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APPENDICES

Appendix A Structural Characterization of Alkyl Urocanates

All alkyl urocanates (C1U-C7U) were successfully prepared as confirmed 
by FTIR, 'H NMR, and ESI-MS as follows. The compounds obtained showed a 
significant ester peak at 1710-1720 cm'1. In addition, the imidazole group was 
confirmed by its characteristic peaks at 3600-2400 cm' 1 (H—N-H stretching), 1623 
cm' 1 (C-N stretching), 1455 cm' 1 (C-C stretching), and 1272 cm' 1 (C-N 
stretching).The imidazole protons and the hydrocarbon were confirmed at 12.45-6.40 
ppm and proton at 5.05-0.85 ppm, respectively. ESI-MS further confirmed the 
molecular weight with the m/z to be 153.07, 167.08, 195.12, 181.10, 209.13, 223.14, 
and 237.16, for C1U-C7U, respectively.
'H NMR of C1U (DMSO-d6 ) 8 : 12.48 (1H, ร, N-H), 7.78(1H, ร, CH imidazole ring), 
7.56 (1H, ร, CH imidazole ring), 7.54 (1H, d, CH=CH), 6.34 (1H, d, CH=CH), and 
3.68 (3H, t, CH3).
'H NMR of C2U (DMSO-d6 ) 8 : 12.48 (1H, ร, N-H), 7.78 (1H, ร, CH imidazole 
ring), 7.54 (1H, ร, CH imidazole ring), 7.51 (1H, d, CH=CH), 6.34 (1H, d, CH=CH),
4.15 (2H, m, CH2), and 1.23 (3H, t, CH3).
'H NMR of C3U (DMSO-d6 ) 8 : 12.50 (1H, ร, N-H), 7.78 (1H, ร, CH imidazole 
ring), 7.55 (1H, ร, CH imidazole ring), 7.51 (1H, d, CHCH), 6.36 (1H, d, CH=CH),
4.06 (2H, m, CH2), 1.65 (2H, m, CH2), and 0.92 (3H, t, CH3).
'H NMR of C4U (DMSO-d6 ) 8 : 12.38 (1H, ร, N-H), 7.75 (Iff, ร, CH imidazole 
ring), 7.59 (1H, ร, CH imidazole ring), 7.54 (1H, d, CH=CH), 6.35 (1H, d, CH=CH),
4.11 (2H, t, CH2), 1.61 (2H, m, CH2), 1.37 (2H, m, CH2) and 0.92 (3H, t, CH3).
'H NMR of C5U (DMSO-d6 ) 8 : 12.41 (1H, ร, N-H), 7.78 (1H, ร, CH imidazole 
ring), 7.60 (1H, ร, CH imidazole ring), 7.54 (1H, d, CH=CH), 6.35 (1H, d, CH=CH),
4.08 (2H, t, CH2), 1.62 (2H, m, CH2), 1.32 (2H, m, CH2) and 0.88 (3H, t, CH3).
>H NMR of C6U (DMSO-d6 ) 8 : 12.49 (1H, ร, N-H), 7.77 (1H, ร, CH imidazole 
ring), 7.53 (1H, ร, CH imidazole ring), 7.50 (1H, d, CH=CH), 6.35 (1H, d, CH=CH),
4.09 (2H, t, CH2), 1.62 (2H, m, CH2), 1.32 (2H, m, CH2) and 0.87 (3H, t, CH3).
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'H NMR of C7U (DMSO-d6 ) 5: 12.37 (1H, ร, N-H), 7.76(1H, ร, CH imidazole ring), 
7.54(1H, ร, CH imidazole ring), 7.51 (1H, d, CH=CH), 6.33 (1H, d, CH=CH), 4.10 
(2H, t, CH2), 1.62 (2H, m, CH2), 1.32 (2H, m, CH2) and 0.87 (3H, t, CH3).
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Table Al Single crystal parameter of urocanic acid, CO

Compound
Empirical formula 

Formula weight 
Crystal system 
Space group 

Unit cell dimensions
a (A) 
b(A)
C ( A )

V ( Â 3)

z
Goodness-of-fit on F2

CO
c 6h 6n 20 2

138.13
orthorhombic

P2\2\2\

6.70(3)
9.50(3)
12.80(8)
815(6)

4
1.082
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Appendix B Proton Conductivity of C1U, C2U, C3U, C5U, and C7U by VTF 
Equation
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Figure B1 Proton conductivity of C1U (a) evaluated by Arrhenius equation and (b) 
evaluated by VTF equation, and C2U (c) evaluated by Arrhenius equation and (d) 
evaluated by VTF equation with a dot line referring to Tm.
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Figure B2 Proton conductivity of C3U (a) evaluated by Arrhenius equation and (b) 
evaluated by VTF equation with a dot line referring to Tm.
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Figure B3 Proton conductivity of C5U (a) evaluated by Arrhenius equation and (b) 
evaluated by VTF equation, and C7U (c) evaluated by Arrhenius equation and (d) 
evaluated by VTF equation with a dot line referring to Tm.



97

Appendix c Glass Transition Temperature of Alkyl Urocanates
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Alkyl urocanates

Figure Cl Glass transition temperature (Tg) of alkyl urocanates (a) 2nd heating 
profile from DSC and (b) Tg in each derivative.
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Appendix D Determination of Ion Exchange Capacity (IEC) and Degree of 
Sulfonation (DS)

The ion exchange capacity (IEC) of SPEEK was estimated by titration. 
Before titration, the membrane was acidified by soaking in HC1 solution (1 mol L'1) 
for 6  hours at 80 °C._Next, the membrane was dried in a hot air oven for 1 day. A* 
standard aqueous NaOH (1 mol L'1) was used for titration. The protonated 
membranes (0.5-1.0 g) were immersed in NaCl solution (1 mol L'1) more than 18 
hours. The solutions obtained were then titrated with NaOH (0.1 mol L'1) to 
determine the sulfonation degree based on the IEC value using the following 
equations ]’2. The molar quantity of the sulfonic acid group in the SPEEK membrane 
was calculated by:
N h +  =  ( M V ) N a O H / V  NaCl (  1 )

where M N a O H  is the molar concentration of NaOH, V N a O H  is volume of 
NaOH solution, and V N a c i is volume of NaCl solution. IEC can be calculated by:
IEC = [NH+/w Sample] (mol (l.g)-') (2)

where Nh+ is the molar concentration of protons obtained from the sulfonic 
acid group and Wsampie is the weight of the SPEEK membrane that was used for 
titration. The IEC of our SPEEK is 1.654 mol (l g)'1.

The sulfonation degree (DS) of SPEEK can also be evaluated by 'H NMR
3,4 as Eq. 3.

ท/12-2n =  1แ13 / [IH1-H12 + IHI4-HI5] (3)
DS = n X  100 . (4)
where ท is the number of I h i3 per repeat unit, I h i3 refers to integration value 

of particular proton next to sulfonic acid group, Im -H !2, and 1HI4-H15 refers to 
integration of aromatic ring which no substitution of sulfonic acid group.
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Figure D1 FTIR spectra of PEEK powder, SPEEK precipitate and 'H NMR of 
SPEEK.
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Appendix E: Characterization of SPEEK-CxU by FTIR
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Figure E l FTIR spectra of SPEEK-C1U.
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Figure E2 FTIR spectra of SPEEK-C2U.
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Figure E3 FTIR spectra of SPEEK-C3U.
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Figure E4 FTIR spectra of SPEEK-C4U.
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Figure E5 FTIR spectra of SPEEK-C5U.
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Figure E6 FTIR spectra of SPEEK-C6U.
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Figure E7 FTIR spectra of SPEEK-C7U.



Appendix F Degradation Temperatures of SPEEK-CxU

Figure FI Degradation temperature of (a) SPEEK, and (b) SPEEK-C1U.
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Figure F2 Degradation temperature of (a) SPEEK-C2U, and (b) SPEEK-C3U.
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Figure F3 Degradation temperature of (a) SPEEK-C5U, and (b) SPEEK-C7U.
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Table FI Degradation and melting temperatures of SPEEK and SPEEK-CxU

Sample name
Degradation temperature (°C) Melting temperature (°C)

T.II Td2 T„4 T„5 Water content (%) Tm
SPEEK - 317.5 514.6 2.98 90

SPEEK-CHJ 93.71 179.26 295.48 356.01 538.41 6.51 150.7
SPEEK-C2U 91.26 201.5 295.48 357.63 532.77 3.76 140
SPEEK-C3U 107.43 243.02 279.34 357.63 502.1 3.66 149.4
SPEEK-C41) 94.5 233.34 295.48 356.82 534.38 3.47 157.7
SPEEK-C5U 102.59 235.76 290.64 360.86 530.34 3.16 137.4
SPEEK-C6IJ 77.57 184.9 293.87 359.24 541.64 2.35 158.3
SPEEK-C7U 95.33 221.23 284.17 360.05 539.22 3.61 153
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Appendix G Proton Conductivity of SPEEK-Cxl) by VTF Equation
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Figure G1 Proton conductivity of (a) SPEEK-C1U, (b) SPEEK-C2U, (c) SPEEK- 

C3U, and (d) SPEEK-C5U by VTF equation.
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Figure G2 Proton conductivity of (a) SPEEK-C7U by VTF equation.
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Appendix H Isosbestic Point of SPEEK-CxU

Figure HI Temperature dependence FTIR spectra of (a) SPEEK-C1U, and (b) 
SPEEK-C2U at wavenumber 1000-1400 cm'1.
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Figure H2 Temperature dependence FTIR spectra of (a) SPEEK-C3U, and (b) 
SPEEK-C5U at wavenumber 1000-1400 cm-1.
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Figure H3 Temperature dependence FTIR spectra of (a) SPEEK-C6 U, and (b) 
SPEEK-C7U at wavenumber 1000-1400 cm'1.
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Appendix I Full Width Haft Maximum of Symmetric Sulfonic Acid Peak of
SPEEK-CxU as a Function of Temperatures

20 40 60 80 100 120 140 160 180 20 40 60 80 100 120 140 160 180

Tem perature/ c Tem perature/°c

Figure II Full width half maximum of sulfonic acid group as a function of 
temperatures of (a) SPEEK-C1U, (b) SPEEK-C2U, (c) SPEEK-C3U, and (d) 
SPEEK-C5U using the OPUS 5.5 program.
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Figure 12 Full width half maximum of sulfonic acid group as a function of 
temperatures of (a) SPEEK-C7U using the OPUS 5.5 program.
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Appendix J Temperature Dependence FTIR of Inter- and Intra- Hydrogen 
Bond Networks

Wavenumber/cm'1 Wavenumber/cm 1

Figure J1 Temperature dependence FTIR spectra of (a) SPEEK-C1U, and (b) 
SPEEK-C2U in range of 2400 cm"1 -  3400 cm'1.
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W avenumber/cm'1 W avenumber/cm'1

Figure J2 Temperature dependence FTIR spectra of (a) SPEEK-C3U, and (b)
SPEEK-C4U in range o f 2400 cm'1 -  3400 cm'1.
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Figure J3 Temperature dependence FTIR spectra of (a) SPEEK-C5U, and (b)
SPEEK-C6 U in range of 2400 cm ' 1 -  3400 cm'1.
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Figure J4
2 4 0 0  c m '1

T e m p e r a tu r e  d e p e n d e n c e  F T IR  s p e c t ra  o f  ( a )  S P E E K -C 7 U  in  r a n g e  o f  
3 4 0 0  c m '1.
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Appendix K Comparison of Proton Conductivity between SPEEK-C4U and 
SPEEK-C6U

Figure K1 P ro to n  c o n d u c t iv i ty  o f  (a )  SPEEK-C4U, (b )  SPEEK-C6U a s  a  f u n c t io n  
o f  te m p e ra tu re s  b a s e d  o n  V T F  e q u a t io n ,  a n d  (c )  s c h e m a t ic  d r a w  o f  p r o to n  c h a n n e l  in 
p o ly m e r  m a tr ix  r e la te d  to  te m p e ra tu re .
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Appendix L Solubility of SPEEK

Table LI D e g re e  o f  s u l fo n a t io n  a n d  s o lu b i l i ty  in  D M S O  o f  S P E E K  u n d e r  v a r ia t io n  
o f  r e a c t io n  t im e

R e a c t io n  t im e  (h o u rs ) D S  (% )* S o lu b i l i ty  in  D M S O

2 21 X

3 43 A
4 4 7 -  A

6 57 o

N o te : X  =  in s o lu b le ,  A  =  p a r t ia l ly  s o lu b le ,  a n d  o  =  s o lu b le  
* D S  is  c a lc u la te d  f ro m  t i t r a t io n  m e th o d .
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T h e  r e la t io n s h ip  b e tw e e n  o p tic a l  a b s o rp t io n  c o e f f ic ie n t  ( a )  a n d  p h o to n  
e n e rg y  is  u s e d  to  e x p la in  a b o u t  e n e rg y  b a n d  g a p  u n d e r  h e a t  t r e a tm e n t  w h ic h  m ig h t  b e  
a t t r ib u te d  to  th e rm o c h r o m ie  p ro p e r ty  o f  p o ly m e r  a s  d e s c r ib e d  b y  u s in g  E q . I . 5 In  
a d d it io n , T h e  o p tic a l  a b s o rp t io n  c o e f f ic ie n t  c a n  b e  c a lc u la te d  b y  E q . 2  d e r iv e d  f ro m  
U rb a c h  ru le .6

Appendix M Calculation of Energy Band Gap (Eg) and Aromatic Carbon in
Cluster (N)

W h e re  A  is  th e  c o n s ta n t ,  h is th e  P la n k ’s c o n s ta n t  (6 .6 2 6  X 1 0 '34 J o u le s  s e c ) , 
V is  th e  f r e q u e n c y  o f  th e  r a d ia t io n ,  a n d  Eg is  th e  o p tic a l  e n e r g y  b a n d  g a p . T h e  ty p e  o f  
t r a n s i t io n  is  r e s p o n s ib le  f o r  th e  a b s o rp tio n  d e p e n d in g  o n  th e  v a lu e  o f  ท, w h e re  ท 
r e fe r s  to  a n  in d e x  th a t  c a n  ta k e  a n y  o f  th e  v a lu e s  1 /2 , 3 /2 ,  2 ,  o r  3 . In  o u r  c a s e , ท =  1 /2 , 
w h ic h  m e a n s  a n  a l lo w e d  d i r e c t  tr a n s i t io n . In  th e  a l lo w e d  d i re c t  t r a n s i t io n ,  s im p ly  
e le c t ro n  is  t r a n s f e r r e d  v e r t i c a l ly  f ro m  th e  to p  o f  v a le n c e  b a n d  to  b o t to m  o f  th e  
c o n d u c t io n  b a n d , w h e re a s  th e  n o n -v e r t ic a l  t r a n s i t io n s  a r e  n o r m a l ly  f o r b id d e n .5-7 Io 
a n d  It a re  th e  in te n s i t ie s  o f  in c id e n t a n d  t r a n s m it te d  l ig h t ,  r e s p e c t iv e ly ,  L  is  th e  
th ic k n e s s  o f  th e  s a m p le  (c m ) .

T h e  n u m b e r  o f  a r o m a tic  c a rb o n  (N )  in  a  c lu s te r  is c o r r e la te d  to  Eg 
d e te rm in e d  b y  u s in g  m o d if ie d  T a u c ’s e q u a t io n .6

Where 2p is the band structure energy of a pair of adjacent 71 sites and p is
taken to be 2.9 eV associated with optical transition in -C = C - structure of
aromatic ring.

a  =  A ( h v  -  Eg)" 
a  =  i / L  In  (Io/It)

(1)

- (2)

N  =  2p7i /  E g (3 )
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Wavelength/nm

Figure Ml. T e m p e r a tu r e  d e p e n d e n c e  U V -V is  s p e c t r a  o f  S P E E K  th in  f i lm  in  r a n g e  
o f  2 0 0 - 8 0 0  n m  a n d  te m p e ra tu re  d e p e n d e n c e  U V - V is  s p e c t ra  in  r a n g e  o f  3 0 0 - 4 0 0  n m
( in s e r te d  f ig u re ) :  2 7  °c (---- ), 5 0  °c (-- ), 7 5  ๐c  (----- ), 1 0 0  °c ( ), 12 5  °c (-----),
15 0  °c (------), 175 ๐c  ( ------ ), 18 6  °c (-----), 198  °c (------), a n d  2 1 3  °c (------- ).
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Figure M2. R e la t io n s h ip  o f  o p t ic a l  a b s o rp t io n  c o e f f ic ie n t  ( d i r e c t  o p tic a l  b a n d  g a p , 
a 2) a n d  p h o to n  e n e r g y  o f  S P E E K  th in  f i lm  a s  a  f u n c t io n  o f  te m p e ra tu re s :  2 5  ๐c  ( • ) ,
5 0  ๐c  (๐), 7 5  °c ( T ) ,  10 0  °c (A ), 125  °c (■ ), 1 5 0  °c (□ ), 175 °c (♦ ), 1 8 6  °c (0), 
198 °c ( À  ) , a n d  2 1 3  °c (V ). B r o k e n  lin e  re fe r s  to  2 5  ๐c.



Appendix N Thermochromie Property of PEEK Thin Film

(a)

(b)
cool down ( d )

At room temperature

Figure N1 (a )  C h e m ic a l  s tru c tu re  o f  P E E K , (b ) S P E E K  th in  f i lm  a t  r o o m  
te m p e ra tu re ,  (c )  a t  h ig h  te m p e ra tu re  ( a b o v e  19 0 ° C ) , a n d  (d )  le a v in g  a t ro o m  
te m p e ra tu re s .
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Appendix o Temperature Dependence FTIR of PEEK Thin Film

Wavenumber/ cm

Figure 0 1  T e m p e r a tu r e  d e p e n d e n c e  F T IR  s p e c t r a  o f  P E E K  th in  f i lm  a s  a  f u n c t io n  
o f  te m p e ra tu re s .
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Appendix P SPEEK Thin Film in Dry System

Figure PI (a )  S P E E K  th in  f i lm  a t 190  °c ( y e l lo w  f ilm ) , a n d  ( b )  S P E E K  th in  f i lm  a t 
d ry  s y s te m  fo r  a n  h o u r  in  tu b e  c o n ta in in g  c a lc iu m  c h lo r id e  d e h y d r a t e d  ( y e l lo w  f ilm ).
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