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CHAPTER 4 Results and Discussion

4.1 Fourier Transform Infrared Spectroscopy
4.1.1 Copper(Il) 4-Aminobenzoate

Copper(Il) 4-aminobenzoate (CAB) was prepared from 4-aminobenzoic acid
and copper(II) acetate monohydrate. Fourier Transform Infrared (FTIR) spectra of the
materials are shown in Figure 4.1- 4.3 and the data collected in Table 4.1.
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Figure 4.1 FTIR spectrum of 4-aminobenzoic acid
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Figure 4.2 FTIR spectrum of copper(IT) acetate monohydrate
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Figure 4.3 FTIR spectrum of copper(II) 4-aminobenzoate
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Table 4.1 FTIR data of 4-aminobenzoic acid, copper( 1) acetate monohydrate and

copper(I) 4-aminobenzoate

T Wavenumbers/cm "
i i | 4-Ami icacid |  Copper(Il) acetate Copper(Il)
C-H (aromatic) | 3230 ! . 3474
Asymmetrical stretching ‘ (w) 1 (s)
[ N-H | 3460 1 - 3255
| Asymmetrical stretching | (s, sh) | | (m)
! N-H | 3363 ] _ ! 3142
Symmetrical stretching . (s, sh) i (m)
-OH 3000-2500 34743271 .
(m, br) (s. br)
C-H (aliphatic) _ 2941 ] _
Stretching (w) |
-C00 1668 1601 | 1609
Asymmetrical stretching (s, br) (s) i (m)
-C00 1442 1445 i 1434
Symmetrical stretching (s) (s) | (m)
-CH; _ 1601 | _
Asymmetrical bending (s) |
-CH; _ 1445 _
Symmetrical bending (s)
C=C (aromatic) 1623 _ | 1625
Asymmetrical stretching (s, sh) ; (s)
C=C (aromatic) 1423 . | 1397
Symmetrical stretching (s, sh) | (s)
&Y B2 — T 1397
Stretching (s) ! t )
|
N-H 852 [ _ | 853
Wagging | (s) | ! (m)
! i
Para substituted aromatic ; 771 { - [ 778
ring i ) i i (m)

s, strong ; m, medium ; w, weak ; br, broad ; sh, sharp



The results indicate that the spectrum of CAB (Figure 4.3) is distinctly
different from that of its starting materials (Figure 4.1 and 4.2), confirming that a
reaction has occurred between 4-aminobenzoic acid and copper(ll) acetate
monohydrate to form copper(Il) 4-aminobenzoate, as written in chemical equation
shown below

Acetonitrile
Cu[CH;COO0J ; + 2 CeHi(NH;)COOH ——  Cu[C4HNH,COO] , + 2CH,;COOH

The spectrum of CAB (Figure 4.3) showed bands due to the presence of
functional groups and bonds expected of it, namely N-H at 3255 cm™ and 3142 cm™,
aromatic C-H at 3474 cm™!, COO (bidentate, bridging) at 1609 cm’ and 1434 cm [1],
aromatic C=C at 1625cm™ and 1397 cm™ and para-substituted aromatic ring at 778
cm’'. From these findings and with reference to the structure of copper(Il) acetate [2],

a proposed structure of CAB is shown in Figure 4.4.
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Figure 4.4 Proposed structure of copper(Il) 4-aminobenzoate
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Several interesting conclusions may be made when the wavenumbers of
functional groups and bonds of CAB are further analysed. Firstly, the N-H bands in
CAB at 3255 cm™ and 3142 cm™ are at lower wavenumbers compared to that of 4-
aminobenzoic acid (at 3460 cm™'and 3363 cm™). Secondly, the C-N bond for CAB (at
1397 cm™) is at higher wavenumber compared to that of 4-aminobenzoic acid (at
1312 cm™). Thirdly, the -COO bands in CAB (at 1609 cm™ and 1434 cm™) are at

lower wavenumbers compared to that of 4-aminobenzoic acid (at 1668 cm™ and 1442

cm™'). The shift in the bers for these functional groups and bonds indicate

that 4-aminobenzoate ligand undergo resonance as shown in Figure 4.5.

A 0~ _fl. o9
H=N cg", <> H i«{— c\.&“

H 0

Figure 4.5 R in 4-aminob ligand

The resonance which occurs weaken the N-H bond but strengthen the C-N
bond, because of the partial double bond formed. It also increases conjugation by
destroying aromaticity in the ring and causes electron drift towards copper(Il) ions.
The positive charge developed on nitrogen may hinder the formation of H-bonds
between CAB chains.



4.1.2 Copper(Il) 4-Aminobenzoate Doped with Iodine

Copper(Il) 4-aminobenzoate (CAB) was doped with different amounts of
iodine (4% to 28%). The FTIR spectra of the doped samples were shown in Figure 4.6
and the data collected in Table 4.2. The spectrum and data for undoped CAB were

also included for comparison.

4000 3000 2000 1500 1000 400
Wavenumber (cm')

1104 %L

4000 3000 2000 1500 1000 400
Wavenumber (cm’)

Figure 4.6 FTIR spectra of copper(II) 4-aminobenzoate doped with different
amounts of iodine
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Figure 4.6 FTIR spectra of copper(Il) 4-aminobenzoate doped with different
amounts of iodine (continue)
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Figure 4.6 FTIR spectra of copper(II) 4-aminobenzoate doped with different
amounts of iodine (continue)
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Figure 4.6 FTIR spectra of copper(Il) 4-aminobenzoate doped with different
amounts of iodine (continue)
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Table 4.2 FTIR data (in cm™) for copper(Il) 4-aminobenzoate doped with different
amounts of iodine

| . % lodine
| 0o a8 i 16 20 24 28
! C-H (aromatic) [ 3474 [3435 [3a46 | 3452 3435 3435 3457 3457
Asymmetrical stretching | (w) | (w) | (w) | (w)  (m) (m) (w) (m)
N-H 3255 j 3252|3253 ‘ 3254 13253 13253 3253 | 3253
Asymmetrical stretching | (m) | (m) | m) @ @ M @ m
i N-H [3142 13142 [3143 [ 3143 3142 3143 3143 3143
| Symmetrical sretching | (m) | (m) | (m) | (m) @ W m
[ -COO bidentate, 1609 | 1608 | 1609 | 1609 | 1610 | 1610 1609 | 1609 |
bridging @ @ @ w m o m m
Asymmetrical stretching | |
-COO bidentate, 1434|1434 [ 1434 | 1434 | 1434 | 1434 1434 | 1434 |
bridging m (@ (@ (@ (m m  m m
Symmetrical stretching | | | | |
C=C (aromatic) 1625 [ 1624 | 1625 | 1625 | 1624 | 1625 | 1625 | 1625 |
Aymmemical swetching | (5) (9 | (& © 6 O 6 |
C=C (aromatic) 1397 [ 1396 | 1397 | 1398 | 1398 | 1398 | 1398 | 1397 |
Symmetrical stretching | (s) ) ) (OO ' (s) (Ol
CN | |
Stretching ! i
N-H wagging 853|854 | 853 |853 | 854 853 | 853 854
@ @ @ m ™ o m m
| Parasubstituted of 778 |78 (718 [ 778 : 778 ‘ 778 718 778
|| emeeme ™ w ® @ @ W mw
s, strong ; m, medium ; w, weak ; br, broad

The results indicate that iodine, at these concentration range, did not affect the

structure of CAB significantly. lodine is a relatively weak oxidizing agent. It was used

as dopant to effect the removal of electron(s) from CAB to form radial cation (CAB")

and triiodide (I;") and/or pentaiodide (Is") counterion via complex formation [3]. The

chemical equations are as follows.



CAB+I, - (CAB)I,
(CAB)L, - [(CAB)I]" +I"
[(CAB)I]" +(CAB)I, - I; +2CAB"

CAB radical cation is expected to retain all the functional groups and bonds present in
CAB, and its structure is not expected to be much perturbed by the planar I;

counterion.

4.1.3 The Effect of Annealing on the Structure of Copper(Il) 4-Aminobenzoate

Copper(Il) 4-aminob (CAB) were led at 50°C — 200°C in nitrogen
gas for 30 minutes. The FTIR spectra of the annealed samples were shown in Figure
4.7 and the data collected in Table 4.3. The and data for led CAB

P

were also included for comparison.

100

904
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Figure 4.7 FTIR spectra of copper(Il) 4-aminobenzoate annealed at different
temperatures for 30 minutes (continue).
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Figure 4.7 FTIR spectra of copper(Il) 4-aminobenzoate annealed at different
temperatures for 30 minutes (continue)
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Figure 4.7 FTIR spectra of copper(Il) 4-aminobenzoate annealed at different
temperatures for 30 minutes (continue)
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Table 4.3 FTIR data of copper(Il) 4-aminobenzoate annealed at different

temperatures for 30 minutes

| Annealed temperature ( 'C )
Assignment T
unannealed | 50 100 150 200
C-H (aromatic) 3474 13435 3446 3452 3435
Asymmetrical stretching (W) (W W () (m)
N-H 13255 3252 3253 3254 3253
Asymmetrical stretching | (m) (m) (m) (m) (m)
N-H 3142 3142 5143 3143 3142
Symmetrical stretching (m) (m) (m) (m) (m)
-COO bidentate, 166 1608 1609 1609 l 1610
bridging (m) (m) (m) (m) ! (m)
Asymmetrical stretching | |
-COO bidentate, 1434 1434 | 1434 M43 Masa
bridging (m) (m) ‘ (m) | (m) | (m)
Symmetrical stretching | | {
C=C (aromatic) 1625 1624 | 1625 11625 | 1624
Asymmetrical stretching ® ® e L) L)
C=C (aromatic) 1397 1396 | 1397 T 1398 71398
Symmetrical stretching ® ©® o ®
C-N | i i
stretching | | |
N-H wagging 853 854 1853 853 854
(m) (m) ! (m) (m) | (m)
Para substituted aromatic ring | 778 778|778 778 778
(m) (m) 1 (m) | (m) | (m)

s, strong ; m, medium ; w, weak ; br, broad

The results indicate that the structure of CAB was not perturbed at 50°C but
the material undergoes a transformation at 100°C and 150°C, and then return to its
initial structure at 200°C. It is noted that the functional groups and bonds are still
present at these temperatures. The observations suggest that CAB oligomers cross-
linked at 100-150°C and the process was completed at 200°C. Similar observation was

noted for poly(p-phenylene vinylene) when heated in vacuum at 200°C for 4 hours [4].
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4.1.4 The Effect of Annealing on the Structure of Copper(Il) 4-Aminobenzoate
Doped with 20% lodine

Copper(Il) 4-aminobenzoate (CAB) doped with 20% iodine were annealed at
50°C-200°C in nitrogen gas for 30 minutes. The FTIR spectra of the annealed samples
were shown in Figure 4.8 and the data collected in Table 4.4. The spectrum and data
for unannealed CAB doped with 20% iodine were also included for comparison.

0 T T T T T
4000 3000 2000 1500 1000 400
Wavenumber (cm )

Figure 4.8 FTIR spectra of copper(Il) 4-ammobenzoate doped with 20% iodine
led at different for 30
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Figure 4.8 FTIR spectra of copper(IT) 4-aminobenzoate doped with 20% iodine
annealed at different for 30 mi ( inue)
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Figure 4.8 FTIR spectra of copper(II) 4-aminobenzoate doped with 20% iodine
led at different for 30 mi (conti




Table 4.4 FTIR data (in cm™) for copper(ll) 4-aminobenzoate doped with 20% iodine
annealed at different temperature for 30 minutes

Annealed temperature ( 'C )

| Assignment
L | unannealed 50 100 150 200
i C-H (aromatic) | 3474 3435 3446 | 3452 3435
| Asymmetrical stretching | (W) (W) | (w) | (w) (m)
[ N-H 3255 282 (3253 3254 3253
| Asymmetrical Stretching | (m) o m (m) (m)
N-H 3142 3142 73143 (3143 3142
Symmetrical stretching | m) fm @ m) | (m)
f -COO bidentate, 11609 1608 11609 | 1609 610
bridging (m) o m C(m) i
Asymmetrical stretching | H
-COO bidentate, 1434 1434 1434|144 1434
bridging (m) fm @ m) (m)
Symmetrical stretching | i | i i
C=C (aromatic) 1625 T1624 1625 11625 Me624
. . | | | |
Asymmetrical stretching (s) ) (s) | © )
C=C (aromatic) 1397 1139 1397 11398 11398 |
Symmetrical stretching (s) ' (s) ! (s) | (s) | (s) i
C-N | |
stretching | l | l
N-H wagging 853 1’854 853 853 "854 ,
(m) ! (m) | (m) ! (m) i (m) !
Para substituted aromatic ring | 778 778 [ 778 | 778 778 i
| (m) | (m) | (m) | (m) | (m)

s, strong ; m, medium ; w, weak ; br, broad

The results indicate that the structure of iodine-doped CAB was not perturbed
at these temperature range, in contrast to that of undoped CAB under similar
conditions. lodine was suggested to effect the formation of CAB radical cations.
These positively charged radicals would repel each other, thus inhibiting cross-

linking.
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4.1.5 Conclusion

FTIR spectroscopy confirmed the presence of all the functional groups and
bonds expected to be present in CAB. It also indicated that 4-aminob ligand

exist as bilised bid bridging ligand. The structure of CAB is simple

and there is little evidence of H-bonding involving the -NH, group presents at the
para- position of the aromatic ring.

FTIR spectroscopy also indicated that the structure of CAB was not affected by
iodine, and that the materials cross-linked at 100-150°C but cross-linking did not

occur when 20% iodine was present in the material.
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4.2 Conductivity

The thickness of the disc, 7 is measured using a digital vernier (Table 4.5). The

diameter, d of the electrode is d using a ing pe and the area of

the electrode, A (Table 4.6) is calculated using the Equation 4.1

3 2
A=nLg 41
2

where d is the average diameter.

Table 4.5 Thickness of sample

Percentage Thickness (£+0.01)mm

of Todine T T T Average
%) 1 2 3 4 s 6 7 3 |9 10 | 7+0.01

| 1 N |

00 080 | 080 | 080 | 079 | 081 | 080 | 080 | 079 | 08 | 080 | 080
W0 064 | 065 | 066 | 063 | 063 | 062 | 063 | 065 | 063 | 063 | 064
79 060 | 039 | 061 | 060 | 060 | 059 | 061 060 | 080 | 035 | 00
120 060 | 0358 | 057 | 058 | 057 | 057 | 057 057 | 057 | 057 | 058
160 050 | 051 | 051 | 052 | 052 | 051 | 052 052 1 551 0% : 052
0.1 070 | 073 | 072 | 071 | 072 | 072 | 072 072 | 074 | 073 | o7
259 052 | 054 | 051 | 055 | 052 | 052 | 052 | 052 | 052 | 052 | 032
279 056 | 036 | 036 | 056 | 056 | 056 | 057 | 056 | 036 | 036 | 056
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Table 4.6

Diameter of electrode

| percentage |

Electrode Diameter (d + 0.0 [ )mm

T

| Area
of lodine T T T i Azoh |
) 1 2 3 N 5 6 78 9 w0 Avernge | 0am®
. d/mm
00 260 | 248 | 264 | 240 | 255 | 241 | 248 | 253 | 257 | 251 251 50
30 210 | 192 | 223 | 202 | 196 | 204 | 208 | 199 | 222 | 200 | 207 34
79 200 | 223 | 191 | 220 | 196 [ 214 | 209 | 201 | 199 | 208 | 207 34
120 240 | 226 | 230 | 231 | 232 | 239 | 236 | 229 | 233 | 234 | 233 3
160 190 | 197 | 198 | 213 | 196 | 189 | 207 | 203 | 199 | 201 99 3
01 220 | 236 | 226 | 240 | 213 | 219 | 224 | 206 | 205 | 225 | 233 39
59 348 | 325 | 329 | 350 | 327 | 350 | 3.09 | 3.1 | 320 | 331 331 86
279 230 | 232 | 221 | 264 | 248 | 233 | 229 | 230 | 236 | 235 | 236 [
An ohmic material obeys Ohm’s law,
\

42

where, I, V and R are the current, potential difference and resistance respectively.

The cond

y, O is

where 7 is the average thickness of the disc.
By substituting Ei

where m is the gradient of the graph of I versus V in the ohmic region.

"

B~

d using the

4.2 into Eq

Taking the logarithm of Equation 4.2,

4.3, the c

logI=log V-logR

50

43

ivity can be written as

44
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The ohmic region is where the gradient of graph log I versus log V equals to |

4.2.1 Conductivity of Copper(Il) 4—Aminobenzoate

Figure 4.9 shows graphs of I versus V and log I versus log V for copper(Il)
4-aminobenzoate (CAB) that obeys Ohm's law. The conductivity calculated for CAB
is in the range 4.1-4.6x10™""' Sem™ (Table 4.7). By comparison, the conductivity of

copper(Il) benzoate (CB) is 6.8x10™"" Sem™ [5].

Table 4.7 Conductivity of CAB before and after emptying trap levels

Conductivity,o x 10" /Sem™
Before Empty Trap I After Empty Trap
Forward 4203 | 426+002
Reverse 4.64 £0.03 4.06 =0.04 |
I
The conduction mechanism for CAB is by i hain and i hain hopping,

The intrachain hopping results from sigma (o) orbital overlap while the interchain

hopping results from pi () orbital overlap. Even though o overlap is less efficient

than 7 overlap, the higher p ial energy of i hain hopping is the limiting factor
in the conductivity of CAB.

CAB is expected to have higher conductivity than CB at room temperature

b the p of el donating -NH, group at the benzoate ligand is

p to the el density in the ring and to reduce the interchain

distance through the formation of hydrogen bonding.
The -NH, group at the benzoate ligand is responsible for the resonance as

shown in Figure 4.5. This results in partial positive charge on nitrogen atom which



inhibit the formation of hydrogen bonding between chains and increase interchain

distance due to repulsion. The increase i t di that Ited should reduce
the interchain conduction. It was reported that in a group of isonitrile derivatives of
the type [Pt(CNR),] [PtCl,] with R as aryl groups, el d
the ligand weaken the metal-metal interaction in the chain [6], thus reducing the

on

intrachain conduction. These two factors may explain why the conductivity of CAB is

not higher than CB as expected.
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Figure 4.9 Graph of (a) I vs V and (b) log I vs log V for copper(1l)
4-aminobenzoate
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Figure 4.10 shows the varation of conductivity of CAB as a function of
temperature between 78K to 300K. The conductivity of CAB drops rapidly between
78-80K as temperature increases. It continues to decrease slowly at a constant rate up
to 276K. This trend indicates that CAB shows metallic behaviour between those
temperature. A transition from metallic to semiconductor behaviour occurs at
temperature 276K. The same effect occurs in chemically doped polyaniline films [7].

Various carrier transport models were applied to ascertain the conducting
mechanism of CAB. Graphs of In & versus 1/T based on band model and in [6T"?]
versus T '* based on Mott’s Variable Range Hopping model (VRH) plotted were
shown in Figure 4.11 and Figure 4.12 respectively for temperatures in the range 80K
to 300K.

The graph of In (oT"?) versus T ** (Figure 4.12) indicates that CAB follows
VRH model [8] between 276-300K. The density of states at Fermi level, N(Eg);
hopping distance, R; hopping energy, AE and density of charge carriers, n are
calculated from the gradient of the graph of In (oT'?) versus T"* between 276-300K
(Figure 4.13). The electron wave function localization length, o’ is equal to the width
of CAB unit, taken as 6x10® cm. The value is assumed to be twice that of pyrrole
monomer which is 3x10® cm [9), since CAB unit may be a dimer.

The gradient, m of the graph of In (6T"?) versus T"“ between 276-300K
(Figure 4.13) can be written as in Equation 4.6.

18.1¢
KN(Ey)

14 )
m=-T," =—( ) =-13.84K* 4.6
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Figure 4.10 Graph of conductivity, o vs.

T of copper(Il)
4-aminobenzoate
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Figure 4.11 Graph of In 6 vs T" of copper(1l) 4-aminobenzoate
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Figure 4.12 Graph of In (6T") vs T""* of copper(Il) 4-aminobenzoate
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Figure 4.13 Graph of In (6T"*) vs T """ of copper(Il) 4-aminobenzoate for
temperature range 276K-300K
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The density of states at Fermi level, N(Ey) for CAB was calculated using

Equation 4.6. The relationship between R, AE and n with temperature are given by
Equations 2.5, 2.6 and 2.7 and rewritten as Equations 4.7, 4.8 and 4.9 and tabulated in
Table 4.8 for T=300K. The variation of R, AE and n respectively with temperature are

shown graphically in Figure 4.14 and 4.15.

R=3.11x107 T™ cm 4.7
AE = 2.98x10° T** eV 48
n=22910"Tem™ 49

Table 4.8 Mott’s variable range hopping parameter for CAB

Gradient of graph, m 138 K™
Density of states at Fermi level, N(Ez) 2.65x107 (eV)'em”
Hopping distance, R 7.47x10* ecm (300K)
Hopping energy, AE 0.02 eV (300K)
Density of charge carriers, n 6.87x10% em™ (300K)
2.0 T L0
20 1105
200 100
| 095
> 180
qD 160 | o AE 0.90 ’:E
2ol xR 085 ©
il 080 =
% 12.01 075 @
100 0.70
80 {065
60 t 060
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340
K
Figure 4.14 Graph of hopping di R and hopping energy, AE vs

emperature T for CAB
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Figure 4.15 Graph of density of charge carriers, n vs temperature, T for
CAB

The density of states, hopping distance and hopping energy at 300K for CAB
are 2.29x10"* (eV)'em™, 7.47x10™ cm and 0.02 eV respectively. These values may be
compared to that of polypyrrole films at 10102 (eVy'em®, 5.81x10* cm and
0.08 eV respectively at the same temperature [9].
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4.2.2 Conductivity of Copper(Il) 4-Aminobenzoate Doped with Iodine

The conductivity data of CAB doped with different percentage of iodine for
forward and reverse polarity is shown in Table 4.9. The graphs are plotted in Figures

4.16 and 4.17 respectively. It is observed that the conductivity is almost constant up to

12% iodine. The conductivity started to i and hed a i at 20%
iodine and then decrease to a minimum at 24% before it increased again at 28%.

It may be concluded that iodine at concentration lower than 12% has no effect

on the conductivity of CAB b the ion of I3 or Is” counterions formed

were not high enough to neutralise the partial charge on nitrogen atom in CAB. The
partial charge on the ni was fully lised at 20% iodine. Between 20%-24%

iodine, the ductivity ds d to a mini b the incorporation of

additional iodine molecules may disturb the carrier transport, as suggested for DA
complex [10]. After 24%, the increase in conductivity cannot yet be explain until
further studies are done.
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Table 4.9 Conductivity of CAB doped with different amounts of iodine before and
after emptying trap levels

Conductivity. x 107"/ Sem™

Percentage of |

f
|
| Forward Reverse
| lodine/% f T T -
| Before Empty | After Empty Trap Before Empty | Aer Empty Trap
I | Trap | i Trap
0.0 | 42+03 | 4.26 £0.02 | 464 2003 406 £0.04
I i
4.0 | 30£02 2801 l 2.69£0.06 295004
| I
| 79 | 41£04 3.68 £0.03 | 34=01 376002
i I I
120 |  34£03 | 278£005 | 292:008 2794003
H 1
+
16.0 333 247£02 | 28706 ' 24201
T
20.0 54+4 253+0.1 i 34+5 | 40+ 10
239 14+2 0.92 £0.02 ; 10403 : L1£02
279 35+3 271102 : 30609 : 26.89 +0.06
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Figure 4.16 Graph of conductivity, o vs percentage of iodine in forward polarity
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Figure 4.17 Graph of conductivity, o vs percentage of iodine in reverse polarity
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Figure 4.18 shows the ductivity versus p for CAB doped with
20% iodine. The graph shows that the sample exhibit metallic behaviour from 80-
300K. Band and Mott’s transport models were applied to the material and the resultant
graphs are shown in Figure 4.19 and 4.20 respectively for temperatures in the range
80K to 300K. Figure 4.19 shows that CAB does not follow the band model. It may be
concluded from Figure 4.20 that CAB doped with 20% iodine follows Mott’s variable
range hopping model (VRH) [8] between 147-300K.

The gradient, m of the graph of In(cT'?) versus T'“ between 147-300K
(Figure 4.21) can be written as in Equation 4.10.

e
m=-TH = 1::1(]; )) =-805K" 410
F

The density of states at Fermi level, N(Er) was calculated using Equation 4.10.
From Equation 2.5, 2.6 and 2.7, the relationship between } ing di R;

hopping energy, AE and density of charge carriers, n with temperature are rewritten in
Equation 4.11, 4.12 and 4.13, and shown graphically in Figure 422 and 4.23
respectively. R, AE and n are calculated for T=300K in Table 4.10 [8].

R=3.11x107 T™ cm 4.11
AE = 2.98x10" T* eV 4.12
n=229x10"Tcm™ 4.13

Table 4.10 Mott’s variable range hopping parameter for CAB doped with 20% iodine

Gradient of graph, m -8.05425 K™

Density of states at Fermi level, N(Er) 231x107 (eV)'em®

Hopping distance, R 4.35x10* cm (300K)

Hopping energy, AE 1 0.013 eV (300K)

Density of charge carriers, n [ 5.97x10" em® (300K) |
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Figure 4.19 Graph of In  vs T" for CAB doped with 20% iodine
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Figure 4.23 Graph of density of charge carriers, n vs temperature, T for CAB
doped with 20% iodine

65



4.3 Effect of Annealing on Conductivity

CAB and CAB doped with 20% iodine were annealed at 50°C, 100°C, 150°C
and 200°C. The conductivity values are shown in Table 4.11 and the graphs are shown

in Figure 4.24 and 4.25.

Table 4.11 Conductivity for CAB and CAB doped with 20% iodine after annealing

; Annealing Conductivity,s x 10"°/ Sem™ |
CAB ‘ 20% iodine-doped CAB
/°c After Empty Trap ‘ After Empty Trap ‘
unannealed 0.426 £0.003 ‘ 2524001 !
50 0.391 +0.003 ‘ 1524007
100 2701 ; 1.13£0.02
150 4.56 +0.06 l 1474001 ‘
200 0.454 +0.002 l 224001 |
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Figure 4.24 shows that annealing of CAB at 50°C did not affect its
conductivity significantly. The conductivity increased when CAB was annealed at
100°C and 150°C. This may be due to cross-linking as suggested in Section 4.13

Cross-linking is expected to i the ductivity if conjugation is not destroyed

at the same time. For CAB, cross-linking was completed at 200°C, and the
conductivity decreased to its previous value for reasons not yet obvious.

For CAB doped with 20% iodine, the ductivity d dtoa

Y

value of 1.13 x 10" Sem™ at 100°C, and then increased again. This may be due to
sublimation of iodine upon heating. The loss of iodine molecules cause the carrier

concentration to reduce and hopping di to i At i

of 150°C and 200°C, the trend in conductivity was similar to that of CAB, and may be

due to the same reasons.
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