CHAPTER III

RESULTS AND DISCUSSION

3.1 Synthesis of PT and P3HT

The synthesis of PT by using found to give varied percent yields
depending on the amount of FeCl:  used /1 Table 3.1. Entry 9 gave the
highest yield of 100%, ' re‘xltuﬂ formed as lump of product

instead of powder. It was"assux trapped in the PT lump,

causing the flocculatio: tto handle for later usages.
Therefore, the more A lon Was, chose synthesizing PT at the mole
ratio of thiophene : FeC ifri : a 0 °C for 6'h and 18 h at room temperature
(entry 8). Since PT canno i$501v 0y solv s, the products were analyzed

only by IR spectroscopy (Table 3 - andt compared to the IR spectrum from

Entry Vole Yield (%)
thiophene : FeCl3 |
1 24h,RT o, 31.3
. FAHITHATHENT o
3 452 RT 43 3
) ﬂ.‘ﬁ’mﬁﬂifﬁ‘ﬂm“\“ﬂ Nnen E{ﬂ
6 3:2 24 h, RT 423
7 33 6h,0°C, 18 h, RT 85.3
8 3:4 6h,0°C,18h, RT 1S
9 3:5 6h,0°C, 18 h, RT 100.0
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Table 3.2 The assignments of the IR spectrum of polythiophene”

PT from
Assignments PT v (cm™) reference 50
v (em™)
Aromatic CH stretching 3070 3080
C=C stretching 1640 1690
C=C stretching 14 1440
C=C stretching ;}

\3&%‘ (y/ 1340
C—C stretching &3‘ 1 _// 1040

C—C stretching
Aromatic CH bending

\\ 790

“ Figure A-1, Appendi W7 §1‘
P3HT was obtaine idky lamp li bber. The percent yields of the

P3HT varied accordin moi] 1S was similar to what was

observed in the synthesis of as;g—h v 3. However, the maximum
percent yield was less than st condition, which is at mole
ratio of 3-hexylthiophene : FeCls= ;ﬁjst
By increasing the poﬁbn of FeCl;, it Would__‘g;‘) oduct yield but might

reduce the purity of duct. P3HT

om temperature for 24 h (entry 8).

0
From 'H-NMR spectrum (CDCly), (Flgure A-3, Appendix A) ; P3HT showed

characteristic mFiﬂufg]e (ﬂ Wﬂqﬂﬁexyl group at & 2.8
ppm, and the aromatic protons o op ene rings tfrom four p0551ble environments
RTINSO ena

spectrum P3HT showed peaks similar to PT but had strong peaks at
2920 and 2850 cm™ (Table 3.4) corresponding to C-H stretching of alkyl groups at -
positions of thiophene rings. P3HT partially dissolved in THF, toluene, chloroform
and almost entirely in CH,Cl,. It did not dissolve in methanol, acetone, acetonitrile,
DMF, and DMSO.



Table 3.3 Synthesis of poly(3-hexylthiophene)
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Entry Mole ratio Bowiion Yield
monomer : FeCl3 (%)

1 3:5 Acetonitrile, RT, 24 h 8.4

2 3:5 CHCI3, RT 24 h 443

3 3:5 CHCl3, RT 24 h, N, purge 39.8

4 3:5 1,,0°C,24h 52.7
5 35 4h 60.0

6 3D o 49.6

v 3:6 61.8

8 3:Z 68.5

%

YR/

7.15 7.05 6.95 Pra

i \\S.\x

//zﬁ’\\\\

1.1 2.9 2.7 2.5 pym

Figure 3.1 '"H-NMR spectrum of P3HT
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Table 3.4 The assignments of the IR spectrum of poly(3-hexylthiophene)

Assignments P3HT
v (cm")
Aromatic CH stretching 3070
Aliphatic CH stretching 2920
Aliphatic CH stretching 2855
=C stretching 1510
C=C stretching 1460
C= 1380

CC stretCHIE™ ? ——1190

c-C s |

1100
Aromatic CH b

Aromatic
“ Figure A-

3.2 Oxidation of PT
3.2.1 One-pot Method

This method

oxidizing agent 1;;;:::

epizing agent (FeCl;) and

| - 'oducts were generally

obtained in lower yields compa zing agent alone. From entries

9-11 (Table 3.5), the peEpent yleld 1ncreased with the amount of FeCl;, probably
because of beﬂwq ﬂ:lﬁl?gested that mCPBA
might somehow tblock the polymerization process 0 I3. In IR spectrum, sulfone
S=0s m ?ﬂ 94I ﬁ‘{ ng that there
oAty
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Table 3.5 Oxidation of PT by One-pot method

Mole ratio monomer

Entry Solvent Condition Yield (%)
: FeCl; : mCPBA

1 3:1:4 Acetone 24 h, RT 0
2 3:1:4 Acetone 72 h, RT 0

3 3:1:4 CH)Cl, 72 h, RT 18.06
4 3:1:3 CHCl3 24 h, RT, N, purge 6.23
5 3:1:3 \’l/ h, RT, N, purge 29.71
6 3x1:3 2757
7 3:1:2 36.15
8 3:lz2 20.08
9 321:2 £ | 33.02
10 3:2:2% 4 €64 46.33
11 3 '

:3: 248 i, 7 77.38

the reaction mixture ed dark at the beg a,-*-~ on, while color did not
change when H,0, andEOzlAc 1 were use
bleach off the color of the RT powder overya period of time. Upon following the

seackion. by Frﬂ Hh%ju’eg ﬂrﬁ}% ij@e’gxﬂ) ?as detected. Tt was

assumed that ox?dlzmg agents probaobly degraded the polymer chams into shorter

saturateq}ﬁiéﬂfmm m }f ﬁ wmﬂailmsuccessful
oxidations;may arise from the prob at PT was not dissolved in any solvents and

made it difficult to initiate the reaction on the entangled, insoluble polymer chains.

oxidizi% agents would eventually

3.3 Oxidation of P3HT

Since P3HT can dissolve in some organic solvents, it is possible to follow the
oxidation process by using many analytical methods and control the reaction

accordingly. Besides, reaction in solution would allow the oxidizing agent to reach the
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reaction sites in the polymer chain more easily. The results of the oxidation processes

by different oxidizing agents are described as followed:
3.3.1 Oxidation of poly(3-hexylthiophene) by mCPBA

When carrying out the oxidation with mCPBA at different reaction times,
(Table 3.6) only the products sedimented after 30 and 45 min of reactions (entries 3
and 4) showed the two v(SO,) stretching peaks in IR spectra at 1140 and 1307 cm’,
indicating that there is a presence of th{tt‘ﬁ’?? ioxide functional group.

Table 3.6 Oxidation of P3WPBA /,/1
* -

Entry The presence of

sulfone peaks in IR

wn AW N =

For the products in entnes_«*l’, and /2 mctwn time may be too short for
'[thphenC to be OXlMd t0 l ONnec oroup -'1-50\'-'1!"1 G

eaks along le

duct was observed. It is assumecu.hat the polymer chain had

entry 5, however, the

absence of the sulfo and the decrease in the

amount of sedimented p
been degraded b f‘;}? 0xi S OV gradation stemmed
from the fact ﬁﬁﬂm mgﬁjm ﬂﬁyﬁ ﬁe aromaticity of the
thiophene ring to give the prominent diene feature. Normally, doublesbond would be
ox1dlzeQ‘x%q e%ﬂ@ha ﬁl@%a&ﬂ B}QF’%@ %Bé}l@ Eia.m scission.
Low temp%rature could reduce the rate of the oxidative cleavage but would retard the
S-atom oxidation as well. The degradation of polymer chain would yield the
shortened polymer that lacked the desired conductive property. Furthermore, the
molecules of the shortened polymer chain would be small enough to be partially
dissolved in methanol and cannot be recovered. From the analysis of the solution of
the product in methanol with UV-visible spectroscopy, there was a shift of Ayax from

440 nm of the starting material to about 300 nm, showing that the product may have
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been degraded to smaller molecules. The 'H-NMR spectrum was too complicate to

help identify the structure of the product.

Sedimentation of the reaction mixture with methanol would separate out the left
over oxidizing agent and by products and allow the product to be cast into films.
However, this precipitated product was found to be unable to redissolve. Therefore, it
is impossible to cast film out of this product from the sedimentation. Furthermore,

the product and hence remained as the

ated bﬁcﬁon of UV-visible spectra.

ere was a ction of the absorbance at

mCPBA could not be totally remov

major impurity.

Amax of 440 nm with . at higher wavelength. This
increase of the absorban€¢ seemed fo'le ? Loff afte ger oxidation times (beyond 60
min) while the absorbau |

the continued degradation off'the | er at the ex .,g' e of the forming sulfone

. This was presumably due to

moieties.
*?‘Jf." i
A

Absorbance

400 . 800 l 800
Wavelength (nm)

Figure 3.2 UV-visible spectra of poly(3-hexylthiophene) being oxidized by mCPBA

at reaction time = 0, 15, 30, 45, and 60 min
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3.3.2 Oxidation of poly(3-hexylthiophene) by H,O,/TFA

With  the oxidation process using H,O,/TFA at mole ratio
P3HT:H,0,:TFA=1:300:30, (Table 3.7) the IR spectrum of the product was not as
clean as that of the product oxidized by mCPBA. Being awere that the reagent could
act as doping agent and obscure the UV-visible spectra analysis, the product was
further washed with 5% NaHSO; before UV-visible measurement. (Figures 3.3 and

3.4) From these UV-visible spectra, th prbance at higher wavelengths increased

the oxidization by mCPBA. The
inse. The films from 30 and 90
. the other hand, the 120 min

min oxidized P3HT lookWﬂar thm
oxidized P3HT could not nto| fil ,\ehgbl\){due to overoxidation of

along with the course of the re

oxidizing agent could be easily re: by

polymer.

Entry Reaction time (1

1
2
3

i
i L] .
The ox1daFrrﬁ aﬁ m;iwﬁlﬂﬁcult to control and
obtain a good r qjo 1&? E:: p I d contac¥ of starting material

and the uneven distribution amon }ﬁ)ases. ngiene uivalence oftTFA seemed to
r

show aneeblon g N8 pbera rs 35 4 3.5 e, powerer,

may arise ?rom H" doping process rather than permanent oxidation.

“The oxidized P3HT 00‘91 ‘ﬁot
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Figure 3.3 UV-visibl e d H,0,/TFA oxidized

poly(3-hexylthiophene) befo ied=by 5, 30, 60, 90, 120, and
150 min ‘ ﬁ;h._.‘_
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Figure 3.4 UV-visible spectra of poly(3-hexylthiophene) and H,O,/TFA oxidized
poly(3-hexylthiophene) after washed by 5% NaHSOs at t = 0, 30, 60, 90, and 120

min
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Figure 3.6 UV-visible spectra of poly(3-hexylthiophene) and H,O,/TFA oxidized
poly(3-hexylthiophene) (mole ratio P3HT:H,0,:TFA=1:300:40) at t = 0, 5, 30, 60, 90,

120 and 150 min
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3.3.3 Oxidation of P3HT by other oxidizing agents

Attempts had been made to oxidize P3HT with other oxidizing agents. By
following the reaction progress with UV-visible Spectrophotometry, it was found that
the following oxidizing agents caused the degradation of the polymer:
70%HNO3/CH3SOsH, KMnO4/CuS0O4.5H,0, oxone/tetrabutylammonium sulphate,
oxone/benzyltriethylammonium chloride and methylmorpholine N-oxide/mCPBA. The

usual reduction in intensity of the An, Wmdxzed product without any changes in

DMSO/H,S04, trimethyla
oxone/N-benzylcinchlod
tetrabutylammonium benz
H,0,/CH;COOH, H,04 QM oxons oXoheiNeibutylammonium salt and
dimethyl dioxirane. The p e .- s behir e non-reactive nature of the
oxidizing agents were 1) the iZi q_ %) et of the ox dizing agents were not strong

enough 2) their bulkiness a
3.4 Polymer doping

3.4.1 PT dope

By comparing IRﬁec g leﬁls of PT, at higher dopmg

level the signal at 1090- ‘1120 cm” became stronger and the signal at 630 cm’

e ﬂ‘US’WIﬂ‘V]‘iWSWﬂﬁ
AR AINIUNAIINYIAY
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3.4.2 P3HT solutio

The P3HT solution ped pvith aqu ous E
acid = 240 : 1). After addition of acid-into the P2
turned darker. By following thg:@kb U

intensity of the abserbance at Ama g

in THF (mole ratio P3HT:

solution, the reaction mixture

=) sible spectroscopy (Figure 3.8) the

the increase of the

absorbance at higher wavele gth. / 1 doped P3HT was starting to

precipitate from the reaction mixture which completed after 130 min. It was assumed

that the high polarity of‘thesdoped polymék-chain induced slow aggregation and
i s fiobbiied 118 V1 WEI 1113
N g o e/

AW TAI T AR1INY1A Y

From UV-visible spectra of doped P3HT solution in CHCl; (Figure 3.9: mole
ratio P3HT:acid = 40:1, and Figure 3.10: mole ratio P3HT:acid = 80:1), the
absorbance at higher wavelength also slightly increased. The larger amount of TFA
added, the larger intensity of the absorbance in higher wavelength was observed with
no precipitation of the product. Doping P3HT solution by TFA in THF caused no

change in the spectrum, however.
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Figure 3.9 UV-Vis spectra of poly(3-hexylthiophene) solution doped by TFA; mole
ratio P3HT: acid=40: 1
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Figure 3.10 UV-Vis spectra , olution doped by TFA; mole
ratio P3HT: acid = 80 : -

( to the main chromophore of a
molecule that most absorbs thc—xyqp]}'ui ht: The position and intensity of the

absorbance at Amax a{,‘_‘generally the cha ation that can be correlated

of tl | -.,. 'polymers, however, the
information at Amax ng' 'mﬂrtant characters. This is
especially significant for’cenjugated polymers, when the absorptions at various

repions would ﬁru)@ tS}?,q &Mﬁ}% w E} 'i]aﬂ@nedly sontibute o

the macroscopic ﬂl‘opertxes of the polyper

ABIRIDTANBIINHAREL e o

wavelengths. The higher A values were “weighed” to be more important than that of

to electronic properties.0

lower values because of their presumed correspondence to the more conjugated
systems. The sum of these weighed absorbances normalized over the sum of the
unweighed ones are the AC-index : high AC-index would reflect the high effective
conjugation length within the polymer chain which could, in turn, correlate to high
conductive properties. The equation for the calculation of AC-index is shown below

(example for the AC-index calculation is shown in appendix C): *2
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AC-index (ajto ap) =Zxf(x) ... (1)
2f(x)

; where X = (aptap+1)/2,
= (bn+bn+l)/ 2,

a = wavelength (nm) in a specified region a; to ap+,

3.5.1 AC-index of oxi @A or H,0,/TFA
The AC-index va‘ly d 'ectra of P3HT oxidized by
mCPBA (Figure 3.2) e anges; 310-700 nm and 310-900 nm. The

ppendix D) and plotted against

results of the calculati

reaction time (Figure 3.11). - % ey ' peared to rise as the reaction proceeded.
When comparing the AC- ‘ ¢ (310-900), it was found that
AC-index (310-900) follow -index (310-700) except that
there was a dip of the value at40 mixn assumed to be due to the point where
the degradation of the polymer" than the formation of the sulfone

AR
U | e =
A AdE A TINEE

0 20 40 60 80
Reaction time (min)

Figure 3.11 AC-index (310-700) (mw); and AC-index (310-900) (A) of P3HT
oxidation by mCPBA
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From UV-visible data of poly(3-hexylthiophene) and oxidized poly(3-
hexylthiophene) by H,O,/TFA (Figure 3.3), AC-index values were calculated as
shown in Table D-2 (appendix D) and Figure 3.12. The graph was shown the same
trend as that from the oxidation by mCPBA. The AC-index (310-900) increased
before decreased slightly at 45 min, and increase once again at longer reaction time.

Though the dip was not as apparent as the case of mCPBA.

=/
445 .&\’\\

/ llﬁ&\

v, Al\\\\\
//W’dk\\\\

150
Figure 3.12 AC-index (310 ,{‘ ‘ﬁz.-: -index (310-900) (A) of P3HT
oxidation by H,O,/TFA '
By comparing » né ,;'__,E___.___,_,.,,,.___H,_,_,,._,_‘._...‘. _using mCPBA would be
I l:\‘- v . .
faster than the react V PBA is soluble in organic

[
solvent, which could amw the exchange of oxygen 3!

comparing the AC-index “ofsthe oxidation imcesses on P3HT, the oxidation by

mcrp vos i Qh%ﬂ% hdah vy 102
QWWﬂ\ﬂﬂiﬂJ UAIINYAY

polymer directly. When
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Figure 3.13 AC-inde P3HI-0xidation, by mCPBA (a); and by
H,0,/TFA (A) |

3.5.2 P3HT solu

From AC-index by HC1O4 (Figure 3.14), its

NEd

o\

values increased contin curred. In contrast, doping by
TFA (Figure 3.15) gave

precipitation. Furthermore,

min of reaction time without
early different between the two

doping levels of mole ratios P3 T TFA

o " -

m 650 -

< 450 [ ] = y
YRIAND R 4
9 0 50 100 150

Reaction time (min)

Figure 3.14 AC-index (300-1100) of P3HT solution doped by HCIO, ; mole ratio
P3HT: HCIO4=7:2
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Figure 3.15 AC-index
P3HT: TFA=6:5(A):

3.6 Conductivity me

To measure the n¢ vapor doped PT, the polymer

discs were prepared, ressed in hydraulic press

PT cannot be pressed into

A g d by iodine vapor at 60
min, 90 min, 120 min aj 24 h (entrles 3-6), their conduy\;lty started at high values
but quickly decre ﬂrgj m ctivity of the films
of the doped o 1 1 ﬁcﬁﬁﬂ (fro eg:jﬁ j-‘remamed constant
throughout the measurements The conductivity of the.doped P3HT dkidized at longer
time waQo% ’%1@ 83 ﬂ)@?ﬁu uwe’a/’g aﬂnrlt& previously

discussed in section 3.3.1. The conductivity of the doped P3HTOX, (entry 7) was
higher than all the doped parent P3HT, indicated the electrical properties

measured by four-poi

improvement of P3HT by the oxidation process, possibly through the transformation

of thienyl groups to thenyl S, S-dioxides.
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Table 3.8 Conductivity of PT and derivatives of PT

Thickness  Conductivity

Entry Sample Doping Time — (S.cm'l)

1 Pressed PT disc 0 0.01 0

2 P3HT film 0 0.002 0

3 I,-doped P3HT 60 min 0.0025 0.12

4 I,-doped P3HT i 0.003 0.12

5 I,-doped P3HT 0.003 0.12

6 I-doped P3BHT 0.002 0.37

7 I,-doped P3HTOXj _ 0.6

8 I,-doped P3HTOXs" \\ 0.002 0.06
? Taken from the 30 f/o/g D\ \\ FA (entry 1, Table 3.7)
® Taken from the®0 t <t FA (entry 3, Table 2.7)

i
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