.63x10‘8 6.96x1 O'9
0.01% v/v ppp/3%wt 3.32x10'8 1.42x1 O'9BPO cPCL
0.05% v/v ppp/3%wt 

BPO cPCL 4.39x10'8 1.32x1 O'9
0.1% v/v ppp/3%wt 8.39x10'8 8.1 1 X10"9BPO cPCL
0.5% v/v ppp/3%wt 

BPO cPCL l.OlxKT7 6.08x1 O'9
1% v/v ppp/3%wt 

BPO cPCL 7.10x 10‘7 2.54x1 O'7
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Figure E2 Electrical conductivity of neat cPCL and PPP/cPCL composite at the 
various concentration.



During the doping process, some molecules of the dopant interacted with 
PPP chain via the electron acceptor to produce polarons and solitons and to increase 
electrical conductivity (Bonagamda et al.. 1995). To investigate the amount of 
interacting dopant, iron(III) chloride (FeCb), the X-ray fluorescence 
spectrophotometer (PANalytical, Axios PW 4400) was deployed. dPPP was first 
dried at 100°c for 24 hours then weighted in the range of 0.1-0.2 g and pelletized 
with 5 g of dried boric acid in an aluminium pan. The operation was done at 
approximately 25°c and 40-60% RH. Amount of Fe in ppp particle was measured as 
kilocount per second (kcps) and %concentration.

TableFIKcps of Fe in ppp

Appendix F Determination of the Dopant Concentration of Doped ppp

Doping Level (mole 
ratio of Fe:PPP 

monomer)
Kilocount per second (kcps) Average

kcps
Standard
deviation1 2 3

1:50 dPPP 0.998 1.267 1.167 1.144 0.135
1:30 dPPP 1.306 0.980 1.226 1.171 0.169
1:1 dPPP 5.481 4.704 4.733 4.973 0.440

30:1 dPPP 51.624 57.084 59.556 56.088 4.058
50:1 dPPP 53.819 59.248 57.471 56.846 2.768
100:1 dPPP 386.995 387.983 385.686 385.686 3.162
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TableF2%concentration of Fe in ppp

Doping Level (mole 
ratio of Fe:PPP 

monomer)
% concentration of Fe Average % 

concentra­
tion of Fe

Standard
deviationi 2 3

1:50 dPPP 3.92 4.73 4.39 4.35 0.41
1:30 dPPP 6.63 5.01 6.70 6.12 0.96
1:1 dPPP 14.45 11.94 12.23 12.88 1.37

30:1 dPPP 40.99 40.64 39.29 40.30 0.89
50:1 dPPP 44.89 48.37 46.34 46.53 1.74
100:1 dPPP 72.76 72.96 72.94 72.89 0.11
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-10
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Figure FlKcps and %concentration of Fe for each doping level of dPPP.
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Appendix G Morphology

The scanning electron microscope (SEM) (Hitachi, S4800) was employed to 
determine the morphology of ppp, PCL and PPP/PCL composite. First, for ppp 
particles. The SEM images show that ppp has irregular rod-like shapes.

Figure GIMorphology of uPPPpatricle (15 kv, magnification of 20 kX).

Figure G2 Morphology of 30:1 dPPPpatricle (15 kv, magnification of 20 kX).
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For PCL and PPP/PCL composite, cross-section mode was employed to 
investigate a dispersion of ppp and PCL matrix. First, the sample was fractured in 
liquid nitrogen by forceps and stuck with a stub by carbon tape.Figure G4 show a 
good dispersion of ppp in PCL.

Figure G3 Morphology of neat PCL (15 kv, magnification of 1.5 kX).

Figure G4Morphology of 3%wt BPO cPCL ( 15 kv, magnification of 1.5 kX).
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Figure G4 Morphology of 1 %v/v 30:1 dPPP/3%wt BPO cPCL (15 kv, 
magnification of 0.5 kX).



Appendix H Investigation of crosslinking efficiency of PCL

Benzoyl peroxide (BPO) can be used to crosslink PCL via radical 
crosslinking to increase the mechanical properties. Swelling test was done to 
investigate crosslinking efficiency of PCL and the important factor is percentage of 
gel fraction (%G) which can be calculated by the equation HI :

% G  = md/mox 100

The percentage of swelling was calculated according to the following equation H2:

% swelling = (ms-md)/mdx 100 (H2)

The percentage of weight loss was calculated according to the following 
equation H3:

% weight loss = (m0-md)/mdx 100 (H3)

when mo, ms and irid are an initial weight of the sample before doing the test, The 
mass of the swollen specimen at equilibrium and the weight of dried sample after the 
test respectively.

Casted PCL film from uncured, l%wt, 3%wt, 5%wt, 7%wt to 10%wt BPO, 
was cut into a rectangular shape with the dimension of 0.5x1 cm. The sample was 
weighted for measured mo and immersed in 5 cm3 of benzene for 72 hours which was 
completely swelled. Then, the sample was collected and weighted again to 
measurems. Finally, the sample was placed in the presence of air for 72 hours to 
completely evaporated benzene and weighted again for investigate md. The 
experiment was operated at 25 ๐c. The result shows that 3%wt BPO crosslinked 
PCL has the highest % gel fraction corresponding to the highest crosslinking 
efficiency respectively. At the higher concentration of BPO, the % gel fraction is 
slightly dropped. This can be explained that the overabundant BPO can cause chain 
scission of PCL.Shorter PCL chain will be obtained by the C-H fragmentation. In



81

addition,CO and CO2 can be generated by the C-0 and c= 0 fragmentation.
According to these reasons, the molecular weight of PCL is decreased.

Table HI Raw data of swelling test at various BPO concentration

Concentration 
of BPO mo (g) ms(g) md (g) % swelling %

weight loss
%

gel fraction

l%wt BPO 1 0.0128 0.1782 0.0051 3,394.12 150.98 39.84
II 0.0154 0.1880 0.0048 3,816.67 220.83 31.16

III 0.0173 0.1531 0.0056 2,633.93 208.93 32.36
3%wt BPO I 0.0237 0.1945 0.0212 817.45 11.79 89.45

II 0.0281 0.2152 0.0256 740.62 9.77 91.10
III 0.0225 0.1878 0.0191 883.25 17.80 84.89

5%wt BPO I 0.0207 0.1381 0.0156 785.26 32.69 75.36
II 0.0178 0.1346 0.0125 976.80 42.40 70.22

III 0.0226 0.1492 0.0164 809.76 37.80 72.57
7%wt BPO I 0.0274 0.1414 0.0188 652.13 45.74 68.61

II 0.0297 0.1623 0.0201 707.46 47.76 67.67
III 0.0266 0.1479 0.0183 708.19 45.36 68.79

10%wt BPO I 0.0192 0.0891 0.0108 725.00 77.78 56.25
II 0.0206 0.0934 0.0132 607.57 56.06 64.07

III 0.0211 0.0909 0.0129 604.65 63.57 61.14
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Table H2 The average %gel fraction at various BPO concentration

Concentration of 
BPO

% gel fraction 
(average) Standard deviation

l%wt BPO 34.45 3.84
3%wt BPO 88.48 3.22
5%wt BPO 72.72 2.57
7%wt BPO 68.34 0.60
10%wt BPO 60.49 3.95

C oncentra tion  o f BPO

Figure HI The comparison of % gel fraction at various BPO concentration.



Appendix I Electromechanical Properties of PoIy(8-caproIactone)(PCL) 
Film at Various Crosslinking Ratio

Electrorheological properties of uncrosslink and crosslinked PCL film 
strength were investigated by the melt rheometer (Rheometric Scientific, ARES) 
which a DC voltage was applied by a DC power siipply(Instek, 8216A) which can 
provide a constant electric field to 2 kV/mm. An input voltage was monitored by a 
digital multimeter (Tektronix, CDM250).Dynamic strain sweep test were 
investigeated firstly to determine a linear viscoelastic regime, shown on these 
following figures.

le + 7  

le + 6  

£  le + 5

b
le + 4

le + 3

.001 .01 .1 1 10 100

%  Strain

Figure II Dynamic strain sweep test of neat PCL (% strain from 0.01 to 10, film 
thickness 0.542 mm. 25°C).

* <è ^ O๐ O O O

O 0 v/mm 
O  2000 V /m m

O0 O
O ^O O๐ O
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Figure 12 Dynamic strain sweep test of l%wt BPO crosslinked PCL (% strain from 
0.01 to 10, film thickness 0.443 mm,25°C).

Figure 13 Dynamic strain sweep test of 3%wt BPO crosslinked PCL (% strain from
0.01 to 10, film thickness 0.584 mm,25°C).



85

le+6

le+ 5  -

reCL

0° o o 0 
o o o o o §

g ร o 8
le+4

ô
ô

le+3

O  0 V/mm 
O  2000 v/mm

.001 .01 .1 1 

%  Strain
10 100

Figure 14 Dynamic strain sweep test of 5%wt BPO crosslinked PCL (% strain from 
0.01 to 10,film thickness 0.461 mm,25°C).

Figure 15 Dynamic strain sweep test of 7%wt BPO crosslinked PCL (% strain from
0.01 to 10,film thickness 0.474 mm,25°C).
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Figure 16 Dynamic strain sweep test of 10%wt BPO crosslinked PCL (% strain 
from 0.01 to 10,film thickness 0.566 mm,25°C).

A dynamic frequency sweep test was carried out with an applied electric 
field from 0 to 2000 kv. Storage modulus(G') of each sample was investigated as a 
function of frequency from 0.1 to 100 rad/s, at the %strain of 0.03.
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fü
feษ

Frequency (rad/fe)

Figure 17 Dynamic frequency sweep test of neat PCL (frequency from 0.1 to 100 
rad/s, %strain 0.03,film thickness 0.542 mm,25°C).

Frequency (rad/s)

Figure 18 Dynamic frequency sweep test of l%wt BPO crosslinked PCL (frequency
from 0.1 to 100 rad/s, %strain 0.03,film thickness 0.443 mm,25°C).
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0 0 v/mm
o 100 v/mmอ 200 V/mm□ 400 V/mm
A 600 V/mm
A 800 V/mm
V 1000 v/mm
V 1250 v/mmo 1500 v/mmo 2000 V/mm

Figure 19 Dynamic frequency sweep test of 3%wt BPO crosslinked PCL (frequency 
from 0.1 to 100 rad/s, %strain 0.03,film thickness 0.584 mm,25°C).

o 0 v/mm๐ 100 V/mm
□ 200 V/mm
□ 400 V/mm
A 600 V/mm
A 800 V/mm
V 1000 v/mm
V 1250 V/mmo 1500 V/mmo 2000 V/mm

Figure 110 Dynamic frequency sweep test of 5%wt BPO crosslinked PCL
(frequency from 0.1 to 100 rad/s, %strain 0.03,film thickness 0.461 mm,25°C).
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Figure 111 Dynamic frequency sweep test of 7%wt BPO crosslinked PCL 
(frequency from 0.1 to 100 rad/s, %strain 0.03,film thickness 0.474 mm,25°C).

Figure 112 Dynamic frequency sweep test of 10%wt BPO crosslinked PCL
(frequency from 0.1 to 100 rad/s, %strain 0.03,film thickness 0.566 mm,25°C).
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Temporal response of each sample was figure out by time sweep test which 
an applied electric field wason and off alternatively. The G' at steady state and 
stotage modulus response in the presence of electric field of each sample was 
investigated as a function of time from 0 to 5000 ร, at the frequency of 1 rad/s.

Figure 113 Temporal response of neatPCL (%strain 0.03, electric field strength of 2 
kv, frequency I rad/s,film thickness 0.542 mm,25°C).
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Figure 114 Temporal response of 3%wt BPO crosslinked PCL (%strain 0.03, 
electric field strength of 2 kv, frequency 1 rad/s,film thickness 0.443 mm,25°C).

Figure 115 Temporal response of 10%wt BPO crosslinked PCL (%strain 0.03,
electric field strength of 0.6 kv, frequency 1 rad/s,film thickness 0.566 mm,25°C).
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Figure 116 The comparison of storage modulus response (AG') as a function of 
electric field strength of PCL and crosslinked PCL film at each crosslinking ratio.

Figure 117 The comparison of storage modulus sensitivity(AG'/G'o) as a function of 
electric field strength of PCL and crosslinked PCL film at each crosslinking ratio.
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The initial storage modulus (G'o) of the PCL films decreases when 
increasing BPO concentration. This is because of the packing of crystalline is 
restricted by the crosslinking agent in the casting procedure, corresponding to the 
reduction of the crystalline region. The higher concentration of BPO, the less 
crystalline regionis generated in the sample.

le + 6

b°

le + 5
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%  w t BPO

Figure 118 The initial storage modulus (G'o) at various BPO concentration.

0.0 1.0 2.0 3.0 4 .0  5.0 6.0

%  Wt BPO
7.0 8.0 9.0 10.0 11



Appendix J Electromechanical Properties of Poly(p-phenylene) 
(PPP)/Poly(£-caprolactone) (PCL)Composite at Various Doping Level

Influence of doping level on electromechanical properties of PPP/PCL 
composite were investigated by the melt rheometer (Rheometric Scientific, Ares) in 
which a DC voltage was applied by a DC power supply(Instek, 8216A) which can 
provide a constant electric field up to 2 kv/mm. An input voltage was monitored by 
a digital multimeter(Tektronix, CDM250).In this study, l%v/v of ppp was fixed for 
each doping level and embedded into PCL matrix. First, dynamic strain sweep test 
were investigeated to determine a linear viscoelastic regime.

le+6

le+5
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o o  o o o o o 0 
O O q O O O O o ^ o

๐
o

o 0 v/mm 
o  2000 v/mm

า-----------------------r~ I----------------------- r

Figure J1 Dynamic strain sweep test of 1 %v/v uPPP/3%wt BPO cPCL (% strain 
from 0.01 to 10, film thickness 0.724 mm,25°C).
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Figure J2 Dynamic strain sweep test of 1% v/v 1:30 dPPP/3%wt BPO cPCL (% 
strain from 0.01 to 10,film thickness 0.583 mm, 25°C).

Figure J3 Dynamic strain sweep test of 1% v/v 30:1 dPPP/3%wt BPO cPCL (%
strain from 0.01 to 10, film thickness 0.645 mm, 25°C).
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Figure J4 Dynamic strain sweep test of 1% v/v 100:1 dPPP/3%wt BPO cPCL (% 
strain from 0.01 to 10,film thickness 0.797 mm, 25°C).

A dynamic frequency sweep test was carried out with an applied electric 
field from 0 to 2 kv. Storage modulus(G') of each sample was investigated as a 
function of frequency from 0.1 to 100 rad/s, at the %strain of 0.03.
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Figure J5 Dynamic frequency sweep test of l%v/v uPPP/3%wt BPO cPCL 
(frequency from 0.1 to 100 rad/s, %strain 0.03,film thickness 0.724 mm, 25°C).

Figure J6 Dynamic frequency sweep test of l%v/v 1:30 dPPP/3%wt BPO cPCL
(frequency from 0.1 to 100 rad/s, %strain 0.03,film thickness 0.583 mm, 25°C).
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Figure J7 Dynamic frequency sweep test of 1 %v/v 30:1 dPPP/3%wt BPO cPCL 
(frequency from 0.1 to 100 rad/s, %strain 0.03,film thickness 0.645 mm, 25°C).

o 0 v/mm
o 100 V/mm□ 200 V/mm□ 400 V/mm
A 600 V/mm
A 800 V/mm
V 1000 V/mm
V 1250 V/mmo 1500 V/mmo 2000 V/mm

Figure J8 Dynamic frequency sweep test of 1 %v/v 100:1 dPPP/3%wt BPO cPCL
(frequency from 0.1 to 100 rad/s, %strain 0.03, film thickness 0.797 mm, 25°C).
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Temporal response of each sample was figure out by time sweep test which 
an aplied electric field wason and off alternatively. The G' at steady state and storage 
modulus response in the presence of electric field of each sample was investigated as 
a function of time from 0 to 5000 ร at the frequency of 1 rad/s.

Figure J9 Temporal response of 1 %v/v uPPP/3%wt BPO cPCL (%strain 0.03, 
electric field strength of 2 kv, film thickness 0.724, 25°C).



100

Figure J10 Temporal response of 1 %v/v 1:30 dPPP/3%wt BPO cPCL (%strain 
0.03, electric field strength of 2 kv,film thickness 0.583, 25°C).

Figure J l l  Temporal response of 1 %v/v 30:1 dPPP/3%wt BPO cPCL (%strain 
0.03, electric field strength of 2 kv,film thickness 0.645, 25°C).
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Time (ร)

Figure J12 Temporal response of l%v/v 100:1 dPPP/3%wt BPO cPCL (%strain 
0.03,electric field strength of 2 kv, film thickness 0.797, 25°C).

Figure J13The comparison of storage modulus response (AG') as a function of 
electric field strength of PPP/PCL composite at each doping level.
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Figure J14 The comparison of storage modulus sensitivity(AGVG'o) as a function of 
electric field strength of PPP/PCL composite at each doping level.



Appendix K Electromechanical Properties of Polv(p-phenylene) 
(PPP)/Poly(£-caprolactone) (PCL)Composite at Various Concentration of 
Embedded ppp

Influence of concentration of embedded ppp on electromechanical 
properties of PPP/PCL composite were investigated by the melt rheometer 
(Rheometric Scientific, ARES) in which a DC voltage was applied by a DC power 
supply(Instek, 8216A) which can provide a constant electric field up to 2 kv/mm. 
An input voltage was monitored by a digital multimeter(Tektronix, CDM250). In 
this study, 30:1 dPPP and 3%wt BPO crosslinked PCL were chose to continue 
fabricating the composite because of the highest electrical sensitivity(AGVG'o). 
Dynamic strain sweep test were investigated firstly to determine a linear viscoelastic 
regime.
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Figure K1 Dynamic strain sweep test of 0.01%v/v PPP/3% wt BPO cPCL(% strain
from 0.01 to 10, film thickness 0.686 mm, 25 C).
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Figure K2 Dynamic strain sweep test of 0.05%v/v PPP/3% wt BPO cPCL(% strain 
from 0.01 to 10, film thickness 0.655 mm, 25 C).
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Figure K3 Dynamic strain sweep test of 0.l%v/v PPP/3% wt BPO cPCL(% strain 
from 0.01 to 10, film thickness 0.565 mm, 25°C).
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Figure K4 Dynamic strain sweep test of 0.5%v/v PPP/3% wt BPO cPCL(% strain 
from 0.01 to 10, film thickness 0.426 mm, 25°C).
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Figure K5 Dynamic strain sweep test of 1.0%v/v PPP/3% wt BPO cPCL(% strain 
from 0.01 to 10, film thickness 0.645 mm, 25°C).
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A dynamic frequency sweep test was carried out with an applied electric field 
from 0 to 2kV. Storage modulus(G') of each sample was investigated as a function of 
frequency from 0.1 to 100 rad/s, at the %strain of 0.03.

Figure K6Dynamic frequency sweep test of 0.01%v/v 30:1 dPPP/3%wt BPO cPCL 
(frequency from 0.1 to 100 rad/s, %strain 0.03, film thickness 0.686 mm, 25 °C).
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Figure K7Dynamic frequency sweep test of 0.05% v/v 30:1 dPPP/3%wt BPO cPCL 
(frequency from 0.1 to 100 rad/s, %strain 0.03, film thickness 0.655 mm, 25°C).
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Figure K8Dynamic frequency sweep test of 0.1%v/v 30:1 dPPP/3%wt BPO cPCL 
(frequency from 0.1 to 100 rad/s, %strain 0.03, film thickness 0.565 mm, 25°C).
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Figure K9Dynamic frequency sweep test of 0.5%v/v 30:1 dPPP/3%wt BPO cPCL 
(frequency from 0.1 to 100 rad/s, %strain 0.03, film thickness 0.426 mm, 25°C).
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พ

Figure KlODynamic frequency sweep test of 1.0%v/v 30:1 dPPP/3%wt BPO cPCL 
(frequency from 0.1 to 100 rad/s, %strain 0.03, film thickness 0.645 mm, 25°C).

Temporal response of each sample was figured out by time sweep test 
which an applied electric field wason and off alternatively. The G' at steady state and
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storage modulus response in the presence of electric field of each sample was 
investigated as a function of time from 0 to 5000 sat the frequency of 1 rad/s.

o

o

0 1000 2 0 0 0  3 0 0 0  4 0 0 0  5 0 0 0  500 0

T im e  (ร)

Figure K ll Temporal response of 0.01%v/v 30:1 dPPP/3%wt BPO cPCL(%strain 
0.03, electric field strength of 2 kv, frequency 100 rad/s, film thickness 0.686 mm, 
25°C).
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Figure K l2 Temporal response of 0.05%v/v 30:1 dPPP/3%wt BPO cPCL(%strain 
0.03, electric field strength of 2 kv, frequency 100 rad/s, film thickness 0.655 mm, 
25°C).

Figure K13 Temporal response of 0.1%v/v 30:1 dPPP/3%wt BPO cPCL(%strain 
0.03, electric field strength of 2 kv, frequency 100 rad/s, film thickness 0.565 mm, 
25°C).
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Figure K14 Temporal response of 0.5%v/v 30:1 dPPP/3%wt BPO cPCL(%strain 
0.03, electric field strength of 2 kv, frequency 100 rad/s, film thickness 0.426 mm, 
25°C).

Figure K15 Temporal response of 1.0% v/v 30:1 dPPP/3%wt BPO cPCL(%strain 
0.03, electric field strength of 2 kV, frequency 100 rad/s, film thickness 0.645 mm, 
25°C).
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Figure K14 T he com parison  o f  storage m odulus sensitivity(A GV G'o) as a function 
o f  electric  field  strength  o f  neat cPC L  and P P P/P C L  com posite  at various 
concen tra tion  o f  em bedded  p p p .



Appendix L Dielectrophoretic Behavior

The dielectrophoresis forces of PCL, cPCL films and PPP/PCL composites 
were investigated by deflection experiment. A video camera was used to record the 
deflection. The induction time (rj„d) and the recovery time (Tree) were observed. Next, 
pictures were captured from the video to measured The initial length (In), the 
deflection distances in X axis (d) and y axes (/ ) andthe deflection angle (6) by using 
the SemAfore software (version 5.21). The electric field strength was varied between 
0 and 500 v/mm at the room temperature. Then, the dielectrophoresis force (Fd) can 
be calculated from the static horizontal force balance consisting of the elastic force 
and the corrective gravity force term (mgsinO), as shown in this following equation:

Fd = Fe+ m g sin O  +  p  V g s in ô  (N ) ( L 1 )

All of the samples show that the more electric field strength applied, the 
more 0 and Fd obtained. The 3%wt BPO cPCL has the highest deflection angle 
andielectrophoresis force because of the highest storage modulus sensitivity. In case 
of PPP/PCL composites, both <9and Fd increase with increasing the composition of 
ppp in the system, which can be assigned to the increment of induced dipole 
moment in the sample.
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Table LIDielectrophoretic Behavior of Neat PCL

S a m p le s E  (V /m m ) 0 / 9< pN ) Tind
(ร) &

0 0 .0 0 0 .00 0 .00 0 .00
50 0 .0 0 0 .00 0 .0 0 0 .00
100 0 .14 1.12 0 .0 0 0 .00
150 1.08 8.84 0 .38 0 .42
200 1.33 10.96 0 .4 7 0 .49
250 2 .26 18.81 0 .62 0.85
300 2 .59 21 .5 6 0 .6 7 1.39
350 4 ,86 4 0 .7 9 0 .7 0 1.41
400 6.28 53 .13 0 .82 1.47
450 6 .67 56.71 0 .95 1.59
500 6.94 59 .5 0 1.07 1.82

0 0 .00 0 .0 0 0 .0 0 0 .00
50 0 .00 0 .0 0 0 .0 0 0 .00
100 0 .09 0.75 0 .00 0 .00
150 1.14 8.99 0 .34 0 .47
200 1.37 10.89 0.52 0,53

N ea t P C L 250 2.33 18.77 0 .6 6 0 .92
300 2.55 20.51 0 .68 1.42
350 4 .82 39 .12 0 .74 1.45
400 6.25 51 .07 0 .79 1.52
4 5 0 6 .56 53.88 0,93 1.67
500 7 .10 58.75 1.03 1.77

0 0 0 0 0 .0 0 0 .0 0 0 .00
50 0 .0 0 0 .00 0 .0 0 0 .0 0
100 0 .16 1 16 0 .0 0 0 .00
150 1.18 8.86 0 .30 0 .42
200 1.32 10.01 0 .54 0 .57
250 2 .33 17.83 0 .69 0 ,95
300 2.51 19.14 0 .70 1.41
350 4 .73 36,46 0 .78 1.47
400 6 .33 49 .1 9 0 .83 1.60
450 6 .56 51.18 0 .95 1.66
500 7 .10 55.81 1.12 1.84
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Table L2Dielectrophoretic Behavior of 3%wt BPO cPCL

S a m p le s E  (V /m m ) 0 FA.V- N) Tind
(ร) Tร

0 0 .0 0 0 .00 0 .0 0 0 .00
50 3.48 15.47 0 ,0 0 0 .0 0
100 4.38 19.50 0 .45 1.48
150 5.38 23.91 1.32 1.78
200 8 .14 41.31 1.74 2 .54
250 11.55 60 .2 7 2 .56 3 .90
300 20 ,49 107.62 3 .89 4 .26
350 33 .66 182.92 4 .0 7 4.63
400 45 .5 6 2 65 .29 4 .52 5.34
450 49 .6 6 323 .84 5 .63 6 .58
500 58 .72 444 .38 6 .08 7 .10

0 0 .00 0 .0 0 0 .0 0 0 .00
50 2 .96 13.01 0 .0 0 0 .0 0
100 4,58 20,15 0 .5 6 1.55
150 5.38 23 .6 4 1.43 1.87
200 8.51 43 .85 1.94 2 .49

3 %  w t B PO  
cP C L 250 12,54 66 .7 9 2.51 3 .76

300 2 0 .5 7 110.74 3.73 4 .37
350 33 .79 190.48 4 .12 4.71
400 46 .0 4 283 .24 4 .74 5 .47
450 50 .19 352 .42 5.88 6 .69
500 5 8 9 3 4 9 0 .69 6 .2 0 7 .07

0 0 .00 0 .00 0 .0 0 0 .0 0
50 3.04 13.52 0 .0 0 0 ,00
100 4.51 20 .03 0 .5 0 1.48
150 6 .19 27 .50 1.42 1.79
200 8.26 4 1 .9 7 1.87 2.63
250 11.23 58 ,62 2.48 3.92
300 22.11 116.05 3 .86 4 .50
350 34.22 186.13 4 .34 4.83
400 46 .5 6 271 ,88 4 .6 7 5.51
4 5 0 50 .19 328 .74 5 .77 6 .7 0
500 58 .43 4 4 2 .74 6 .23 7.13
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Table L3Dielectrophoretic Behavior of 0.01% v/v 30:1 dPPP/3%wt BPO cPCL

S a m p le s E  (V /m m ) 0 Frf(nN ) Tind
(ร)

T,'C
(ร)

0 0.00 0 .00 0 .00 0 .00
50 0.00 0 .00 0 .00 0 .00
100 0 .00 0 .00 0 .00 0 .00
150 0 .00 0 .00 0 .00 0 .00
200 2 .60 17.12 0 .42 1.21
250 2 .68 17.65 0.71 1.24
300 3.04 20.01 1.1 1,51
350 3.41 22 .4 0 1.19 1.67
400 4.71 30 .92 1.32 1.97
4 5 0 5 .12 33.58 1.41 2.02
500 5 .16 33 .92 1.76 2,21

0 0 .00 0 ,00 0,00 0 .00
50 0 ,00 0 .00 0 .00 0 .00
100 0 .00 0 .00 0 .00 0.00
150 0 .00 0 .00 0 .00 0.00

0 .0 1 %  v/v 200 2.49 15.54 0.38 1.32

d P P P /3 % w t 250 2.75 17.19 0.73 1.36
B P O c P C L 300 3.13 19.51 1.24 1.48

350 3.33 20 .7 7 1.25 1.67
400 4.85 30.24 1.38 2 .04
450 5.49 34.17 1.57 2 .07
500 5.58 34.76 1 71 2 .19

0 0 .00 0 .00 0 .0 0 0 .00
50 0 .00 0 .00 0 .00 0 .00
100 0 .00 0 .00 0 .00 0 .00
150 0 .00 0.00 0 .00 0 .00
200 2.61 16.79 0.41 1.22
250 2.68 17.32 0 .75 1.38
300 2 .92 18.80 1.17 1.41
350 3.44 22 .14 1.31 1.58
400 4 .72 30.32 1.38 2.00
450 4 .89 31.49 1.63 2,01
500 5.31 34.13 1.78 2 .14
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Table L4Dielectrophoretic Behavior of 0.05% v/v 30:1 dPPP/3%wt BPO cPCL

S a m p le s E  (V /m m ) D ■ F,/<pN) Tind
(ร) Sr

0 0 ,00 0 .00 0 .00 0 00
50 0 .00 0 .00 0 ,00 0 .00
100 0 .00 0 .00 0 .00 0 .00
150 0 .00 0 .00 0 .00 0 .00
200 2.05 13.33 0.85 1.27
250 2.68 17.51 1.02 1.69
300 3 .09 20 .1 6 1.26 1.87
350 3.78 24 .6 6 1.58 2.01
400 4 .10 26 .82 2.03 2.45
450 4 .82 31.42 2.14 2.51
500 5.71 37.19 2 ,27 2.62

0 0 .00 0 .00 0 .00 0 0 0
50 0 .0 0 0 ,00 0 .00 0 .00
100 0 .0 0 0 .00 0 .00 0 .00
150 0 .00 0 .00 0 .00 0.00

0 .0 5 %  v/v 200 2.08 13.08 0.78 1.34

d P P P /3 % w t 250 2.75 17.29 1.14 1.78
B P O  cP C L 300 3.13 19.67 1.30 1.88

350 3.79 23 .90 1.61 2 .07
400 4.05 25 .54 2.12 2 .52
450 4 .89 30 .77 2.18 2 .59
500 5.61 35.31 2,25 2 .74

0 0 .00 0 .00 0 .00 0 .00
50 0 .00 0.00 0 0 0 0 .00
100 0 .00 0,00 0 .00 0 .00
150 0 .0 0 0.00 0 .00 0 .00
200 2.08 13.42 0 .82 1.31
250 2.75 17.73 1.12 1.67
300 2 .99 19.32 1.38 1.92
350 3.84 24.81 1.74 2 .10
400 4 .23 27.35 2 .15 2.48
450 4 .93 31.85 2 .25 2 .52
500 5.43 35,03 2 .27 2 .70
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Table L5Dielectrophoretic Behavior of 0.1% v/v 30:1 dPPP/3%wt BPO cPCL

S a m p le s E  (V /m m ) e /oK pN ) Tind
(ร) &

0 0 .00 0 .00 0 .00 0 .00
50 0 .00 0 .00 0 .00 0 0 0
100 0 .00 0 .00 0 .77 1.03
150 0 .0 0 0 .00 0.96 131
200 2 .96 20 .3 9 1.07 1.39
250 4 .04 27 .74 1.73 2 ,46
300 8.53 58 .20 1.88 2 .49
350 12.84 88.03 2.64 3.02
400 14.81 101.20 2 .80 3 .24
450 18.60 128.90 3.11 3 .57
500 23 .68 164.18 3.87 4.83

0 0 .00 0 ,00 0 ,00 0 .00
50 0 .00 0 .00 0 .00 0 .00
100 0 .00 0 .00 0 .70 1.18
150 0 .00 0 .00 0 .90 1.26

0 .1 %  v/v 200 2 .89 20 68 1.14 1.37

d P P P /3 % w t 250 3.86 27 .49 1.23 2 .54
B P O  c P C L 300 8.56 60 .7 0 1.91 2.65

350 12.88 91.704 2.53 3.11
400 14.81 105.10 2 ,76 3.29
450 18.82 135.49 3 .02 3.72
500 23 .75 171.13 3.94 4 .70

0 0 .00 0 .00 0 .00 0 .00
50 0 .00 0 0 0 0 .00 0.00
100 0 .00 0 .00 0.63 1.14
150 0.00 0 .00 0 .98 1.28
200 2.75 19.10 1.18 1.31
250 3.93 27 26 1.20 2.53
300 8.79 60 .59 1.97 2 .57
350 13.36 92.563 2,68 3.08
400 14.70 101.50 2 .77 3.34
450 18.27 128.09 3,00 3.66
500 24 .0 7 168.77 4.02 4 .98
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Table L6Dielectrophoretic Behavior of 0.5% v/v 30:1 dPPP/3%wt BPO cPCL

S a m p le s E  (V /m m ) e F A v J i ) Tind
(ร)

Free
(ร)

0 0.00 0 0 0 0 .00 0 .00
50 0.00 0 0 0 0 .00 0 ,00
100 0.63 2 .96 0.72 1.22
150 2.04 11.67 0 .99 1.58
200 4 .38 25 .1 0 1.27 1.95
250 6.83 39 .22 1.88 2.73
300 11.15 64.01 2.42 2 .96
350 15.57 89.52 2.66 3.10
400 19,29 112.50 2.89 3.27
450 24 .84 146.31 3.41 3.98
500 28 .48 165.97 4 .9 7 5 .30

0 0.00 0.00 0 .0 0 0 .00
50 0.00 0 .00 0 .00 0 .00
100 0 .82 4 .39 0 .66 1.13
150 2.28 14.81 1.03 1.63

0 .5 %  v/v 200 4 .50 29.28 1.42 2 .06

d P P P /3 % w t 250 7.19 46 .88 2.01 2.68
B P O  cP C L 300 11.70 76.32 2 .56 3.07

350 15.53 101.44 2 .74 3.16
400 18.40 122.07 2 .90 3.34
4 5 0 24.43 163.62 3.44 3.86
500 28 .73 190.30 4 .72 5.42

0 0 .0 0 0 0 0 0 .00 0 .00
50 0 .00 0.00 0 .0 0 0 .00
100 0.55 2.59 0 .66 1.13
150 2 .52 15.03 1.03 1.63
200 4 .10 24 .50 1.42 2 .06
250 7.03 42 .13 2 01 2 .68
300 11.30 6 7 .8 14 2 .56 3.07
350 15.57 93.64 2.74 3.16
400 19.40 118.81 2 ,90 3 .34
450 24 .84 154.21 3 .44 3 .86
500 27 .79 170.69 4 .72 5.42
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Table L7Dielectrophoretic Behavior of 1.0% v/v 30:1 dPPP/3%wt BPO cPCL

S a m p le s E  (V /m m ) 0 F A  p N ) Tind
(ร) ร

0 0 .00 0 .00 0 .00 0 .00
50 0 .00 0 .00 0 .00 0 .00
100 0 .82 4 .16 0 .78 1.29
150 4 .13 27 .15 1.77 2.52
200 6 .02 39 .74 2.85 3.17
250 9 .97 65 .6 7 3.21 3.98
300 14.34 94.62 3.79 4,05
350 19.97 132.20 4 .22 4.61
400 27 .66 181.52 4 .83 5.21
450 30.86 206 .28 5.33 5.51
500 31 .40 2 1 6 .46 5.89 6.28

0 0 .00 0 .00 0 .0 0 0.00
50 0 .00 0 .00 0 .0 0 0.00
100 1.09 5.78 0.96 1.33
150 4.23 28 .7 4 1.77 2.72

1.0%  v/v 200 6 .1 0 41 .63 2.74 3.12

d P P P /3 % w t 250 10.74 73.03 3.33 3 .87
B P O  cP C L 300 14.11 96.11 3 .86 4 .12

350 20.23 138.26 4 .10 4 .72
400 2 7 .6 7 187.42 4.73 5 .30
450 30.49 2 1 0 .27 5.18 5 .48
500 31.61 224 .76 6 .04 6 .37

0 0 .00 0.00 0 .0 0 0 .00
50 0 .0 0 0 .00 0 .00 0 .00
100 0 .66 3.38 0 .84 1.28
150 4 .07 27.55 1.64 2 .83
200 5.99 40 .68 2 .87 3.25
250 9.78 66 .28 3.15 3.88
300 14.95 101.56 4 .03 4 .20
350 19.38 132,35 4 .18 4 .70
400 27 .3 4 185.21 4 ,6 7 5 .22
450 30 .89 213 .60 5.25 5.54
500 31 .54 225 .64 6.11 6.41
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Figure LI The comparison of deflection angle (6) as a function of electric field 
strength of PCL films and PPP/PCL composites.

Figure L2 The comparison of dielectrophoresis force (Fd) as a function of electric 
field strength of PCL films and PPP/PCL composites.
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(a)
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Figure L3 The deflection of a) Neat PCL b) 3%wt BPO cPCL c) 0.01% v/v 30:1 
dPPP/3%wt BPO cPCL d) 0.05% v/v 30:1 dPPP/3%wt BPO cPCL e) 0.1% v/v 30:1 
dPPP/3%wt BPO cPCL f) 0.5% v/v 30:1 dPPP/3%wt BPO cPCL and g)1.0% v/v 
30:1 dPPP/3%wt BPO cPCL in the absence of electric field and under 500 v/mm of 
electric field.



Appendix M Mechanical Properties of PCL Films

Universal testing machine (Lloyd, LRX) was deployed to determined 
Young’s modulus (E) of PCL films. First, the sample was cut into the rectangular 
shape (1x7x0.5 cm). The measurement was accomplished with the crosshead speed 
of 30 mm/min and the gauge length of 30 mm, which were adapted from ASTM 
882. The result shows that Young’s modulus decreases with increasing benzoyl 
peroxide (BPO) concentration, which were used as the crosslinking agent of PCL, 
corresponds with the restriction of the strain-induced crystallization that causes the 
strain hardening of the film. The higherBPO concentration, the more restriction of 
the induced crystallization is.

1 .2e+6

1 .0e+6

8 .0 e+ 5j3
3
0  6 .0e+ 5

1  4 .0 e+ 5

2 .0e+ 5
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Figure Ml Young’s modulus of the PCL fdms at various BPO concentration of.
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Table Ml The raw data of Young’s modulus of the PCL films at various 
concentration of BPO

Samples Young’s Modulus (kPa) Standard Deviation 
(kPa)

Neat PCL 1,035.9 20.4

1 % wt BPO cPCL 284.6 9.4

3 % wt BPO cPCL 259.2 9.7

5 % wt BPO cPCL 228.9 2.7

7 % wt BPO cPCL 213.9 11.3

10 % wt BPO cPCL 185.8 12.3

Table M2 Young’s modulus compared to previous works

%  w t o f  B P O E  (M P a ) E (M P a )  
Mo-ling et al., 1999

E (M P a )  
Han et al., 2007

0 1,032.6 362.3 284
1.0 284 .6 317 .8 257
3.0 259 .2 193.3 230
5.0 228 .9 194.8 -
10.0 185.8 117.8 -
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