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Abstract

The elimination process of n-alkyl-sulphinyl precursor polymers towards conjugated poly[2-(3',7’ -dimethyloctyloxy)-5-methoxy-1,4-phenyl-
ene vinylene], or OC;C;(-PPV, was studied with modulated temperature differential scanning calorimetry (MTDSC) and thermogravimetric
analysis (TGA), with a focus on the subsequent reactions of the elimination products. The latter reactions were monitored using the non-
reversing heat flow and the heat capacity (Cp) measured in non-isothermal MTDSC experiments. The disproportionation reaction occurs in a
temperature range between 85 and 135 °C and is seen as an increase in C,,. Water and elimination products released during the elimination
reaction act as plasticizers and lower the T,. TGA experiments show that the temperature, film thickness, and the eliminated group play an
important role on the diffusion and evaporation of the elimination products. The elimination products can further decompose and interact
with the conjugated system to form undesirable crosslinks (network formation) in a temperature range of 140—160 °C.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The microstructure of conjugated polymers is of major
importance for their performance in the final applications,
e.g. the quality and morphology of the conjugated system
strongly affect the performance of the material in polymeric
light emitting diodes (PLED). In the case of precursor systems,
the conversion from the precursor to the conjugated polymer
may influence both properties. A large number of papers
deal with the conversion of sulphonium poly(p-phenylene
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vinylene) (PPV) precursor polymers [1]. The broad range of
elimination conditions that are defined in these reports,
however, underlines the difficulty of monitoring the conver-
sion process. The conjugated polymer that is studied here
is poly[2-(3',7-dimethyloctyloxy)-5-methoxy-1,4-phenylene
vinylene], or OC,Co-PPV. It is a typical example of a material
that is soluble in its conjugated form [2—6]. The most used
synthetic route to prepare the OC,C,,-PPV conjugated poly-
mer is the direct “Gilch route”, a one-step synthesis in basic
environment [7]. Another promising synthetic route to prepare
the conjugated OC,C,(-PPV polymer is a non-ionic precursor
route developed by Vanderzande et al., the “‘sulphinyl route”
[8—11].

In the last years, a lot of research has been done on the
OC,C,o-PPV type of polymers, because of their relatively easy
synthesis, their good processing capabilities into single-layer
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devices, and their high luminescence yields [12]. Recently
promising results were also obtained for its use in photovoltaic
(solar) cells [13—16]. Therefore, OC,C;(,-PPV has become a
standard electroluminescent material inside the PLED and
plastic solar cell research. An important disadvantage of such
materials, however, is that in some cases it is difficult to develop
the multilayer structures that are required for highly efficient
LEDs, since co-solubility of the different materials is hard to
avoid. Solid state elimination from a precursor polymer film
may be desirable in those applications where the deposition of
conjugated PPV from solution is impossible. In such a case,
the precursor polymer film can be deposited from other solvents
(avoiding co-solubility). Moreover, solid state elimination
facilitates using non-soluble PPV variants.

The aim of this work is to obtain information about all re-
actions and phenomena that occur during the elimination from
precursor polymer to the conjugated polymer, in both solid
state and solution. From previous in situ non-isothermal FT-
IR and UV—vis experiments it was clear that the elimination
reaction starts at around 70 °C in nitrogen flow [17]. However,
the latter techniques do not provide information about the sub-
sequent reactions of the elimination products. For this purpose,
FT-IR and UV—vis spectroscopy, modulated temperature
differential scanning calorimetry (MTDSC), and thermogravi-
metric analysis (TGA) will be used as in situ analytical
techniques, each examining a typical reaction or part of the
conversion process. The study in solid state may enable us
to observe in more detail the subsequent reactions of the
elimination products occurring during thermal conversion.
This insight is not only relevant to evaluate the conditions in
which conversion can be performed in solid state, but can
relate also to side reactions occurring on conversion in liquid
state. In this way this work has in fact contributed to the
development of conversion procedures in liquid state to obtain
conjugated materials with extremely low structural defect
levels [18].

2. Experimental section
2.1. Analytical techniques and sample preparation

Modulated temperature differential scanning calorimetry
(MTDSC) measurements were performed on a TA Instruments
2920 Modulated DSC with MTDSC option and a Refrigerated
Cooling System. Helium was used as a purge gas (25 mL/
min). Indium and cyclohexane were used for temperature
calibration; the former was also used for enthalpy calibration.
Heat capacity calibration was performed with a poly(methyl-
methacrylate) standard (PMMA), supplied by Acros. The
heat capacity difference between 150 and 80 °C (above and
below the T,) is used to calibrate the heat capacity changes
measured. The ratio of the heat capacity difference obtained
from literature [19] over the measured difference gives the
calibration factor Kc,.

The non-isothermal experiments in solid state are per-
formed in high-pressure stainless steel pans (HPS) at a heating
rate of 2.5 °C/min. The superimposed sinusoidal temperature

program (=temperature modulation) for HPS pans was
£0.5 °C (amplitude) per 60 s (period), which is notated as
0.5°C/100 s. The sample mass is between 10 and 15 mg.
For the solid state MTDSC experiments, films of precursor
polymer and conjugated polymer with a thickness of 500 um
are pressed at 35 °C between aluminium foils. Reproducible
MTDSC measurements were carried out using this method
of sample preparation. Each HPS pan is hermetically sealed,
to avoid evaporation of elimination products. Some non-
isothermal measurements are carried out with a LNCA (Liquid
Nitrogen Cooling Accessory) cooling system to reach temper-
atures down to —150 °C.

A TGA 2950 ThermoGravimetric Analyser from TA Instru-
ments is used to measure weight losses. Step-wise isothermal
experiments at 85, 100, 140, and finally at 200 °C are carried
out under a constant flow of an inert nitrogen atmosphere. The
TGA pan is first weighed and afterwards a mixture of 5%
(m/m) polymer/CHCl; is sprayed on the bottom of the TGA
pan. A polymer film is obtained by evaporation of CHCl;. A
second layer is applied using the same method. Then, the
pan is placed in a vacuum oven during 2—3h at
10~? mmHg and 25 °C to make sure that all CHCl; has evap-
orated. Using this method, uniform films with different thick-
nesses can be obtained.

"H NMR spectra were obtained in CDCl; at 300 MHz on
a Varian Inova Spectrometer using a 5 mm probe. Chemical
shifts (0) in ppm were determined relative to the residual
CHClI; resonance shift (7.24 ppm). The '*C NMR experiments
were recorded at 75 MHz on the same spectrometer using
a 5 mm broadband probe. Chemical shifts were defined rela-
tive to the '>C resonance shift of CHCl; (77.0 ppm).

2.2. Materials

n-Alkyl-sulphinyl OC,C,,-PPV precursor polymers and the
OC,C(-PPV conjugated polymer (without elimination prod-
ucts): the synthesis and characterisation of these polymers
are described in literature [20].

n-Butyldisulphide: this product is commercially available
(Acros). 'H NMR (CDCls, 400 MHz): 6 0.89 (t, 6H, CHs),
1.37 (qui, 4H, CH3(CH>)3), 1.63 (qui, 4H, CH,CH,S), 2.65
(t, 4H, CH,S) ppm; IR (KBr): 2871 v (CH, symm.), 1463 v
(CH,—S deformation), 1268 v (CH,—S wag), 1216 v (CH,
twist) cm~'; DIP-MS (EI, m/z, rel. int.): 178 ((M]", 40), 121
(IM—C4Ho] ™, 30), 87 (IM—SC4Ho]™, 5), 57 (C4Hg, 100).

n-Butyl-thiosulphinate [21,22]: a solution of m-CPBA
(5.61 mmol, 1.17 g) in dichloromethane (10 mL) was added
to a solution of n-butyldisulphide (1.00 g, 5.61 mmol) in
dichloromethane (100 mL) and cooled in an ice-water bath.
After stirring for 1 h at 0 °C and 2 h at ambient temperature,
water (200 mL) was added. The organic layer was extracted
with water (3 x 200 mL) and aqueous NaHCO; (sat.) (2 x
150 mL), dried with anhydrous magnesium sulphate and
concentrated in vacuum. After purification by column chro-
matography on silica using chloroform as eluent, n-butyl-
thiosulphinate was collected as a colourless oil (0.76 g,
70%). '"H NMR (CDCls, 400 MHz): 6 0.86 (t, 6H, CHs),
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1.78 (m, 4H, CH,CH,S(O)SCH,CH,), 3.1 (m, 4H,
CH,S(0)SCH,) ppm; '*C NMR (CDCls, 100 MHz): 6 13.9
(CH3;), 30.7 (CH,CH,SS(0)), 31.59 (CH,CH,S(O)S), 32.62
(CH,SS(0)), 55.98 (CH,—S(0)S); IR (KBr): 2956, 2925
v (CH, asymm.), 2871 v (CH, symm.), 1462 v (CH,—S defor-
mation), 1082 » (S(0)) ecm ™.

n-Butyl-thiosulphonate: a solution of n-butanethiol (0.6 g,
5.55mmol) and Nar-BuO (0.53 g, 5.55 mmol) in THF
(25 mL) was added to a solution of n-butanesulphonyl chloride
(0.87 g, 5.55 mmol) in tetrahydrofuran (THF, 10 mL). The so-
lution was stirred in advance for 1 h at ambient temperature.
After stirring the mixture for 12 h at ambient temperature,
the organic layer was extracted with chloroform and concen-
trated in vacuum. After purification by column chromatogra-
phy on silica using hexane as eluent, n-butyl-thiosulphonate
was collected as light yellow oil. 'H NMR (CDCls,
400 MHz): 6 0.89 (t, 6H, CH3), 1.36 (m, 4H, CH3CH,), 1.65
(2H, m, CH,CH,S), 1.82 (m, 2H, CH,CH,S(0),), 3.09 (t,
2H, CH,S), 3.25 (t, 2H, CH,S(O),) ppm; IR (KBr): 2960,
2931 v (CH, asymm.), 2873 v (CH, symm.), 1463 v (CH,—
S deformation), 1324, 1130 » (S(O),) cm ™.

7937
3. Results and discussion

The conversion process contains five reaction steps
(Scheme 1, I-V). The thermal decomposition of sulphinyl
groups bearing a B-hydrogen atom provides a convenient route
for the synthesis of olefins [23]. In this reversible elimination
reaction, proceeding by the syn-intramolecular mechanism,
sulphenic acids are produced (I) [24,25]. These sulphenic
acids have a very high reactivity, due to the fact that, in the
absence of trapping agents, they readily undergo intermolecu-
lar dehydration (dimerisation, II) to give thiosulphinates and
water [26]. The sulphenic acids, associated by hydrogen
bonds, may behave both as S nucleophiles and S electrophiles
[27]. The thiosulphinate itself is not thermally stable and
yields a thiosulphonate and a disulphide in a disproportionation
reaction (IIT) [28]. This reaction occurs via a radical mecha-
nism with a homolytic splitting of the S(O)—S bond [29].
The formed thienyl radicals dimerise to give the disulphide
(II1") and the sulphinyl radicals dimerise to give thiosulpho-
nate (I11%). Disulphide and thiosulphonate are called as elimi-
nation products in this study. In solid state conversion, these

RSOH

TS
dimerisation /H\ _H ﬁ
(0] O
an 2 RSOH \) (/ — > R—S—S—R + H,0
S-S _ _
/ ¥\ thiosulphinate
R R
. ) _o .
dl.SProPor O 101 [o]}
I tionation Il | @ |
() 2 R—S—S—R m————== 2 [*S| = S['=—> S| + 2 «5—R
thiosulphinate R
a b [
amy 2 S-R R—S—S—R
disulphide
o ©_ o_
I(IDI ICI)I I?I
a®) b + ¢ _ ®I?—§—S—R ®IT—§ «=2%5-0° + 5-R
R R
f
fl) d e
e + f R—8—S-R
O
thiosulphonate
(IV)  Network formation
(V)  Diffusion and evaporation of elimination products

Scheme 1. Mechanism of the conversion process of alkyl sulphinyl PPV precursor polymer to the conjugated OC;C;o-PPV polymer.
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elimination products could possibly interact with the conju-
gated system (network formation) (IV). Once the elimination
products are formed, these products have to diffuse and evap-
orate out of the polymer matrix (V).

The elimination reaction (Scheme 1, I) from precursor
polymer towards conjugated material can be followed with
in situ FT-IR spectroscopy via the formation of the frans vinyl-
ene double bond (965 cm™') as well as by the disappearance
of the IR absorbance of the sulphinyl group (1038 cm™') ver-
sus time or temperature. More results concerning the conju-
gated sequences formed during the thermal conversion can
be derived from the UV—vis spectra. However, the focus in
this study will by laid on modulated temperature differential
scanning calorimetry (MTDSC), which will be applied to eval-
uate the subsequent reaction steps of the conversion process
(Scheme 1, II-1V). MTDSC is an extension of DSC in which
the linear rise in temperature is modulated by a small pertur-
bation, in this case a sinusoidal wave adds a new dimension
to the conventional approach [30]. In addition to the heat
flow signal (non-reversing heat flow, NR), it is also possible
to measure the heat capacity (C,) simultaneously. In this
work, water and elimination products that are set free during
the dimerisation and disproportionation reactions cause an in-
crease in C,. Finally, isothermal thermogravimetric analysis
(TGA) will be used to study the diffusion and evaporation of
the elimination products (Scheme 1, V).

3.1. Thermal elimination reaction of n-alkyl-sulphinyl
OC;Co-PPV precursor polymer studied with in situ
FT-IR and UV—vis spectroscopy (Scheme 1, I)

In situ elimination reactions were performed at 2 °C/min up
to 250 °C under a continuous flow of nitrogen, for the n-butyl-
and the n-octyl-sulphinyl OC,C;y-PPV precursor polymer.
The elimination reaction from precursor to conjugated poly-
mer can be followed via the formation of the frans vinylene
double bond (at 965 cm ™) and at the same time via the disap-
pearance of the sulphinyl group (at 1038 cm™ ). In Fig. 1, the
increase of the trans vinylene double bond signal and the
decrease of the sulphinyl signal as a function of increasing
temperature are displayed. The elimination of the n-butyl-
sulphinyl precursor starts at approximately 70 °C and is
completed at approximately 110 °C under these heating condi-
tions. Similar results in elimination behaviour were obtained
with the n-octyl-sulphinyl as the eliminable group. Above
110 °C the absorbance of the frans vinylene double bond
(at 965 cm™") decreases gradually. This is attributed to the
thermochromic effect [17]. In the FT-IR spectra no indication
towards the formation of the less stable cis vinylene double
bonds can be found.

A second spectroscopic technique that gives insight into the
elimination reaction is in situ UV—vis spectroscopy, by which
the formation of the conjugated system itself can be evaluated.
During elimination there is a continuous red shift observed. In
the first part, oligomeric conjugated fragments are formed, but
at a higher extent of elimination the absorption band becomes
broad as the full distribution of conjugation lengths develops
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Fig. 1. Evolution of the FT-IR absorbance at 1038 cm ' (sulphinyl group) and
965 cm ™! (trans C=C) as a function of increasing temperature for the conver-
sion process of n-butyl-sulphinyl OC,C;(-PPV precursor polymer.

(Fig. 2). A similar temperature program as that for FT-IR
is used (2°C/min up to 250 °C). The intensity of Ajax
(=490 nm) as a function of temperature is measured
(Fig. 3), showing the formation of the conjugated system in
a temperature range from 75 up to 110 °C. The striking simi-
larity with the results obtained with FT-IR demonstrates that
both techniques give similar information and indicates that
the elimination reaction itself is observed. Above 110 °C the
absorbance at 490 nm decreases, however, more markedly
than for the FT-IR results. For the UV results, the decrease
can again be attributed to the thermochromic effect [17],
which leads to a hypsochromic shift of A,.x.

3.2. Dimerisation and disproportionation reactions
studied with MTDSC (Scheme 1, 11, 11I)

The n-butyl-sulphinyl OC,C,(-PPV precursor polymer is
heated at 2.5 °C/min from —45 up to 180 °C, followed by a
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Fig. 2. UV-absorption spectra as a function of increasing temperature for the
conversion process of n-butyl-sulphinyl OC;C;o-PPV precursor polymer.
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Fig. 3. The UV absorbance at 490 nm (Ay.x of the conjugated system) as
a function of increasing temperature for the conversion process of n-butyl-
sulphinyl OC,Co-PPV precursor polymer.

cooling and a second heating at the same rate (Fig. 4). Theo-
retical calculations of the conversion process demonstrate that
the elimination reaction (Scheme 1, I) is an endothermic reac-
tion (AU = 46.8 kJ/mol) [31], while the dimerisation (Scheme 1,
I) and disproportionation (Scheme 1, II4+IIT'+III?) reac-
tion pathways are both exothermic, with AU equal to —70.3
and —57.4 kJ/mol, respectively [32—37]. From Fig. 4, it is
clear that at around 70 °C no heat effect is visible. Probably,
this means that the dimerisation reaction occurs almost simul-
taneously with the elimination reaction, cancelling out the
heat effect of the elimination reaction, and leading to a largely
thermoneutral reaction process up to 90 °C.

Fig. 4 also shows that in the first heating run (Fig. 4, (1)) an
increase in the Cp-signal is observed in a temperature range at
around 36 °C, corresponding to the glass transition tempera-
ture (T,) of the n-butyl-sulphinyl OC,C,(-PPV precursor
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Fig. 4. Heat capacity C, (solid) and non-reversing (NR) heat flow (dashed)
versus temperature from a non-isothermal MTDSC experiment on n-butyl-
sulphinyl OC,C(-PPV precursor from —45 up to 180 °C at 2.5 °C/min (1),
followed by a cooling (2), and a second heating (3) at the same heating
rate. This measurement is carried out in the solid state in a HPS pan.

polymer. The T, of the conjugated OC,C,,-PPV polymer,
as measured with a Liquid Nitrogen Cooling Accessory
(LNCA) is —62 °C (not visible in Fig. 4). This means that
elimination products, formed in situ during the MTDSC exper-
iment, act as plasticizers in the conjugated polymer matrix,
causing a significant decrease in T,. A conjugated OC,C,y-
PPV polymer eliminated in toluene (ex situ) contains no elim-
ination products and has a very broad T, at around 50 °C
ranging from 25 to 75°C. This broad T, probably arises
from the fact that the alkoxy chains act as internal plasticizers
and/or relate to the regio-irregular structure of the polymer
chain of OC;C;y-PPV.

In the first heating run (Fig. 4, (1)), in the temperature range
from 85 up to 170 °C, a large exothermic heat effect of
—80.6 J/g is observed in the NR heat flow. Based on a molar
mass of 393 g/mol of the repeating unit, this corresponds to
—31.8kJ/mol of repeating unit. In the same temperature
range, a second increase in Cj, is observed at around 126 °C.
This can be attributed to reactions of the elimination products,
namely the dimerisation reaction of sulphenic acids and/or the
disproportionation reaction of n-butyl-thiosulphinate. To con-
firm this statement and to disentangle the reaction steps in
the mechanism (Scheme 1), the latter component was syn-
thesized (see Section 2). The heat capacity signal and non-
reversing heat flow signal of non-isothermal experiments
on n-butyl-sulphinyl OC,C;(-PPV precursor polymer and
n-butyl-thiosulphinate are shown in Figs. 5 and 6, respectively.
The increase in C,, at 126 °C seems to correspond to the dis-
proportionation reaction of the n-butyl-thiosulphinate.

In the non-isothermal experiment with pure n-butyl-thiosul-
phinate, a change in heat capacity of 0.24 J/g/°C is seen near
126 °C, while for the n-butyl-sulphinyl OC,;C,(-PPV precursor
polymer a change in heat capacity of 0.20 J/g/°C is measured.
The maximum amount of n-butyl-thiosulphinate that can be
released during the elimination process can be calculated
from the reaction equations and equals 24.7%. In other words,
the pure n-butyl-thiosulphinate could cause an increase in heat

3.2
125.3°C
/; 0.243/gI°C
Q 28+
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3 ~
Oo. /_f-’
v
04 7 125.8°C
' .= 7% 0.200/g/°C
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T T T
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Fig. 5. Heat capacity C,, versus temperature from non-isothermal MTDSC
experiments on n-butyl-sulphinyl OC,;C;o-PPV precursor polymer (dashed)
and n-butyl-thiosulphinate (solid).
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Fig. 6. NR heat flow versus temperature from non-isothermal MTDSC exper-
iments on n-alkyl-sulphinyl OC,C,(-PPV precursor polymer (n-butyl: dashed,
n-octyl: dotted) and n-butyl-thiosulphinate (solid). The exothermic peaks of
the precursor polymers are normalized to the maximum quantity of n-butyl-
thiosulphinate formed during the elimination process. The subsequent peaks
are indicated by numbers.

capacity of around 0.06 J/g/°C (or 0.247 x 0.24 J/g/°C). This is
too small to explain the increase in C,, in the measurement of
the n-butyl-sulphinyl OC,C,o-PPV precursor polymer. Proba-
bly, the increase in heat capacity around 126 °C should be
attributed to different reactions (ongoing dimerisation and dis-
proportionation) for which the temperature intervals overlap.

In Fig. 6, the exothermic peaks in the NR heat flow signal
for the n-butyl- and n-octyl-sulphinyl OC,C,o-PPV precursor
polymers and for pure n-butyl-thiosulphinate are compared.
The n-butyl-sulphinyl OC,C,(-PPV precursor polymer shows
three overlapping peaks. On the other hand, the pure
n-butyl-thiosulphinate shows only two overlapping peaks.
The first two exothermic peaks for the precursor polymer are
therefore most likely related to the disproportionation
reactions (Scheme 1, III). Their shift to a higher temperature
can be attributed to a restricted diffusion of thiosulphinate in
the polymer matrix.

This can be supported by comparing the elimination of the
n-butyl- with the n-octyl-sulphinyl OC,C,(-PPV precursor
polymer (Fig. 6). The shift in the exothermic peak to higher
temperature for the latter is probably due to the more restricted
diffusion of the elimination products in the polymer matrix for
a larger R-group. The third exothermal peak observed for the
precursor polymer (3, around 150 °C) is absent during the re-
action of thiosulphinate. This indicates an interaction between
the OC,C;o-PPV and the elimination products.

3.3. Network formation studied with MTDSC (Scheme 1,
1v)

Fig. 5 shows that the increase in heat capacity, originating
from the disproportionation reaction, ends at around 135 °C.
This means that the exothermic peak that appears above
135 °C in the non-reversing heat flow (Fig. 6) can be attributed

to reactions other than the disproportionation reaction. An
interaction of the elimination products with the conjugated
polymer, causing network formation (crosslinks) is probably
occurring. To find evidence for this hypothesis, it was attemp-
ted to dissolve the conjugated OC,C,o-PPV polymer, obtained
after a non-isothermal measurement up to 200 °C, in CHCl;.
The polymer swells in the solvent, but is not soluble anymore.
A non-isothermal heating experiment up to 140 °C (just before
exothermic peak 3), however, yields a conjugated polymer that
is still soluble in CHCI;. This supports network formation in
the temperature range of the third exothermic peak in Fig. 6.
To investigate the reagents causing this side reaction, a non-
isothermal experiment was performed on an already conju-
gated OCC,o-PPV polymer (without elimination products)
from —45 up to 140 and 200 °C at 2.5 °C/min. In both heating
experiments (up to 140 and 200 °C), no significant exothermic
signal is present in the NR-signal between 85 and 170 °C
(Fig. 7, solid line). Moreover, both polymers remain soluble
in CHCl;. Thus, the elimination products are causing network
formation. Additional confirmation in this respect can be ob-
tained by adding pre-synthesized elimination products to an
already conjugated OC,C,(,-PPV polymer. In presence of an
excess (>25%) of n-butyl-thiosulphinate, a large exothermic
signal with three exothermic peaks is visible in the NR heat
flow between 85 and 170 °C (Fig. 7, dashed line). After this
experiment, the polymer is no longer soluble, which is indic-
ative for network formation. When an excess of n-butyl-
disulphide and n-butyl-thiosulphonate, the end products of
the disproportionation reaction, is added to the conjugated
OC,C(-PPV polymer, an exothermic signal in the NR-signal
is present with one exothermal peak at 158 °C (Fig. 7, dotted
line). It can therefore be concluded that the first two shoulders
in the exothermic signal correlate with the dimerisation
(partly) and disproportionation reactions, while the last one
relates to the occurrence of network formation initiated by
the elimination products.
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T T T T
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Fig. 7. NR heat flow versus temperature from non-isothermal MTDSC exper-
iments on pure OC;C;o-PPV (solid), OC,C;(-PPV with an excess of n-butyl
thiosulphinate (dashed), and OC;C;o-PPV with an excess of n-butyl-disul-
phide and thiosulphonate (dotted).
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3.4. Diffusion and evaporation of the elimination
products studied with TGA (Scheme 1, V)

To ensure an optimal quality for the conjugated polymer
film, it is important that all the elimination products can be
evaporated from the polymer matrix. As elaborated before,
the elimination products lower the T, of the film, and reactions
between the elimination products and the conjugated polymer
cause network formation.

To investigate the effect of temperature on the evaporation
of the elimination products out of the film, TGA measure-
ments were performed on the n-octyl-sulphinyl OC,C,,-PPV
precursor polymer at 85 and 100 °C (Fig. 8). The difference
in sample weight (film thickness) for the two experiments
was minimized. As can be anticipated, a faster evaporation
of the elimination products is observed at higher temperatures.

In Fig. 9, isothermal TGA experiments from polymer films
with different thickness (0.55 mg: 5.6 pm; 0.73 mg: 7.2 um;
and 2.64 mg: 24.8 um) are shown at 100 °C. It is clear that
the film thickness is very crucial for the evaporation of the
elimination products. The thinner the film, the faster the elim-
ination products can diffuse out of the polymer matrix. Note
that the film thicknesses used for electronic applications are
much smaller (0.01 wum), meaning that the time needed for
all elimination products to diffuse out of the polymer matrix
will be much shorter.

As discussed in relation to Fig. 6, the diffusion of elimina-
tion products depends on the size of the R-group. This also
affects the rate with which these products are expelled from
the polymer film. Diffusion depends on the molecular weight
of the species that will diffuse out of the polymer matrix [2].
This is demonstrated with TGA measurements, carried out on
the n-ethyl- and n-octyl-sulphinyl OC,C,y-PPV precursor
polymer (Fig. 10). For the n-alkyl-sulphinyl OC,C,y-PPV
precursor polymers with an n-octyl and n-ethyl as R-group,
a weight loss of 36 and 21% is calculated from the reaction
equation for 100% elimination, respectively. The experimental
weight loss for the n-ethyl precursor polymers, obtained at

100
- 125
100 —
S 8)
< -85 L
£ g
‘3 2
= ©
@
£
r45 &
|_
73.1%
70
65 T T T T T
0 500 1000 1500 2000 2500
Time (min)

Fig. 8. Sample weight versus time from TGA measurements performed on
n-octyl-sulphinyl OC;C;o-PPV precursor polymer at 85°C (dashed) and
100 °C (solid). The temperature profiles are shown as dotted lines.
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Fig. 9. Sample weight versus time from TGA measurements performed on
n-octyl-sulphinyl OC;C;(-PPV precursor polymer at 100 °C for different sam-
ple weights (different film thicknesses): 2.639 mg (solid); 0.725 mg (dashed);
and 0.551 mg (dash-dotted). The temperature profiles are shown as dotted
lines.

85 °C after 2500 min (20.9%), is in good agreement with the
calculated value. On the other hand, a weight loss of only
17.5% 1is measured for the n-octyl precursor polymer at
85 °C, corresponding to half the calculated weight loss. This
indicates that the limited diffusion for the n-octyl precursor
polymer restricts the evaporation of the elimination products.
Additional temperature steps are considered in Fig. 10 to
determine the maximum weight loss. The final weight loss
for the n-ethyl-sulphinyl OC,C,,-PPV precursor polymer (at
200 °C: 26%) cannot be attributed to the evaporation of the
elimination products alone, indicating the occurrence of degra-
dation. For the n-octyl-sulphinyl OC,C;(y-PPV precursor
polymer a maximum weight loss of 30% is found, which is
still lower than the calculated value. As stated before, much
thinner polymer films are used in practice, which means that
the evaporation of elimination products occurs much faster.
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Fig. 10. Sample weight versus time from TGA measurements performed on
n-alkyl-sulphinyl OC,C(-PPV precursor polymers with two different R-groups:
n-octyl (solid) and n-ethyl (dashed). The temperature profiles are shown as
dotted lines.
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Nevertheless, vacuum conditions should be considered for an
easier and better evaporation of the elimination products to
avoid deterioration of final film quality.

4. Conclusions

The conversion process of n-alkyl-sulphinyl OC,C;y-PPV
precursor polymers is characterized by five different steps as
depicted in Scheme 1. While FT-IR and UV —vis spectroscopy
can be used to study the formation of the conjugated system
in the elimination reaction, MTDSC is a good technique to
study the subsequent reactions (dimerisation, disproportion-
ation and network formation). In the non-isothermal MTDSC
experiments, no heat effect is visible for the elimination reac-
tion itself. This indicates that the dimerisation reaction sponta-
neously follows the elimination reaction. Subsequently, the
disproportionation reaction happens in a temperature range
between 85 and 135 °C. Both reactions are observed as an
increase in C,,.

The elimination products formed can interact with the con-
jugated polymer and cause network formation, deteriorating
the film quality. This effect is seen as an exothermic peak in
the NR heat flow with a maximum at around 160 °C. To avoid
this side reaction, evaporation of the elimination products out
of the film should be promoted. TGA experiments show that
the diffusion and evaporation of the elimination products out
of the polymer matrix can be accelerated by using a smaller
R-group, a higher isothermal temperature, and a thinner film.
Network formation can also be avoided by performing the
elimination at sufficiently low temperatures (<120 °C) and
by using vacuum conditions. To limit such side reactions on
conversion in solution, build-up of the concentration of the
elimination products should be avoided.
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