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APPENDICES

A ppendix  A Identification  o f  FT -IR  Spectrum

Poly(2,5-dimethoxyaniline) (PDMA) was synthesized via the electrochemical 
polymerization of 2,5-dimethoxyaniline and oxalic acid to obtain doped-PDMA. 
FT-IR spectrometer (Bruker, Equinox 55/FRA 106/S) was used to identify the 
functional groups in the absorption mode with 32 scans and a resolution of ± 2 cm'1, 
covering a wavenumbers range of 4000-400 cm'1, using a deuterated triglycine 
sulfate as a detector. Optical grade KBr (Carlo Erba Reagent) was used as the 
background material and the polymer was mixed with dried KBr at a ratio 1:20. The 
FT-IR spectra of D-PDMA show absorption bands as shown in Figure A1 and 
tabulated in Table A1.

Figure A1 The FT-IR spectra of dope- Poly(2,5-dimethoxyaniline) (D-PDMA).
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Figure Al shows the FT-IR spectra of dope- Poly(2,5-dimethoxyaniline) 
displaying characteristics of the oxalic acid group. The board band at 835 cm"1 can be 
assigned to the 0-C=0 in-plane deformation. The absorption bands at 1208 and 
1182 cm"1 are assigned to the C -0  stretching. The bands at 1673 and 3363 cm"1 
represent the c=0 oxalate ion and the O-H stretching, respectively. These results 
confirm the success of the doped-PDMA.

T able A1 The FT-IR absorption spectra of D-PDMA

W avenum bers ( c m 1) A ssignm ents R eferences

817 0-C = 0  (in-plane deformation) Patil e t a l ., 2002
1260-1000 C -0  (stretching) Patil e t a l., 2002

1647 c=0 (oxalate ion) Patil e t a l., 2002
3350 O-H (stretching) Patil e t a l., 2002
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The thermogravimetric analyzer (Perkin Elmer, TGA7) was used to study 
the thermal stability and to determine the decomposition temperature of 
poly(2,5dimethoxyaniline). The experiment was carried out by weighting a powder 
sample of 5-10 mg and placed it in a platinum pan, and then heated it with a nitrogen 
flow at the heating rate of 10 °c/min from 50 - 800 °c.

From Figure Bl, the TGA thermogram of D-PDMA shows a two-stage 
weight change:

1) The decomposition of D-PDMA chain around 118.7 °c
2) The complete degradation of D-PDMA around 283.0 ๐c.

Appendix B The Thermogravimetry Analysis or TGA

Figure B l  TGA thermogram of D-PDMA.
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Figure C l Voltage vs. current data of the probe number 1 calibration with Si-wafer 
whose sheet resistivity of 107.373 f2/sq, 25°c, 60-65 %RH on a log scale.

Table C l Voltage-current data of the probe number 1 calibration with Si-wafer 
whose sheet resistivity of 107.373 Q/sq, 25°c, 60-65 %RH

V I K=I/V*p/t
1 2 3 1 2 3 1 2 3

0.9 0.9 0.9 1.82E-06 1.83E-06 1.88E-06 0.000217026 0.000217965 0.000224296
0.8 0.8 0.8 1.56E-06 1.55E-06 1.56E-06 0.000209111 0.000207938 0.000208828
0.7 0.7 0.7 1.28E-06 1.26E-06 1.26E-06 0.000196204 0.000194032 0.000192967
0.6 0.6 0.6 1.22E-06 1.25E-06 1.22E-06 0.000217884 0.000224239 0.000218999
0.5 0.5 0.5 1.08E-06 1.09E-06 1.10E-06 0.000232057 0.000233194 0.000235675
0.4 0.4 0.4 7.47E-07 7.58E-07 7.34E-07 0.000200519 0.000203495 0.000197146
0.3 0.3 0.3 4.19E-07 3.83E-07 3.73E-07 0.000149869 0.000136913 0.000133588
0.2 0.2 0.2 2.58E-07 2.57E-07 2.08E-07 0.000138291 0.000138013 0.000111561
0.1 0.1 0.1 9.30E-08 9.35E-08 9.55E-08 9.98287E-05 0.000100367 0.00010253
0.05 0.05 0.05 4.30E-08 4.26E-08 4.19E-08 9.23326E-05 9.14044E-05 8.99446E-05
0.01 0.01 0.01 1.14E-08 1.13E-08 1.17E-08 0.000122844 0.000120863 0.000125595
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Correction factor (K)
1 2 3 Avg. SD

0.000170542 0.000169857 0.000167375 1.69E-04 1.66623E-06

0.0 .2 .4 .6 .8 1.0
Voltage (V)

Figure C2 Voltage vs. current data of the probe number 1 calibration with Si-wafer 
whose sheet resistivity of 107.373 o/sq, 25°c, 60-65 %RH.

The electrical conductivity (a) was measured by using the two-point probe 
mater connected with a voltage supplier in which constant voltage can be varied and 
the current is measured. The regime that the responsive current is linearly 
proportional to the applied voltage is called the linear Ohmic regime which can be 
identified by plotting the applied voltage against the resultant current. The voltage 
and the current in the regime were converted to the electrical conductivity by 
following equation:

a  = l / p  = l / ( R * t )  =  l / ( R s  *v*t) (C 4)
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where a  is the specific conductivity (S/cm), 
p  is the specific resistivity (fi.cm),
Rs is the sheet resistance (Q/sq), 
t is the thickness of sample pellet (cm),
V  is the applied voltage (Voltage drop)(V),
I is the measured current (A),
K  is the geometric correction factor of the two-point probe meter. 

All sample thicknesses were measured by using a thickness gauge.

T a b l e  C2 Thicknesses of PDMA sample

T h i c k n e s s  ( c m ) A v g
0 .1 9 2 0 .1 9 7 0 .1 9 5 0 .1 9 4 7

T a b l e  C3 Voltage-current data of PDMA

V I <J = I/(R S xVxt)

0.1 1 .0 3 E - 0 9 1 .0 2 E - 0 9 1 .0 2 E - 0 9 0 .0 0 0 3 1 2 0 0 .0 0 0 3 0 9 1 0 . 0 0 0 3 0 9 0
0.2 2 .2 3 E - 0 9 2 .2 7 E - 0 9 2 .2 3 E - 0 9 0 .0 0 0 3 3 8 5 0 .0 0 0 3 4 5 2 0 .0 0 0 3 3 9 3
0 .3 3 .2 3 E - 0 9 3 .5 7 E - 0 9 3 .4 3 E - 0 9 0 . 0 0 0 3 2 7 4 0 .0 0 0 3 6 1 5 0 .0 0 0 3 4 8 0
0 .4 4 .6 6 E - 0 9 4 .6 2 E - 0 9 4 .5 2 E - 0 9 0 . 0 0 0 3 5 3 9 0 .0 0 0 3 5 1 2 0 .0 0 0 3 4 3 2
0 .5 5 .8 0 E - 0 9 6 .0 9 E - 0 9 6 1 2 E - 0 9 0 . 0 0 0 3 5 2 9 0 .0 0 0 3 7 0 3 0 .0 0 0 3 7 1 8
0.6 7 .6 4 E - 0 9 7 .5 3 E - 0 9 7 .7 3 E - 0 9 0 .0 0 0 3 8 7 1 0 .0 0 0 3 8 1 3 0 .0 0 0 3 9 1 6
0 .7 8 .8 4 E - 0 9 8 .9 4 E - 0 9 8 .9 3 E - 0 9 0 . 0 0 0 3 8 3 9 0 . 0 0 0 3 8 8 2 0 .0 0 0 3 8 7 6
0.8 9 .5 1 E - 0 9 9 .6 4 E - 0 9 9 .6 8 E - 0 9 0 .0 0 0 3 6 1 4 0 .0 0 0 3 6 6 3 0 .0 0 0 3 6 7 7
0 .9 1 .0 7 E - 0 8 1 .0 2 E - 0 8 1 .0 3 E - 0 8 0 .0 0 0 3 6 0 5 0 .0 0 0 3 4 3 8 0 .0 0 0 3 4 7 5

S p e c i f i c  c o n d u c t i v i t y ( S / c m )
1 2 3 A v g . S D

0 .0 0 0 3 5 3 1 0 .0 0 0 3 5 7 4 0 .0 0 0 3 5 6 2 0 . 0 0 0 3 5 5 6 0.0000022



Table C4 T he sp ec ific  con d u ctiv ity  (S /cm ) o f  PDMA
S a m p l e s S p e c i f i c  c o n d u c t i v i t y ( S / c m )

P D M A ( 3 . 5 5 6 ± 0 . 0 2 2 ) x l 0 ‘4
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A p p e n d i x  D  C y c l i c  v o l t a m m e t r y  ( C V )  o f  P D M A

Multi-Channel Potentiostat (VMP, Bio Logic Science Instrument) was used 
to determine the electrochemical properties of PDMA through the cyclic 
voltammetry (Huang, e t al. 2002). Cyclic voltammetry (CV) is a simple and 
valuable technique to study the polymerization and properties of electroactive 
polymers. The current flowing through the working electrode/solution interface is 
monitored as a function of the applied potential. Both qualitative and quantitative 
data may be obtained and the technique finds a particular use in preliminary studies 
of new systems. CV shows the potentials at which oxidation and reduction processes 
occur, the potential range over which the solvent is stable, and the degree of 
reversibility of the electrode reaction (Argun, 2004).

The experiment was separated in two parts:

First Part
Cyclic voltammetry was used to study the synthesis performance of PDMA 

between -0.5 to +0.5 V for 50 cycles with a sweep rate 20 mV/ร in a solution of 0.1 
M of oxalic acid and 0.125 mol of DMA. Measurements were carried in a cuvette 
cell of a 1 cm path length, assembled with a three electrodes cell consisting of a 
Ag/AgCl electrode and two pieces of the ITO glass, used as the reference electrode, 
the working electrode, and the counter electrode, respectively, as shown in Figure 
Dl. The electrochromic device was compiled with the following configuration:

ITO II DMA -  C2O4H2 2H2O II ITO
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ITO glass as counter electr

cuvette

ITO glassas working electrode

0.125 mol of DMA in 0.1 M oxalic acid

Ag/AgCl electrode 
as the reference electrode

F i g u r e  D 1  Schematic of a Multi-Channel Potentiostat cell to study the synthesis 
PDMA.

The c v  curve was recorded during the electropolymerization of PDMA. It 
can be seen that the DMA monomer was electroactive. Figure D2 shows cycles of 
the CV curve revealing two redox peaks corresponding to the transition. The first 
redox is the transition between leucoemeraldine and emeraldine (A/A’, +0.15 / -0.02 
V) and the second redox is the transition between emeraldine and pernigraniline 
(B/B\ + 0.28 / +0.18 V) during to the growth of the film in the oxalic acid (Huang, e t 
al. 2003). Upon subsequent cycles, there were gradual increases in the current 
intensity representing the broad anodic and cathodic peaks corresponding to the 
oxidation and the reduction of PDMA, indicating that the films were formed on the 
surface of ITO more easily (Longjian, e t al. 2009).



6 2

no of cyde = 1
no of cy d e - 10
no of cyde - 20
no of cyde = 30
no of cyde - 40

--------- no of cyde = 50

E N  VS Ag/Agcl

F i g u r e  D 2  Cyclic voltammogram of the PDMA film grown on the ITO electrode in 
the 0.1 M of oxalic acid aqueous electrolyte, [DMA] = 0.125 mol at the potential 
range of -0.5 to +0.5 V, and a scan rate of 20 mV/ร for 1-50 cycles.

Second Part
The potentials were used to study the life time of PDMA film, between -0.5 

to +0.5 V for 100 cycles with a sweep rate 20 mV/ร in 0.001 M HC1 electrolyte 
solution and 0.001 M H2SO4 electrolyte solution, respectively. Measurements were 
carried in a cuvette of a 1 cm path length, assembled with a three electrodes cell 
consisting of a Ag/AgCl electrode, ITO glass and PDMA on ITO glass used as the 
reference electrode, the working electrode, and the counter electrode, respectively, as 
shown in Figure D3. The electrochromic device was compiled with the following 
configuration:

ITO II HCl II PDMA/ ITO and ITO II H2SO4 II PDMA/ ITO
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Ag/ÀgCl electrode
as the reference electrode

F i g u r e  D 3  Schematic of a Multi-Channel Potentiostat cell to study the life time of 
PDMA film.

Figures D4 and D5 show the cycles of the c v  curve switching between the 
fully oxidized and the fully reduced state for 100 cycles. PDMA films on ITO glass 
in 0.001 M HC1 and 0.001 M H2S04 show only 1.43% and 2.43% change in the 
transmittance, as represented in Figures D6 and D7, respectively. The results indicate 
that after 100 cycles, this PDMA film in both electrolyte still have good efficiency.
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------- no of cycle -  1
------- no of cycle = 20
------- no of cycle = 40
—  no of cycle = 60
-------no of cycle = 80
------- no of cycle = 100

Figure D4 Cyclic voltammogram of the PDMA film on the.ITO electrode switching 
between redox reactions in the 0.001 M of HC1 aqueous electrolyte at the potential 
range of -0.5 to +0.5 V and with a sweep rate 20 mV/ร for 1-100 cycles.

E/V vs Ag/Agcl

------- no of cycle = 1
------  no of cycle = 20
------ no of cycle = 40
----  no of cycle = 60
------- noofcycle= 80
------  no of cycle = 100

Figure D5 C y c lic  voltam m ogram  o f  the PDMA film  on  the ITO electrod e sw itch in g
b etw een  redox reactions in  the 0.001 M o f  H2SO4 aqueous e lectro ly te  at the potential
range o f  -0 .5  to  + 0 .5  V  and w ith  a sw eep  rate 2 0  m V /ร for 1 -100  cy c le s .
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Figure D6 The % transmittance of PDMA film coated on the ITO electrode before 
and after 100 cycles in 0.001 M HC1 electrolyte.

Figure D7 T he % transm ittance o f  P D M A  film  coated  on  the ITO  electrode before
and after 100 c y c le s  in 0.001 M H2SO4 electro lyte.
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UV-VIS absorption spectrophotometer (Shimadzu, UV-1800) was used to 
investigate the electrochromic properties, and to identify properties of the conducting 
polymer related to the electronic structure and the optical behavior of the redox 
processes. Measurements were carried out in a cuvette cell of 1 cm path length, 
assembled as an electrochemical cell with the PDMA film coated 1TO glass as the 
working electrode, another ITO glass as the counter electrode, and with HC1 and 
แ 2ร0 4ทร supporting electrolyte, respectively, as shown in figure El. The wavelength 
range was 300-900 nm, the scan speed was 240 mm/min, a slit width of 1.0 nm, 
using a deuterium, and a tungsten lamp as the light source.

Appendix E UV-VIS absorption spectrophotometer of PDMA

as counter electroi
ITO glass

HCl or
H: ร0 4

ITO glass
as working electrode

-  PDMA film

cuvette

Figure E l  S ch em atic  o f  a typical electropolym erization  c e ll  for used  w ith  U V -V IS
absorption spectrophotom eter.
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This spectrophotometer was used to investigate the reversible color change 
of PDMA as shown in Figure E2 and to observe the transient color change and the 
response times in the HC1 and H2SO4 electrolytes.

Figure E2 Scheme for the PDMA redox process and the samples.

The absorption spectra of PDMA film on the ITO electrode recorded at 
different potential times in both electrolytes show three peaks at 370 nm, 470 nm and 
720 nm, which correspond to yellow, green, and blue color, respectively. The first 
band at 370 nm corresponds to the fully reduced state of PDMA, called 
“Leucoemeraldine” (yellow color). This band disappears upon the oxidation reaction. 
A decreasing intensity of this band is observed when the potential is shifted to a 
higher value or an extended time. The second band at 470 nm represents to the 
intermediate state, called “Emeraldine” (green color). Atfer a long time, it transforms 
in to a fully oxidized state at 720 nm corresponding to “Pernigraniline” (blue color), 
as shown in Figure E3.
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3 0 0  4 0 0  5 0 0  6 0 0  7 0 0  8 0 0  9 0 0

W avelength (ททา)

Figure E3 UV-VIS spectra of the PDMA film coated on the ITO electrode obtained 
at different times and potentials.

The ability of PDMA switching in redox reaction was detected by color 
change which can be measured by a spectrophotometer. The experiment was 
separated into two parts:

1. Compare the response time between 0.001 M HC1 electrolyte and 
0.001 M H2SO4 electrolyte for each potential.

2. Compare the response time at 1.2 V with different concentrations:
0.001 M, 0.01 M and 0.1 M for each electrolyte.
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First Part
Compare the response time between 0.001 M HC1 electrolyte and 0.001 M 
H2SO4 electrolyte at each applied voltage
The oxidation reaction

Table 1 shows the response time of the PDMA film in the oxidation reaction 
with a fixed voltage and the response time are varied in the 0.001 M HC1 electrolyte 
and the 0.001 M H2SO4 electrolyte. For both electrolytes at 0.2 V to 0.6 V, the colors 
of the PDMA films do not change while at 0.8 V to 1.6 V, the colors of the PDMA 
films change from yellow to blue color.

Table El The response time of PDMA in oxidation reaction at various potentials in 
the 0.001 M HC1 and the 0.001 M H2SO4 electrolytes

Electrolyte Oxidation (Positive Potential)
Volt 0.001 M HC1 H2SO4

0.2 V No change in color 
(Yellow color) No change in color

0.4 V No change in color 
(Yellow color) No change in color

0.6 V No change in color 
(Yellow color) No change in color

0.8 V 34 minute
(Yellow to Blue color) 40 minute

1.0 V 22 minute
(Yellow to Blue color) 18 minute

1.2 V 14 minute
(Yellow to Blue color) 8 minute

1.4 V 6 minute
(Yellow to Blue color) 4 minute

1.6 V 2 minute
(Yellow to Blue color) 1 minute
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The u v  spectra of PDMA film were investigated at 0.2 to 1.6 V every 6 
minute time intervals in the 0.001 M HC1 electrolyte and the 0.001 M H2SO4 

electrolyte.
The spectra at 0.2 V to 0.6 V in the 0.001 M HC1 electrolyte are shown in 

figures E4 -  E6 and in the 0.001 M H2SO4 electrolyte are shown in figures E2 -  E14. 
The initial peak is around 480 nm (yellow color). With increasing the potential time, 
their colors do not change.

The spectra at 0.8 V to 1.6 V in the 0.001 M HC1 electrolyte are shown in 
figures E7 -  E ll  and in the 0.001 M H2SO4 electrolyte are shown in figures E l5 -  
E l9. The highest intensity occurs at around 480 nm which can be referred to a 
yellow color as can be clearly seen in the first spectra. The intensity of this peak 
gradually decreases with increasing potential time. At the same time, the presence of 
another peak at around 680 nm which can be referred to blue color occurs.

Oxidation reaction of PDMA film coated on the ITO electrode in 0.01 M HCI 
electrolyte at 0.2 -  1.6 Volt.

——> 0 min
——-  6 min 
-■—~ 12 min 

18 mm
------- 24 mm
——‘ 30 mm

Figure E 4  In situ  spectra o f  P D M A  film  coated  on  the ITO  electrod e during the
ox id ation  reaction  in  the 0.001 M  HCI electro ly te  at 0 .2  V  at 6  m inute intervals.
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—  0 min
—  6 mm
-------- 12 min
.~~ 18 min

--------24 mm
------- 30 min

Figure E5 In situ spectra of PDMA film coated on the ITO electrode during the 
oxidation reaction in the 0.001 M HC1 electrolyte at 0.4 V at 6 minute intervals.

- .... 0 min
—  6 min
------- 12 m in

18 m in
--------24 m in
— _  30 m in

Figure E 6  In situ  spectra o f  P D M A  film  coated  on  the ITO  electrode during the
oxid ation  reaction in the 0.001 M HC1 electro ly te  at 0 .6  V  at 6 m inute intervals.
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Figure E7 In  s i t u  s p e c t r a  o f  P D M A  f i lm  c o a t e d  o n  t h e  I T O  e l e c t r o d e  d u r in g  th e  

o x id a t io n  r e a c t io n  in  t h e  0 .0 0 1  M  H C 1 e l e c t r o ly t e  a t  0 .8  V  a t 6  m in u t e  in t e r v a ls .

——  0 min
—  6 min 
------- 12 min
- . 18 min

--------24 min
«— -  30 min

Figure E 8  In situ spectra of PDMA film coated on the ITO electrode during the
oxidation reaction in the 0.001 M HC1 electrolyte at 1.0 V at 6  minute intervals.
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-------  0 min
-------- 6 min
—  12 min
-------  18 min
--------24 min
------- 30 min

Figure E 9  In  s i t u  s p e c t r a  o f  P D M A  f i lm  c o a t e d  o n  th e  I T O  e le c t r o d e  d u r in g  th e  

o x id a t io n  r e a c t io n  in  th e  0 .0 0 1  M  H C 1 e l e c t r o ly t e  a t 1 .2  V  a t 6  m in u t e  in te r v a ls .

-------- 0 min
-------- 6 min
_  12 min
™ '  18 min
------- 24 min
------- 30 min

Figure E10 In situ spectra of PDMA film coated on the ITO electrode during the
oxidation reaction in the 0.001 M HC1 electrolyte at 1.4 V at 6  minute intervals.
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-------- 8 min
—  12 mm

19 min
------- - 24 mm
—  3 0 min

Figure E ll  In  s i t u  s p e c t r a  o f  P D M A  f i lm  c o a t e d  o n  t h e  I T O  e l e c t r o d e  d u r in g  th e  

o x id a t io n  r e a c t io n  in  t h e  0 .0 0 1  M  H C 1 e l e c t r o ly t e  a t 1 .6  V  a t 6  m in u t e  in te r v a ls .
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Oxidation reaction of PDMA film coated on the ITO electrode in 0.01 M H2SO4 

electrolyte at 0.2 — 1.6 Volt.

-------  0 m m
-------  6 min
“  12 mm
— ~  18 mm
------- 24 mirt
------- 30 m m

Figure E12 In  s i t u  s p e c t r a  o f  P D M A  f i lm  c o a t e d  o n  th e  I T O  e le c t r o d e  d u r in g  th e  

o x id a t io n  r e a c t io n  in  t h e  0 .0 0 1  M  H 2S O 4 e l e c t r o ly t e  a t 0 .2  V  a t 6  m in u t e  in t e r v a ls .

-------  0 min
-------  6 min
—  12 min
....... 18 min
------- 24 min
------- 30 min

Figure E13 In situ spectra of PDMA film coated on the ITO electrode during the
oxidation reaction in the 0.001 M H2SO4 electrolyte at 0.4 V at 6  minute intervals.
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-------- 0 min
-------- 6 mm
------- 12 mm

18 min
--------24 mm
~— — 3 0  min

Figure E 1 4  In  s i t u  s p e c tr a  o f  P D M A  f i lm  c o a t e d  o n  th e  I T O  e l e c t r o d e  d u r in g  th e  

o x id a t io n  r e a c t io n  in  t h e  0 .0 0 1  M  H2SO4 e le c t r o ly t e  a t  0 .6  V  a t 6  m in u t e  in te r v a ls .

------- 0 ทนก
-------  6 m i ท
— * 12 min

18 mm
------- 24 min
------- 30 min

Figure E15 In situ spectra of PDMA film coated on the ITO electrode during the
oxidation reaction in the 0.001 M H2 SO4 electrolyte at 0.8 V at 6  minute intervals.
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.,.,,,,,1,.,,. 0 min
——  6 min
------ - 12 min

18 mm
--------24 min
------- 30 min

Figure E 1 6  In  s i t u  s p e c t r a  o f  P D M A  f i lm  c o a t e d  o n  th e  I T O  e l e c t r o d e  d u r in g  th e  

o x id a t io n  r e a c t io n  in  t h e  0 .0 0 1  M  H 2S O 4 e l e c t r o ly t e  a t 1 .0  V  a t 6  m in u t e  in t e r v a ls .

-------  0 mm
-------  6 min
—  12 min
—  18 min
------- 24 mm
------- 30 min

Figure E17 In situ spectra of PDMA film coated on the ITO electrode during the
oxidation reaction in the 0.001 M H2 SO4 electrolyte at 1.2 V at 6  minute intervals.
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ท น .......  Q ทาเท
—  g mm
----------------------12 mi ท
..—  18 mi ท
--------24 mi ท
------- 30 ทาเท

Figure E 1 8  In  s i t u  s p e c t r a  o f  P D M A  f i lm  c o a t e d  o n  t h e  I T O  e le c t r o d e  d u r in g  th e  

o x id a t io n  r e a c t io n  in  t h e  0 .0 0 1  M  H2SO4 e le c t r o ly t e  a t 1 .4  V  a t  6  m in u t e  in te r v a ls .

400  500  6 0 0  700  8 0 0  900

--------  0 miri
— _ ร m m
—  1 2 m m
......-  1 8 mi ท
-------- 2 4 m in
-------- 3 0 m in

Wavelength (nm)

Figure E19 In situ spectra of PDMA film coated on the ITO electrode during the
oxidation reaction in the 0.001 M H2 SO4 electrolyte at 1.6 V at 6 minute intervals.
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T h e  r e d u c t io n  r e a c t io n
T a b le  2  s h o w s  t h e  r e s p o n s e  t i m e  o f  th e  P D M A  f i lm  in  t h e  r e d u c t io n  r e a c t io n  

w h e n  th e  v o l t a g e  i s  f i x e d  a n d  t h e  r e s p o n s e  t im e  i s  v a r ie d  in  t h e  0 .0 0 1  M  H C 1  

e l e c t r o ly t e  a n d  in  t h e  0 .0 0 1  M  H 2S O 4 e l e c t r o ly t e .  F o r  b o t h  e l e c t r o l y t e s  a t 0 .2  V  t o  0 .6  

V ,  t h e  c o l o r s  o f  P D M A  f i l m s  d o  n o t  c h a n g e  w h i l e  a t 0 .8  V  t o  1 .6  V ,  t h e  c o lo r s  o f  th e  

P D M A  f i lm s  c h a n g e  f r o m  b lu e  t o  y e l l o w  c o lo r .

Table E2 T h e  r e s p o n s e  t i m e  o f  P D M A  in  th e  r e d u c t io n  r e a c t io n  a t  v a r io u s  p o t e n t ia ls  

in  t h e  0 .0 0 1  M  H C 1  a n d  t h e  0 .0 0 1  M  H 2S O 4 e l e c t r o ly t e s

Electrolyte Reduction (Negative Potential)
Volt 0.001 M HC1 0.001 M H 2S O 4

0 .2  V N o  c h a n g e  in  c o lo r  
( B lu e  c o lo r )

N o  c h a n g e  in  c o lo r  
( B lu e  c o lo r )

0 .4  V N o  c h a n g e  in  c o lo r N o  c h a n g e  in  c o lo r
( B lu e  c o lo r ) ( B l u e  c o lo r )

0 .6  V N o  c h a n g e  in  c o lo r  
( B lu e  c o lo r )

N o  c h a n g e  in  c o lo r  
( B lu e  c o lo r )

0 .8  V 1 2  m in u t e
( B lu e  to  Y e l l o w  c o lo r )

N o  c h a n g e  in  c o l o r  
( B l u e  c o lo r )

1 .0  V 1 0  m in u t e
( B lu e  t o  Y e l l o w  c o lo r )

6  m in u t e
( B l u e  t o  Y e l l o w  c o lo r )

1 .2  V 6  m in u t e
( B lu e  t o  Y e l l o w  c o lo r )

6  m in u t e
( B l u e  t o  Y e l l o w  c o lo r )

1 .4  V 4  m in u t e
( B lu e  t o  Y e l l o w  c o lo r )

4  m in u t e
( B l u e  t o  Y e l l o w  c o lo r )

1 .6  V 2  m in u t e
( B lu e  t o  Y e l l o w  c o lo r )

1 m in u t e
( B lu e  t o  Y e l l o w  c o lo r )

T h e  u v  s p e c tr a  o f  P D M A  f i l m  w e r e  i n v e s t i g a t e d  a t 0 .2  t o  1 .6  V  e v e r y  6  

m in u t e  t i m e  in t e r v a ls  in  t h e  0 .0 0 1  M  H C 1 e l e c t r o ly t e  a n d  in  t h e  0 .0 0 1  M  H 2S O 4 

e l e c t r o ly t e .

T h e  s p e c t r a  a t 0 .2  V  t o  0 .6  V  in  0 .0 0 1  M  H C 1 e l e c t r o l y t e  a r e  s h o w n  in  

f i g u r e s  E 2 0  -  E 2 2  a n d  in  t h e  0 .0 0 1  M  H 2S O 4 e l e c t r o l y t e  a r e  s h o w n  in  f ig u r e s  E 2 8  -  

E 3 0 .  T h e  in i t ia l  p e a k  o c c u r s  a t a r o u n d  7 0 0  n m  ( b lu e  c o l o r ) .  W it h  in c r e a s in g  n e g a t iv e  

p o t e n t ia l  t im e ,  t h e ir  c o l o r s  d o  n o t  c h a n g e .
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T h e  s p e c t r a  a t  0 .8  V  to  1 .6  V  in  th e  0 .0 0 1  M  H C 1 e l e c t r o l y t e  a r e  s h o w n  in  

f ig u r e s  E 2 3  -  E 2 7  a n d  in  t h e  0 .0 0 1  M  H 2S O 4 e l e c t r o l y t e  a r e  s h o w n  in  f ig u r e s  E 3 1  -  

E 3 5 .  T h e  h i g h e s t  i n t e n s i t y  o c c u r s  a t a r o u n d  7 0 0  n m  w h i c h  c a n  b e  r e fe r r e d  t o  b lu e  

c o lo r  a s  c a n  b e  c l e a r ly  s e e n  in  th e  f ir s t  s p e c tr a .  T h e  in t e n s i t y  o f  t h is  p e a k  g r a d u a l ly  

d e c r e a s e s  w i t h  in c r e a s in g  n e g a t i v e  p o t e n t ia l  t im e .  A t  t h e  s a m e  t i m e ,  th e  p r e s e n c e  o f  

o th e r  p e a k  a t a r o u n d  4 8 0  n m  w h i c h  c a n  b e  r e fe r r e d  t o  y e l l o w  c o l o r  o c c u r s .

Reduction reaction of PDMA film coated on the ITO electrode in the 0.01 M 
HC1 electrolyte at 0.2 -  1.6 Volt.

------  0 min -
——  6 เท»ท
—  12 min .

18 min
------ 24 min
------ 30 min

Figure E20 In  s i t u  s p e c t r a  o f  P D M A  f i lm  c o a t e d  o n  t h e  I T O  e l e c t r o d e  d u r in g  th e  

r e d u c t io n  r e a c t io n  in  t h e  0 .0 0 1  M  H C 1 e l e c t r o ly t e  a t 0 .2  V  a t 6  m in u t e  in t e r v a ls .
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I..—-.- 0

i
ï

------ 6 min
—  12 min
—  18 min
------24 min
------30 min

Figure E 2 1  In  s i t u  s p e c tr a  o f  P D M A  f i lm  c o a t e d  o n  th e  I T O  e le c t r o d e  d u r in g  th e  

r e d u c t io n  r e a c t io n  in  t h e  0 .0 0 1  M  H C 1 e le c t r o ly t e  a t 0 .4  V  a t 6  m in u t e  in t e r v a ls .

.........  Q min
— -  6 min
——  12 minCOI min
-------24 min
-------30 min

Figure E22 In situ spectra of PDMA film coated on the ITO electrode during the
reduction reaction in the 0.001 M HC1 electrolyte at 0.6 V at 6 minute intervals.
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-------  0 min
-------  6 min
------- 12 min
— —  18 min
------- 24 min
-------30 min

Figure E 2 3  In  s i t u  s p e c t r a  o f  P D M A  f i lm  c o a t e d  o n  t h e  I T O  e le c t r o d e  d u r in g  th e  

r e d u c t io n  r e a c t io n  in  th e  0 .0 0 1  M  H C 1 e l e c t r o ly t e  a t 0 .8  V  a t 6  m in u t e  in te r v a ls .

-------  0 min
-------  5 min
—  12 min
------- 18 min
------- 24 min
------- - 30 min

Figure E24 In situ spectra of PDMA film coated on the ITO electrode during the
reduction reaction in the 0.001 M HC1 electrolyte at 1.0 V at 6 minute intervals.
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<100 500 6CO 700 • - 8 ๓  900

min

-----  12 mm
■■ • 18 min

-----* 24 ทท!ก
------30 min

Wavelength (nm)

Figure E 2 5  In  s i t u  s p e c t r a  o f  PDMA f i lm  c o a t e d  o n  t h e  ITO e le c t r o d e  d u r in g  th e  

r e d u c t io n  r e a c t io n  in  t h e  0.001 M HC1 e le c t r o ly t e  a t 1.2 V a t 6 m in u t e  in te r v a ls .

-----  0 mm
“—■๒-“‘- 6 mm
—  12 mi ท
... ...  18 ฟ ท
----- 24 mi ก
--------30 เทเท

Figure E26 In situ spectra of PDMA film coated on the ITO electrode during the
reduction reaction in the 0.001 M HC1 electrolyte at 1.4 V at 6 minute intervals.



84

.........  Q mi ท
----------  6 ทา!ท
---------  4 2 min

1 8 m m

---------- 2 4 min
------ - 30 m m

F igure E 2 7  In  s i t u  s p e c tr a  o f  P D M A  f i lm  c o a t e d  o n  th e  I T O  e le c t r o d e  d u r in g  th e
r e d u c t io n  r e a c t io n  in  th e  0 .0 0 1  M  H C 1 e l e c t r o ly t e  a t 1 .6  V  a t  6  m in u t e  in t e r v a ls .

R eduction reaction  o f  PD M A  film  coated on the IT O  electrode in 0.01 M H 2S O 4 

electro lyte at 0.2 -  1.6 Volt.

---------- 0 min
---------- 6 min
----------1 2 min

1 8 min
— - 2 4 min
----------3 0 mm

Figure E28 In situ spectra of PDMA film coated on the ITO electrode during the
reduction reaction in the 0.001 M H2SO4 electrolyte at 0.2 V at 6  minute intervals.
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----- 0 m m

----------  6 m m

— —  1 2 m m

—  1 8 m m

---------- 2 4 min
-----30 mart

F igu re E 2 9  In  s i t u  s p e c t r a  o f  P D M A  f i lm  c o a t e d  o n  th e  I T O  e le c t r o d e  d u r in g  th e  

r e d u c t io n  r e a c t io n  in  t h e  0 .0 0 1  M  H2SO4 e l e c t r o ly t e  a t 0 .4  V  a t 6  m in u t e  in te r v a ls .

-------  0 mirt
—  ร mm
------- 12 mi เา

18 mm
--------24 mm
------- 3 0 mm

Figure E30 In situ spectra of PDMA film coated on the ITO electrode during the
reduction reaction in the 0.001 M H2SO4 electrolyte at 0.6 V at 6  minute intervals.
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- —  0 mm
—  6 min
-------  12 min

13 min
—  24 min
------- 30 mm

400  SOÛ 6 0 0  7 0 0  800  900
Wavelength (nm)

Figure E31 In  s i t u  s p e c t r a  o f  P D M A  f i lm  c o a t e d  o n  t h e  I T O  e le c t r o d e  d u r in g  th e  

r e d u c t io n  r e a c t io n  in  t h e  0 .0 0 1  M  H2SO4 e le c t r o ly t e  a t  0 .8  V  a t 6  m in u t e  in t e r v a ls .

4 0 0  « 3 0  6 0 0  700  303 900

-------- 0 m m
_  6 m m
- —  12 m i n

-------  18 m in

------- 24 m i n

--------3 0 m in

Wavelength (nm)

Figure E32 In situ spectra of PDMA film coated on the ITO electrode during the
reduction reaction in the 0.001 M H2 SO4 electrolyte at 1.0 Y at 6  minute intervals.
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—  0 min
-------  6 min
—  12 mm

18 mm
------- 24 min
------- 30 min

Wavelength (nm)

Figure E 3 3  In  s i t u  s p e c t r a  o f  P D M A  f i l m  c o a t e d  o n  t h e  I T O  e l e c t r o d e  d u r in g  th e  

r e d u c t io n  r e a c t io n  in  t h e  0 .0 0 1  M  H 2S O 4 e l e c t r o l y t e  a t  1 .2  V  a t  6  m in u t e  in te r v a ls .

-------- 0 mm
-------  ร mm
------- 12 mm
- —  18 min

— —  24 min
--------30 mm

Figure E34 In situ spectra of PDMA film coated on the ITO electrode during the
reduction reaction in the 0.001 M H2 SO4 electrolyte at 1.4 V at 6  minute intervals.
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------- 0 กา๒
------- 6 min
------ \ 2 min
—..- 18 min
-------24 min
-------30 min

Figure E 3 5  In  s i t u  s p e c tr a  o f  P D M A  f i lm  c o a t e d  o n  t h e  I T O  e l e c t r o d e  d u r in g  th e  

r e d u c t io n  r e a c t io n  in  th e  0 .0 0 1  M  H2SO4 e le c t r o ly t e  a t  1 .6  V  a t 6  m in u t e  in te r v a ls .
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Second Part

Compare the respond time in the different concentration 0.001 M, 0.01 M and
0.1 M of each electrolyte.

The ox id a tion  reaction
T able 3 sh o w s the response tim e o f  the P D M A  film  in the ox id ation  reaction  

w h en  the v o lta g e  is f ix ed  at 1.2 V  and the response tim e is  varied in the various 
concentrations o f  0 .001  M , 0.01 M  and 0.1 M  o f  the HC1 e lectro ly te  and the H 2SO 4 

electro lyte , resp ective ly . For both electro lytes at 0 .01 M  and 0.1 M , the co lors o f  
P D M A  film s do not change w h ile  at 0 .001 M , the co lors o f  the P D M A  film s change  
from  y e llo w  to b lu e color.

Table E3 T h e resp on se tim e o f  P D M A  in the ox id ation  reaction at 1.2 V  at various 
concentrations in  the HC1 and H2SO4 as e lectro lytes

Electrolyte Oxidation (Positive Potential)
Concentration HC1 H 2SO 4

0.001  M 14 m inute
(Y e llo w  to B lu e  co lor)

8 m inute
(Y e llo w  to B lu e  color)

0.01 M N o  change in  co lor N o  change in  co lor
(Y e llo w  color) (Y e llo w  co lor)

0.1 M N o  change in co lor  
(Y e llo w  color)

N o  change in  co lor  
(Y e llo w  co lor)

T he u v  spectra o f  P D M A  film  w ere m easured at 1.2 V  in  the  
concentrations o f  0 .001 M , 0.01 M  and 0.1 M  for the HC1 e lectro ly te  and the H 2SO 4 

electro lyte.
T he spectra in the concentrations o f  0.01 M  and 0.1 M  HC1 e lectro ly te  are 

sh ow n  in figures E 36  and E 37 and the H 2SO 4 e lectro ly te  are sh o w n  in figures E38  
and E 39. T he in itial peak  occurs at around 4 8 0  nm  (y e llo w  co lor). W ith increasing  
p o sitiv e  potentia l tim e, their co lors do not change.
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T h e  s p e c t r a  in  th e  c o n c e n t r a t io n s  o f  0 .0 1  M  H C 1  e l e c t r o l y t e  a r e  s h o w n  in  

f i g u r e s  E 9  a n d  o f  th e  0 .0 0 1  M  H 2S O 4 e l e c t r o ly t e  a re  s h o w n  in  f ig u r e  E l  7 . T h e  f ir s t  

s p e c tr a  o c c u r s  a t  a r o u n d  3 8 0  a n d  4 8 0  n m  w h i c h  c a n  b e  r e fe r r e d  t o  y e l l o w  w h ic h  

g r a d u a l ly  d e c r e a s e s  w i t h  in c r e a s in g  p o s i t i v e  p o t e n t ia l  t im e .  A t  th e  s a m e  t im e ,  th e  

p r e s e n c e  o f  o t h e r  p e a k  a t  a r o u n d  6 8 0  n m  w h i c h  c a n  b e  r e fe r r e d  t o  b lu e  c o l o r  o c c u r s .

Oxidation reaction of the PDMA film coated on the ITO electrode at 1.2 Volt in 
the concentrations of 0.01 M and 0. 1 M HC1 and H2SO4 electrolytes.

-------  0 min
—  £ min
------- 12 min

-  18 min
------- 24 min
------- 30 m เท

Figure E 3 6  In  s i t u  s p e c t r a  o f  P D M A  f i lm  c o a t e d  o n  th e  I T O  e le c t r o d e  d u r in g  th e  

o x id a t io n  r e a c t io n  in  th e  0 .0 1  M  H C 1 e l e c t r o ly t e  a t  1 .2  V  at 6  m in u t e  in te r v a ls .
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— 12 min 
18 min

30 min

Figure E37 In  s i t u  s p e c t r a  o f  P D M A  f i lm  c o a t e d  o n  t h e  I T O  e l e c t r o d e  d u r in g  th e  

o x id a t io n  r e a c t io n  in  t h e  0 .  1 M  H C 1 e l e c t r o l y t e  a t  1 .2  V  a t 6  m in u t e  in te r v a ls .

— 0 min
— 6  min

— — 12 min
— -  18 min

— 24 min
— 30 min

Figure E38 In situ spectra of PDMA film coated on the ITO electrode during the
oxidation reaction in the 0.01 M H2 SO4 electrolyte at 1.2 V at 6  minute intervals.
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Q min
-------  6 min
— — 12 min

18 mm
------- 24 min
------- 30 mm

Figure E 3 9  In  s i t u  s p e c t r a  o f  P D M A  f i lm  c o a t e d  o n  th e  I T O  e l e c t r o d e  d u r in g  th e  

o x id a t io n  r e a c t io n  in  t h e  0 .  1 M  H2SO4 e l e c t r o ly t e  a t 1 .2  V  a t 6  m in u t e  in t e r v a ls .

T h e  r e d u c t io n  r e a c t io n
T a b le  4  s h o w s  t h e  r e s p o n s e  t i m e  o f  th e  P D M A  f i lm  in  t h e  r e d u c t io n  r e a c t io n  

w h e n  t h e  v o l t a g e  i s  f i x e d  a t 1 .2  V  a n d  th e  r e s p o n s e  t im e  i s  v a r ie d  in  t h e  d i f f e r e n t  

c o n c e n t r a t io n s  o f  0 .0 0 1  M , 0 .0 1  M  a n d  0 .1  M  o f  t h e  H C 1 e l e c t r o l y t e  a n d  H 2S O 4 

e l e c t r o l y t e ,  r e s p e c t i v e ly .  F o r  b o t h  e l e c t r o l y t e s  t h e  c o l o r s  o f  t h e  P D M A  f i l m s  c h a n g e  

f r o m  b lu e  t o  y e l l o w  c o lo r .

Table E4 T h e  r e s p o n s e  t im e  o f  P D M A  in  th e  r e d u c t io n  r e a c t io n  a t 1 .2  V  in  v a r io u s  

c o n c e n t r a t io n s  in  HC1 a n d  H2SO4 a s  e l e c t r o ly t e s

Electrolyte Reduction (Negative Potential)
Concentration HC1 h 2s o 4

0 .0 0 1  M 6  m in u t e
( B lu e  to  Y e l l o w  c o lo r )

6  m in u t e
( B lu e  t o  Y e l l o w  c o lo r )

0 .0 1  M 1 m in u t e
( B lu e  t o  Y e l l o w  c o l o r )

1 m in u te
( B l u e  t o  Y e l l o w  c o lo r )

0 .1  M 0 .2  m in u te
( B lu e  t o  Y e l l o w  c o lo r )

0 .2  m in u t e
( B lu e  t o  Y e l l o w  c o lo r )
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T h e  u v  s p e c tr a  o f  P D M A  f i lm  w e r e  m e a s u r e d  a t 1 .2  V  in  th e  

c o n c e n t r a t io n s  o f  0 .0 0 1  M , 0 .0 1  M  a n d  0 .1  M  f o r  H C 1  e l e c t r o l y t e  a r e  s h o w n  in  

f ig u r e s  E 2 5 ,  E 4 0  a n d  E 4 1 ,  a n d  t h e  H 2S O 4 e l e c t r o ly t e  a r e  s h o w n  in  f ig u r e s  E 3 3 ,  E 4 2  

a n d  E 4 3 ,  r e s p e c t i v e ly .  W ith  in c r e a s in g  th e  n e g a t i v e  p o t e n t ia l  t im e ,  th e ir  c o lo r s  

c h a n g e  f r o m  t h e  h i g h e s t  i n t e n s i t y  p e a k  a t a r o u n d  7 0 0  n m  w h i c h  c a n  b e  r e fe r r e d  to  

b lu e  c o l o r  t o  t h e  a n o th e r  p e a k  a t a r o u n d  4 8 0  n m  w h i c h  c a n  b e  r e fe r r e d  to  y e l l o w  

c o lo r .

Reduction reaction of the PDMA film coated on the ITO electrode at 1.2 Volt in 
the concentration of the 0.01 M and 0. 1 M of the HC1 and H2SO4 electrolytes.

---------  0 min
--------1 min

Figure E 4 0  In  s i t u  s p e c tr a  o f  P D M A  f i lm  c o a t e d  o n  th e  I T O  e l e c t r o d e  d u r in g  th e  

r e d u c t io n  r e a c t io n  in  th e  0 .0 1  M  H C 1 e l e c t r o ly t e  a t  1 .2  V  a t 6  m in u t e  in t e r v a ls .
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Figure E41 In  s i t u  s p e c t r a  o f  P D M A  f i lm  c o a t e d  o n  t h e  I T O  e le c t r o d e  d u r in g  th e  

r e d u c t io n  r e a c t io n  in  t h e  0 .  1 M  H C 1 e l e c t r o ly t e  a t  r .2  V  a t 6  m in u t e  in t e r v a ls .

Figure E42 In  s i t u  s p e c t r a  o f  P D M A  f i lm  c o a t e d  o n  t h e  I T O  e le c t r o d e  d u r in g  th e  

r e d u c t io n  r e a c t io n  in  t h e  0 .0 1  M  H 2S O 4 e l e c t r o l y t e  a t 1 .2  V  a t 6  m in u t e  in te r v a ls .
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----------  0 min
---------0.2 mir>

Figure E 4 3  In  s i t u  s p e c t r a  o f  P D M A  f i lm  c o a t e d  o n  th e  I T O  e l e c t r o d e  d u r in g  th e  

r e d u c t io n  r e a c t io n  in  t h e  0 .1  M  H 2S O 4 e l e c t r o ly t e  a t 1 .2  V  a t 6  m in u t e  in t e r v a ls .
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