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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'L In addition, the imidazole group was
confirmed by its characteristic peaks at 3600-2400 cm1 (H—N-H stretching), 1623
cme (C-N - stretching), 1455 cm (C-C stretching), and 1272 cm1 (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 CLU-C7U, respectively.
'H NMR of C1U (DMSO-ds ) & 12.48 (1H, , N-H), 7.78(1H, , CH imidazole ring),
1.56 (IH, , 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-ds) s: 1248 (IH, , N-H), 7.78 (IH, , CH imidazole
ring), 7.54 (1H, , CH imidazole ring), 7.51 (1H, d, CH=CH), 6.34 (IH, d, CH=CH),
415 (2H, m, CH2, and 1.23 (3H, t, CH3.
'H NMR of C3U (DMSO-ds) s: 1250 (IH, , N-H), 7.78 (IH, , CH imidazole
ring), 7.55 (1H, , CH imidazole ring), 7.51 (IH, d, CHCH), 6.36 (1H, d, CH=CH),
406 (2H, m, CH2, 165 (2H, m, CH2), and 0.92 (3H, t, CH3).
'H NMR of CAU (DMSO-ds) s: 1238 (1H, , N-H), 7.75 (Iff, , CH imidazole
ring), 7.59 (1H, , CH imidazole ring), 7.54 (1H, d, CH=CH), 6.35 (1H, d, CH=CH),
411 (2H,1,CH), 161 (2H, m, CH2), 1.37 (2H, m, CH2 and 0.92 (3H, t, CH3
'H NMR of C5U (DMSO-ds) s: 1241 (1H, , N-H), 7.78 (1H, , CH imidazole
ring), 7.60 (1H, , CH imidazole ring), 7.54 (1H, d, CH=CH), 6.35 (1H, d, CH=CH),
408 (2H, 1, CH2), 1.62 (2H, m, CH2), 132 (2H, m, CH2) and 0.88 (3H, t, CH3)
>HNMR of C6U (DMSO-ds) s: 1249 (1H, , N-H), 7.77 (1H, , CH imidazole
ring), 7.53 (1H, , CH imidazole ring), 7.50 (1H, d, CH=CH), 6.35 (1H, d, CH=CH),
409 (2H, 1, CH2, 1.62 (2H, m, CH2), 1.32 (2H, m, CH2 and 0.87 (3H, t, CH3)
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HNMR of C7U (DMSO-d6) 5 1237 (LH, ,N-H), 7.76(1H, , CH imidazole ring),
754(1H, , CH imidazole ring), 75 (IH, d, CH=CH), 633 (LH, d, CH=CH), 4.10
(2H,t, CH2, L62 (2H, m, CH2), 132 (2H, m, CH and 087 (3H, t, CH).



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(A3
Z
Goodness-of-fit on F2

00)
c6hen 202
138.13
orthorhombic
P2\2\2\

6.70(3)
950(3)
12.8009)
815(6)
4
1082

93
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Appendix B Proton Conductivity of C1U, C2U, C3U, C5U, and C7U by VTF
Equation
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Figure BL 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 ling referring to Tm
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Appendix C Glass Transition Temperature of Alkyl Urocanates
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Appendix D Determination of lon 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 HCL solution (1 mol L")
for 6 hours at 80 °C._Next, the membrane was dried in a hot air oven for 1day. A*
standard aqueous NaOH (1 mol L') was used for ftitration. The protonated
membranes (0.5-1.0 g) were immersed in NaCl solution (1 mol L") more than 18
hours. The solutions obtained were then titrated with NaOH (0.1 mol L") to
determing 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+= (MV)NaOH/VNacCl (1)

Where wvaon IS the molar concentration of NaOH, vwaon IS Volume of
NaOH solution, and vac: is volume of NaCl solution. IEC can be calculated by:
IEC = [NH/W sampiey (Mol (1.)-) 2)

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

The sulfonation degree (DS) of SPEEK can also be evaluated by 'H NMR
34 aSEQ 3

[12-2n = 1 13/ [IH1-Hu2 + 1HI4-HI5] (3)

DS=n 100 . (4)

where is the number of iniaper repeat unit, inis refers to integration value
of particular proton next to sulfonic acid group, Im-H2, and 1HiH5 refers to
integration of aromatic ring which no substitution of sulfonic acid group.
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Appendix E: Characterization of SPEEK-CxU by FTIR
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Figure El FTIR spectra of SPEEK-C1U.
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Figure E2 FTIR spectra of SPEEK-C2U.
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Figure E4 FTIR spectra of SPEEK-CAU.
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Figure E5 FTIR spectra of SPEEK-C5U.
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Figure E7 FTIR spectra of SPEEK-CTU.



Appendix F Degradation Temperatures of SPEEK-CxU
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Figure FI' Degradation temperature of (a) SPEEK, and (b) SPEEK-C1U.
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Figure F3 Degradation temperature of (a) SPEEK-C5U, and (b) SPEEK-CTU.
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Table FI Degradation and melting temperatures of SPEEK and SPEEK-CxU

Sample name

SPEEK
SPEEK-CHJ
SPEEK-C2U
SPEEK-C3U
SPEEK-C41)
SPEEK-C5U
SPEEK-CH1J
SPEEK-CTU

Tl

9311

91.26
10743
945
10259
11.57
95.33

T

179.26
2015
24302
233.34
235.76
1849
21.23

Degradation temperature (°C)

295.48
295.48
219.34
29548
290.64
29387
28417

T4
3175
356.01
357.63
351.63
356.82
360.86
359.24
360.05

T.5
5146
53841
53217
5021
534.38
530.34
4164
53922

Water content (%)
298
651
3.76
3.66
347
316
2.3
361

Melting temperature (°C)
Tm
90
150.7
140
1494
1517
1314
1583
153



110

Appendix G Proton Conductivity of SPEEK-CxI) by VTF Equation

-4.0 - _— -3

45 4Py siee-o- R

Log O

' c
-5.5 : 2
’ —
6.0

-6.5

7.0 +— - - e
0 10 20 30 40 50 60 70

5 10 15 20 25 30 35 40

1000 (T-TO) /K * 1000 (T-Tn)'7K-1
4.4

-4.8
-5.0 e
-5.2
~ . . .

5.4 : 1 : : °

-5.6

Log CT

5.8
6.0

-6.2

-6.4

0 5 10 15 20 25 30 0 5 10 15 20 25 30 35 40
1000 (T-Tj '/K'1 1000 (T-T0)'/K"1

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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Appendix H Isoshestic Point of SPEEK-CxU
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Figure HI Temperature dependence FTIR spectra of (3) SPEEK-C1U, and (b)
SPEEK-C2U at wavenumber 1000-1400 cm'L
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Figure H2 Temperature dependence FTIR spectra of (a) SPEEK-C3U, and (b)
SPEEK-C5U at wavenumber 1000-1400 cm-L
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Figure H3 Temperature dependence FTIR spectra of (3) SPEEK-Cs U, and (h)
SPEEK-CTU at wavenumber 1000-1400 cm'L
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Appendix I Full Wiath Haft Maximum of Symmetric Sulfonic Acid Peak of
SPEEK-CxU as a Function of Temperatures
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Figure Il Full width half maximum of sulfonic acid group as a function of
temperatures of (a) SPEEK-C1U, (h) SPEEK-C2U, (c) SPEEK-C3U, and (d)
SPEEK-C5U using the OPUS 55 program.
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Figure 12 Full width half maximum of sulfonic acid group as a function of
temperatures of (3) SPEEK-C7U using the OPUS 55 program.
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Appendix J Temperature Dependence FTIR of Inter- and Intra- Hydrogen
Bond Networks

Temperature (°C) A Temperature (°C) B
30
40 ,}\ \
/

130 |

0+

Absorbance
Absorbance

2400 2600 2800 3000 3200 3400 2400 2600 2800 3000 3200 3400

Wavenumber/cm'l Wavenumber/cm 1

Figure JL Temperature dependence FTIR spectra of (a) SPEEK-CIU, and (b)
SPEEK-C2U inrange of 2400 cm"1- 3400 ¢cm'L
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Figure J2  Temperature dependence FTIR spectra of (a) SPEEK-C3U, and (b)
SPEEK-C4U in range of 2400 cm'1- 3400 cm'L
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Figure J3  Temperature dependence FTIR spectra of (a) SPEEK-C5U, and (b)
SPEEK-Cs U in range of 2400 cm-»- 3400 cm'L
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Figure J4 Temperature dependence FTIR spectra of (a) SPEEK-C7U in range of
2400 cm'l 3400 cm'L
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Appendix K Comparison of Proton Conductivity between SPEEK-CAU and
SPEEK-C6U

o
- OEDD o D o ® S Temprc OO o 40 ® P Temp.r°C
(a) (b)
4.0 3 ! 5
° * 3 .
:
-4.5 e .
H
v : L4 c 6
2 -5.0 - g .
- -
7
55 i o
® 8
--6.0 i
. f
6.5 i -9 —
4 6 8 10 12 14 16 18 20

4 6 8 10 12 14 16 18 20 22

1000 (T-T,) /K"
ky! uroconate

(C) *va 5 n' n

1000 (T-T,) K"

Alkyl urocanate fei
]
rm N\
ot

Figure KL proton conductivity of (a) SPEEK-C4U, (h) SPEEK-C6U as a function

of temperatures hased on VTF equation, and (c) schematic draw of proton channel in

polymer matrix related to temperature.



Appendix L Solubility of SPEEK
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Table LI pegree of sulfonation and solubility in DM SO of SPEEK under variation

ofreaction time

Reaction time (hours) DS (%)* Solubility in DM SO

2 21
3 43
4 47
6 57

Note: x = insoluble, A = partially soluble, and o = soluble

*DS is calculated from titration method.

X
A
A

0
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AFpendix M Calculation of Energy Band Gap (Eg) and Aromatic Carhbon in
Cluster (N)

The relationship between optical absorption coefficient (a) and photon
energy is used to explain about energy band gap under heat treatment which might be
attributed to thermochromie property of polymer as described by using Eq. 1.5 In
addition, The optical absorption coefficient can be calculated by Eq. 2 derived from
Urbach rule.6

a=A(hv- Eg)" 1)

a=ilL In (lo/lt) S

Where A is the constant, h is the Plank’s constant (6.626 x 10'34 Joules sec),
Vis the frequency of the radiation, and Eg is the optical energy band gap. The type of
transition is responsible for the absorption depending on the value of , where
refers to an index that can take any of the values 1/2, 3/2, 2, or 3. In our case, = 1/2,
which means an allowed direct transition. In the allowed direct transition, simply
electron is transferred vertically from the top of valence band to hottom of the
conduction band, whereas the non-vertical transitions are normally forbidden.57 lo
and It are the intensities of incident and transmitted light, respectively, L is the
thickness of the sample (cm).

The number of aromatic carbon (N) in a cluster is correlated to Eg
determined by using modified Tauc’sequation.6

N = 2p7i/ Eg (3)
Where 2p is the band structure energy of a pair of adjacent 7Lsites and p is
taken to be 2.9 eV associated with optical transition in -C=C- structure of

aromatic ring.
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Figure M. Temperature dependence UV-Vis spectra of SPEEK thin film in range
0f200-800 nm and temperature dependence UV-Vis spectra in range of 300-400 nm

(inserted figure): 27 °C (-=), 50 °C (=), 75 C (=), 200 °C ( ), 125 °C (),
150 °C (), 175 C (=), 186 °C (=), 198 °C (~—), and 213 °C (~).
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Figure M2. Relationship of optical absorption coefficient (direct optical band gap,
a2) and photon energy of SPEEK thin film as a function of temperatures: 25 ¢ (),
50 C (), 75 °C(T), 100 °C (A), 125 °C 1 ), 150 °C € ), 175 °c ( ), 186 °C (0),
198 °C (A ), and 213 °C (V). Broken line refers to 25 C.



Appendix N Thermochromie Property of PEEK Thin Film
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Figure NL (a) Chemical structure of PEEK, (b) SPEEK thin film at room
temperature, (c) at high temperature (above 190°C), and (d) leaving at room
temperatures.
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Appendix O Temperature Dependence FTIR of PEEK Thin Film
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Figureo1 Temperature dependence FTIR spectra of PEEK thin film as a function

of temperatures.
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Appendix P SPEEK Thin Film in Dry System
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—_—
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Figure PI' (a) SPEEK thin film at 190 °C (yellow film), and (b) SPEEK thin film at
dry system foran hour in tube containing calcium chloride dehydrated (yellow film).
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