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Abstract

A new synthetic route towards poly(para-phenylene vinylene) (PPV) and its derivatives has been investigated. In this route, a bis-
dithiocarbamate monomer is polymerized towards a dithiocarbamate precursor polymer by the addition of a strong base (LDA). The
corresponding conjugated polymer is obtained via a heat treatment of the precursor polymer. This dithiocarbamate (DTC) precursor route strikes
an optimal balance between several straightforward but sometimes troublesome precursor routes and the more complex sulphinyl precursor route
yielding superior purity materials. The novelty lies in the fact that the monomer synthesis is not as difficult as compared to the sulphinyl route and
this without losing the quality and accessibility of the precursor polymer. In the paper, the mechanism of the polymerization process is discussed
and strong indications for radical as well as anionic mechanisms are presented.

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

Poly(para-phenylene vinylene)s (PPVs) and their deriva-
tives have received much attention due to their applications in
polymeric light emitting diodes (P-LEDs) [1]. More recently,
the application range has been further extended towards other
electronic applications such as photovoltaic cells. In this
context, a substantial amount of research has been performed
on the use of MEH-PPV [2,3] and OC;C;,—PPV or MDMO-
PPV [4,5] as the p-type material in the active layer of an
organic solar cell. The synthesis of these conjugated materials
can be performed using a variety of methods. Especially the
use of precursor routes, in which a soluble precursor polymer is
formed, is a viable option to introduce sufficient processability.
This processability is essential for the successful incorporation
of the conjugated polymer into devices. Although in some
cases processability can be achieved by the introduction of
solubilizing side chains, unfortunately this is not always
possible, especially not for applications in which complex
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functionalized materials are required. An example presented in
this study is OCgCg—PPV which displays interesting properties
for application in photovoltaic cells [6], but is insoluble in
common solvents [7]. An additional advantage of the use of a
precursor route is the ease in which the aromatic system can be
tailored to specific needs without major adjustments to the
synthetic procedures. Four precursor routes towards PPV are
known, the Wessling—Zimmerman [8], the Gilch [9], the
sulphinyl [10-12] and the xanthate [13] precursor route. In all
these precursor polymerization routes, the actual monomer (the
p-quinodimethane system) is always formed in situ by the
addition of a base. After polymerization a soluble precursor
polymer is formed, which subsequently can be converted to the
conjugated system.

Recently, we reported on a new precursor route: the
dithiocarbamate (DTC) route for the synthesis of PTV and its
derivatives [14,15]. With this new route, the problems inherent
to the Wessling—Zimmerman and Gilch precursor route such
as, side reactions, instability of the precursor resulting in
gelation, a limited solubility of the precursor polymer and early
elimination are excluded. In addition, the high polydispersities
that are observed for the precursor polymers obtained via the
xanthate route are not observed for the precursors obtained via
the new DTC route. Furthermore, a monomer synthesis has
been developed, which is substantially more straightforward
than the synthesis of the sulphinyl monomer. As a result,
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polymers (viz. monomers) that are otherwise not readily
accessible, potentially can be synthesized via this route. Hence,
our novel DTC route strikes an optimal balance between
several straightforward but sometimes troublesome precursor
routes (i.e. the Wessling—Zimmerman and Gilch routes) and
rather complex precursor routes yielding superior purity
materials (i.e. the sulphinyl route).

In this paper, a comparison of the DTC route with the
existing precursor routes is made. In this study, PPV is chosen
as a suitable model. In addition, the polymerization behavior of
a selection of substituted derivatives of PPV is presented,
further supporting the versatility of the DTC route.

2. Experimental section
2.1. General

Unless otherwise stated, all reagents and chemicals were
obtained from commercial sources (Acros and Aldrich) and
used without further purification. Tetrahydrofuran (THF) was
purified by distillation from sodium/benzophenone.

NMR spectra were recorded at 300 MHz for '"H NMR and
75MHz for '*C NMR. Gas chromatography/mass spec-
trometry (GC/MS) analyses were carried out with TSQ-70
and Voyager mass spectrometers (Thermoquest); the capillary
column was a Chrompack CpsilSCB or Cpsil8CB. The
molecular weights and molecular weight distributions were
determined relative to polystyrene standards (Polymer Labs)
by size exclusion chromatography (SEC). Chromatograms
were recorded on a Spectra series P100 (Spectra Physics)
equipped with two Mixed-B columns (10 pm, 2 cm X30 cm,
Polymer Labs) and a refractive index (RI) detector (Shodex) at
70 °C. A DMF solution of oxalic acid (1.1X 1073 M) or THF
was used as eluents at a flow rate of 1 mL/min. Fourier
transform-infrared (FT-IR) spectroscopy was performed on a
Perkin—Elmer Spectrum One FT-IR spectrometer (nominal
resolution 4cm_1, summation of 16 scans). UV-vis spec-
troscopy was performed on a VARIAN CARY 500 UV-vis-
NIR spectrophotometer (scan rate: 600 nm/min). Samples for
temperature dependent thin film FT-IR and UV-vis character-
ization were prepared by spin-coating the precursor polymer
from a CHClj; solution (10 mg/mL) onto NaCl disks at 500 rpm
or quartz disks at 700 rpm. The disks were heated in a Harrick
high temperature cell (heating rate: 2 °C/min), which was
positioned in the beam of either the FT-IR or the UV-vis
spectrometer to allow in situ measurements. Spectra were taken
continuously under a continuous flow of N, during which the
samples were in direct contact with the heating element.
Fluorescence spectra were obtained with a Perkin Elmer LS-5B
luminescence spectrometer.

2.2. Synthesis of monomers

2.2.1. p-Xylylene bis(N,N-diethyl dithiocarbamate) 3a
Monomer 3a was prepared using two different routes (i
and ii).

(i) To 50mL of an acetonitrile/water solution (5 vol%
water) of 1,4-bis(tetrahydrothiophenio-methyl)xylene
dichloride 2a (6 g, 17.143 mmol), sodium diethyldithio-
carbamate trihydrate (or diethyldithiocarbamic acid
sodium salt trihydrate) (8.87 g, 39.429 mmol) was
added as a solid after which the mixture was stirred at
ambient temperature for 2 h. Subsequently, water was
added and the desired monomer was extracted with ether
(3100 mL) and dried over MgSQO,. Evaporation of the
solvent gave 6.2 g (90% yield) of the pure product as a
white solid.

(ii) To 50 mL of an ethanol solution of a,a’-dichloro-p-
xylene 1a (20 g, 0.11494 mol), sodium diethyldithiocar-
bamate trihydrate (59.5 g, 0.26437 mol) was added as a
solid after which the mixture was stirred at ambient
temperature for 2 h. Subsequently, water was added and
the desired monomer was extracted with CHCl; (3 X
200 mL) and dried over MgSO,4. Evaporation of the
solvent and recrystallisation from ethanol gave 45 g
(98% yield) of the pure product as a white solid; mp:
78.5-79.0 °C; "H NMR (CDCls): 7.31 (s, 4H), 4.49 (s,
4H), 4.01 (q, /=7.2 Hz, 4H), 3.69 (q, J=7.2 Hz, 4H),
1.26 (2t, J=7.2 Hz, 12H); '*C NMR (CDCl5): 195.10,
135.27, 129.57, 49.46, 46.70, 41.79, 12.44, 11.56; MS
(EI, m/e): 253 M+ —SC(S)NEt,), 148 (SC(S)NEt,), 105
(MT —2XSC(S)NEt,), 72 (NEt,); IR (NaCl, cm ™ ):
2974, 2931, 1486, 1416, 1268, 1208.

2.2.2. 2,5-Bis(N,N-diethyl dithiocarbamate-methyl)-1-(3,7-di-
methyloctyloxy)-4-methoxy-benzene 3b

The preparation is analogous to that described for 3a
(method ii). Yield: 97% (white solid); mp: 70.2-70.7 °C; 'H
NMR (CDCl3): 6.99 (s, 2H), 4.52 (s, 2H), 4.48 (s, 2H), 3.95 (m,
4H+2H), 3.74 (s, 3H), 3.64 (m, 4H), 1.60-1.85 (m, 2H), 1.38-
1.58 (m, 2H), 1.21 (t, 12H), 1.05-1.30 (m, 6H), 0.88 (d, 3H),
0.81 (d, 6H); '3C NMR (CDCl3): 196.11, 195.99, 151.27,
150.90, 125.08, 124.42, 114.75, 113.86, 67.13, 56.19, 49.41,
49.34, 46.61, 39.22, 37.32, 36.83, 36.30, 29.79, 27.95, 24.69,
22.69, 22.59, 19.62, 12.42, 11.59; MS (EI, m/e): 148 (SC(S)
NEt,), 116 (C(S)NEt,); IR (NaCl, cm ™~ '): 2954, 2930, 2869,
1485, 1415, 1268, 1207.

2.2.3. 2,5-Bis(N,N-diethyl dithiocarbamate-methyl)-
1,4-bis(octyloxy)benzene 3c

The preparation is analogous to that described for 3a
(method ii). After purification by column chromatography
(silica, hexane/ethyl acetate 9/1), the monomer was obtained as
a white solid. Yield: 95%; mp: 72.5-72.8 °C; 'H NMR
(CDCl3): 6.99 (s, 2H), 4.54 (s, 4H), 4.02 (q, 4H), 3.91 (t,
4H), 3.69 (q, 4H), 1.73 (m, 4H), 1.42 (m, 4H), 1.18-1.36 (m,
28H), 0.86 (t, 6H); *C NMR (CDCl5): 196.08 (2C), 150.69
(20), 124.80 (2C), 114.66 (2C), 68.75 (2C), 49.33 (2C), 46.52
(20), 36.84 (2C), 31.75 (20), 29.27 (4C), 29.23 (2C), 26.07
(20), 22.60 (20), 14.04 (20), 12.36 (2C), 11.55 (2C); MS (EI,
mle): 508 (M* —SC(S)NEt,), 148 (SC(S)NEt,), 116 (C(S)
NEt,); IR (NaCl, cm ™~ '): 2928, 2855, 1485, 1414, 1268, 1204.
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Table 1
Polymerization results for monomer 3a

Entry Polymerization temperature Yield (%) M,, (X107%) (DMF) PD (DMF)
1 —78°C 89 7.3 1.6

2 —78—0°C" 88 15.0 2.1

3 0°C 87 248.6, 11.9* 1.6, 1.7
4 Room temp. 88 145.1, 7.2* 1.8, 1.4*

* Polymerization at —78 °C for 90 min, warming up to 0 °C for 15 min and afterwards quenching with ice water.

# Bimodal molecular weight distribution.

2.2.4. 2,5-Bis(N,N-diethyl dithiocarbamate-methyl)-
1,4-bis{2-[2-(2-methoxyethoxy)-ethoxy Jethoxy }benzene 3d

The preparation is analogous to that described for 3a
(method ii). Yield: 75% (slightly yellow solid); Mp:
51.9-52.5°C; 'H NMR (CDCls): 7.01 (s, 2H), 4.54 (s, 4H),
4.09 (t, 4H), 3.81 (t, 4H), 3.60-3.76 (m, 20H), 3.53 (m, 4H),
3.36 (s, 6H), 1.25 (t, 12H); '*C NMR (CDCls): 195.80, 150.73,
125.30, 115.22,71.84, 70.83, 70.63, 70.47, 69.69, 68.81, 58.95,
49.38, 46.56, 36.48, 12.41, 11.57; DIP MS (CI, mle): 725
M), 576 M —SC(S)NEL,); IR (NaCl, cm ™~ '): 2874, 2873,
1487, 1416, 1269, 1204.

2.3. Synthesis of precursor polymers

2.3.1. Polymerization of 3a (4a)

In a typical procedure, a solution of monomer 3a (500 mg,
1.25 mmol) in dry THF (6.25 mL, 0.2 M) was brought to a
specific temperature (cf. Tables 1 and 2) and degassed for 1 h
by passing through a continuous nitrogen flow. An equimolar
LDA solution (625 puLL of a 2 M solution in THF/n-heptane)
was added in one go to the stirred monomer solution. The
mixture was kept at the specific polymerization temperature for
90 min and the passing of nitrogen was continued. After this,
the workup was dependent on the polymerization temperature
employed. Polymerizations performed at —78 °C were either
quenched with ethanol (6 mL) to stop the reaction (cf. Table 1,
entry 1) or were allowed to come to 0 °C (cf. Table 1, entry 2)
This step was not necessary if the polymerization was
performed at higher temperature. The reaction mixture was
quenched in ice water (100 mL), after which it was neutralized
with HC1 (1 M in H,O). Subsequently, the aqueous phase was

Table 2

extracted with CHCl; (3X60 mL). The organic layers were
combined after which the solvents were removed by
evaporation under reduced pressure. The resulting crude
polymer was redissolved in CHCl; (2 mL) and a precipitation
was performed in a 1/1 mixture (100 mL) of diethyl ether and
hexane at 0°C (the precipitation of polymer 4b,c,d was
performed in a 100 mL of methanol at O °C). The polymer was
collected and dried in vacuo. The residual fractions only
contained monomer residues. The yields are presented in
Tables 1 and 2.

Characterization 4a-4d: 4a: '"H NMR (CDCly): 6.78-7.14
(brs, 4H), 5.00-5.30 (br s, 1H), 3.82—4.10 (br s, 2H), 3.51-3.78
(brs, 2H), 2.92-3.12 (br s, 2H), 1.04-1.34 (br t, 6H); °C NMR
(CDCl3): 194.38, 138.07, 137.17, 129.35, 128.30, 56.92, 49.15,
46.68, 42.63, 12.58, 11.65; IR (NaCl, cm™"): 2978, 2931,
1486, 1414, 1266, 1205, 1141. 4b: 'H NMR (CDCl5):
6.45-6.97 (br m, 2H), 5.50-5.87 (br s, 1H), 3.05-4.23 (br m,
11H), 1.02-1.95 (br m, 16H), 0.74-1.02 (m, 9H); 'C NMR
(CDCly): 195.76, 150.85 (2C), 127.68 (2C), 114.11, 113.09,
67.10, 56.39, 51.98, 49.08, 46.38, 39.27, 37.54, 36.60, 34.45,
2991, 27.92, 24.67, 22.69, 22.58, 19.66, 12.47, 11.55; IR
(NaCl, cm™"): 2953, 2929, 1504, 1484, 1462, 1413, 1267,
1210, 1140, 1041. 4c: "HNMR (CDCls): 6.51-7.04 (br m, 2H),
5.52-5.84 (br m, 1H), 3.45-4.12 (br m, 8H), 3.12-3.45 (br s,
2H), 1.58-1.82 (br s, 4H), 1.01-1.55 (br m, 26H), 0.77-0.94 (br
s, 6H); '*C NMR (CDCls): 196.27, 150.43 (2C), 127.73 (2C),
114.76, 113.36, 68.86 (2C), 52.11, 49.05, 46.36, 34.17, 31.93
(2C), 29.66 (4C), 29.40 (20), 26.41, 26.28, 22.71 (2C), 14.11
(20), 12.52, 11.64; IR (NaCl, cm~'): 2927, 2855, 1503, 1484,
1413, 1267, 1209, 1141, 1010. 4d: 'H NMR (CDCl5):
6.68-6.86 (br m, 2H), 5.57-5.75 (br m, 1H), 3.40-4.15 (br

Polymerization results for monomer 3b (entry 5-8), 3¢ (entry 9-12) and 3d (entry 13-15)

Entry Polymerization temperature Yield (%) M(X1073) (THF) PD (THF)
5 —78°C 14 4.2 1.3

6 Room temp. 59 897.3,9.5% 3.3,1.5%
7 35°C 62 386.8, 9.0% 2.8, 1.5%
8 65 °C 39 309.1, 1.8* 3.6, 1.6"
9 —78°C 0 - -

10 0°C 64 1039.0, 3.3° 4.3, 1.4*
11 Room temp. 78 855.3, 2.0° 3.6, 1.7%
12 35°C 79 303.5, 1.8* 2.5, 1.6*
13 —78°C 0 - -

14 0°C 0 - -

15 Room temp. 58 7.6 1.3

# Bimodal molecular weight distribution.
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m, 30H), 3.31 (br s, 6H), 1.14 (br s, 6H); IR (NaCl, cm_l):
2930, 2874, 1501, 1485, 1458, 1414, 1354, 1268, 1206, 1183,
1107.

2.4. Thermal conversion of precursor polymers to conjugated
polymers

Conversion of polymers 4a—4d into the corresponding
conjugated structures Sa-5d was performed in a thin film
(experimental details vide supra). In addition, the conversion of
4b to Sb was also performed in solution as a proof of principle.
To this end, a solution of 4b (50 mg, 0.114 mmol) in 1,2-
dichlorobenzene (6 mL) was heated to 175 °C and stirred for
3 h. After removing the solvent under reduced pressure, the
polymer was redissolved in CHCI; (1 mL) and the resulting
solution was precipitated dropwise in methanol (50 mL). The
polymer was filtered off and dried at room temperature under
reduced pressure. Polymer Sb was obtained as a red solid.
Yield: 88%.

2.4.1. Characterization 5a-5d

5a: IR (NaCl, cm ™~ "): 1512, 1414, 1099, 960, 834. 5b: 'H
NMR (CDCls): 7.5 (br, 2H), 7.2 (br, 2H), 4.6-3.2 (br m, 5H),
2.1-0.6 (br m, 19H); '*C MR (CDCl5): 151.4 (2C), 127.0
(20), 123.3 (20), 110.5, 108.8, 67.9, 56.4, 39.2, 37.4, 36.6,
30.2, 27.9, 24.6, 22.6 (2C), 19.8; IR (NaCl, cm ™ '): 2954,
2871, 1497, 1463, 1409, 1244, 1202, 1033, 967, 862. 5¢: IR
(NaCl, cm™'): 2928, 2858, 1496, 1411, 1378, 1200, 1141,
1041, 968. 5d: IR (NaCl, cm ™~ '): 2935, 2874, 1498, 1192,
1108, 965.
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3. Results and discussion

3.1. Synthesis of the dithiocarbamate precursor of PPV and its
conversion

3.1.1. Mechanistical aspects of the polymerization:
competition anionic/radical?

To study the polymerization process via the dithiocarbamate
route, p-xylylene bis(V,N-diethyl dithiocarbamate) 3a was
synthesized. This was accomplished by the addition of sodium
diethyldithiocarbamate trihydrate either to the bissulphonium
salt 2a (Scheme 1, step i) or to a-o'-dichloro-p-xylene 1a
(Scheme 1, step ii). The latter pathway is straightforward and
provides superior yields and, hence, was also used for
preparation of several other monomers (vide infra). The bis-
dithiocarbamate monomer 3a was polymerized and the results
of these polymerizations are presented in Table 1.

Lithium diisopropyl amide (LDA) was used as the base,
dried THF as the solvent and the monomer concentration was
set at 0.2 M. All polymerization reactions were terminated
after 90 min. The influence of the temperature was verified by
using four different polymerization temperatures (ranging from
—78 °C to room temperature, cf. Table 1 entries 1-4). From
the data in Table 1 it can be concluded that by using the new
dithiocarbamate precursor route, it is possible to obtain the
precursor polymer in an excellent yield for all applied
temperatures. Molecular weights were determined by GPC
relative to polystyrene (PS) standards with DMF as the eluent,
which is a good solvent for precursor polymer 4a. The obtained
molecular weight distributions are mono- or bimodal with
weight-average molecular weights ranging from 7300 to
248600 g/mol, dependent on the temperature employed.

O

(S)NEt2

O(CH,CH,0)sCH3

O~~~ CH3(OCH,CH,);0

Cc

d

Scheme 1. Synthesis of the monomers and polymers. (i) NaSC(S)NEt,-3H,0, (ii) NaSC(S)NEt,-3H,0, (iii) LDA.
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Fig. 1. Overlay of GPC-chromatograms (DMF) of precursor polymer 4a
synthesized at different temperatures.

The molecular weights of the precursor polymers 4a were in
general lower than those of the xanthate precursor polymers
obtained under similar polymerization conditions [13,16] and
the sulphinyl precursor polymers [17].

To demonstrate the effect of temperature on the molecular
weights, an overlay of the chromatograms of the four different
entries is presented in Fig. 1. The chromatogram of precursor
polymer 4a prepared at —78 °C (solid line) shows a
monomodal molecular weight distribution. As the polymer-
ization temperature is increased an additional distribution at the
high molecular weight side of the chromatogram becomes
apparent and a bimodal molecular weight distribution is
observed.

In previous studies, we also observed a bimodal molecular
weight distribution for the PPV precursors obtained via the
sulphinyl precursor route [11]. It was proven that the high
molecular weight fraction was formed via a radical polymer-
ization mechanism and that an anionic mechanism was
responsible for the formation of the low molecular weight
polymer [18]. Further research has corroborated these earlier
findings and indicates that the occurrence of simultaneous
mechanisms is not unexpected for the polymerization behavior
of p-quinodimethane systems [19]. However, a full discussion
on the polymerization mechanisms of p-quinodimethane
systems in general is beyond the scope of this paper.

To verify whether a similar explanation is valid for the DTC
precursor route, the effect of the addition of a radical inhibitor,
2,2,6,6-tetramethylpiperinoxyl (TEMPO), was studied. To this
end 0.5equiv TEMPO was added to the polymerization
mixture. It was observed that the addition of the radical
scavenger inhibited the formation of the high molecular weight
polymer (Fig. 2).

The fact that 0.5 equiv TEMPO inhibits the polymerization
reaction was already proven in a broad range of solvents for the
sulphinyl precursor route. In MMF and s-BuOH for example,
the polymerization was almost completely inhibited [17,20]
and in NMP, a dipolar, aprotic solvent in which a bimodal
molecular weight distribution could be observed, the formation

- - - Room temperature
— Room temperature, TEMPO I \

13 14 15 16 17 18 19
Elution time (min)

Fig. 2. Overlay of GPC-chromatograms (DMF) of precursor polymer 4a
synthesized at room temperature with or without added TEMPO.

of high molecular weight sulphinyl precursor polymers was
inhibited [18]. The experiment with the addition of TEMPO to
the reaction of 3a with LDA (solvent THF) indeed suggests
that in the DTC precursor route a similar mechanism is present
as was observed for the sulphinyl precursor route.

This conclusion is corroborated by additional polymer-
ization experiments of monomers with poly(oxyethylene)
(PEO) side chains. The introduction of PEO side chains
could eventually lead to water-soluble polymers. The
polymerization results obtained for the PEO monomer 3d
(Table 2, entries 13—15) indicate that when the polymerization
temperature is low, no polymer could be isolated. Only at
higher temperature a polymer fraction is observed in the GPC
chromatogram. This is consistent with the fact that the PEO
side chains are rather hygroscopic making it difficult to work
under completely dry conditions. As a result, traces of water
present in the polymerization mixture will kill the base and,
therefore, inhibit the anionic mechanism. Since at low
temperature no radical polymerization can occur, no polymer
has been formed.

It is noteworthy that attempts to polymerize 3a with less
strong bases like NaOrBu and NaH did not lead to polymer 4a.
Also the use of n-BuLi as the base was unsuccessful to obtain
polymer. After work-up, no precipitate was formed in methanol
and the monomer could be fully recuperated. This indicates the
necessity of a strong base like LDA in the DTC precursor route.

3.1.2. Conversion of the precursor 4a towards PPV 5a

The thermal conversion to the conjugated structure has been
studied by means of in situ UV-vis and FT-IR spectroscopy
during which the spin-coated precursor polymer is heated at
2 °C/min from ambient temperature up to 350 °C under a
continuous flow of N,. The absorption maximum (Apax) of
406 nm at 270 °C for the PPV prepared via the dithiocarbamate
precursor route (Fig. 3) is shifted to longer wavelength (lower
energy) compared to the value of 396 nm [16] at 270 °C
obtained by the precursors prepared via the xanthate route. This
is an indication of a significantly improved conjugation of the
m-electron system.
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Absorbance

200 300 400 500 600 700
Wavelength (nm)

Fig. 3. UV-vis spectra of 4a at different temperatures.

As already stated, the A,.x value of 406 nm for the PPV
prepared using the DTC route is measured at high temperature.
The value at room temperature is shifted bathochromically due
to the thermochromic effect [21]. The room temperature
absorption maximum of the PPV from the dithiocarbamate
precursor is 420 nm (Table 3; a red shift of 14 nm as compared
to the Amax value at 270°C is observed). However, in
comparison with the PPV obtained from the n-butyl-sulphinyl
precursor polymer (An.x 425 nm at room temperature, Anyax
416 nm at 120 °C) [21], the Apax 1S Somewhat shifted to shorter
wavelength. Hence, a slightly better conjugated system for the
PPV obtained from the n-butyl-sulphinyl precursor polymer is
observed as compared to the PPV obtained from the diethyl
DTC precursor. Notwithstanding, the optical properties of the
PPV obtained using the DTC route are significantly better than
those obtained using most other synthetic procedures. In
addition to A,.x, also the optical band gap was determined from
the UV-vis spectroscopy data. An optical band gap of 2.37 eV
was determined from the low energy edge of the m—*
absorption band which is similar to the value reported by other
researchers [22].

The absorbance at the absorption maximum of both
dithiocarbamate precursor 4a and PPV 5a are plotted as a
function of increasing temperature in Fig. 4. From these
profiles, it can be seen that the elimination of the dithiocarba-
mate groups of the precursor starts at about 115 °C and is
completed around 170 °C under these heating conditions. The
elimination takes place in the same temperature regime as was
found for the conversion of the thiophene dithiocarbamate
precursor towards PTV [14]. Notwithstanding, the temperature
on which the elimination starts is lower compared to the

Table 3
Absorption maxima of the conjugated polymers 5 obtained after elimination in
film of the precursor polymers 4

Polymer Amax (nm) at high temperature  A;,,,x (nm) at room temperature
Sa 406 (270 °C) 420
5b 465 (160 °C) 510
Sc 480 (177 °C) 495
5d 453 (163 °C) 464

0.25

0.20 A

0.15 ~

0.10 A

Absorbance (a.u.)

0.05 A

0.00 T — L T T T T
50 100 150 200 250 300 350
Temperature (°C)

Fig. 4. Absorbance profiles at 285 and 408 nm as a function of temperature
for 4a.

xanthate precursor route (150°C) [16] and much higher
compared to the start of the elimination of the n-butyl-
sulphinyl group (circa 65 °C) [21].

The temperature dependent IR spectra of the conversion
process of precursor polymer 4a obtained using in situ FT-IR
spectroscopy are shown in Fig. 5. In the IR spectrum of 4a
strong vibrations arising from the dithiocarbamate leaving
group are visible at 1486, 1414, 1266 and 1205 cm ™. Upon
heating polymer 4a, the elimination of the dithiocarbamate
groups is readily observed by the disappearance of these
vibrations. Also a new vibration appears at 960 cm ™' which
originates from the frans-vinylene double bond. The vibration
at 834 cm ! of the p-phenylene C—H out-of-plane deformation
[16,23] also increases during the elimination process. Both the
decline in dithiocarbamate absorption and the increase in
double bond absorption start around 105 °C as visualized in
Fig. 6. There is no indication for the formation of cis double
bonds, which differs from the observations for the correspond-
ing xanthate precursor polymer [16]. From the temperature
dependent FT-IR spectral data it is also evident that after
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Fig. 5. IR spectra of 4a at different temperatures.
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Fig. 6. IR absorption profiles at 1266, 960 and 834 cm™' as a function of
temperature for 4a.

treatment above 200 °C no residual products of the thermal
conversion remain.

The thermal stability of conjugated polymers is character-
ized by the stability of the conjugated system. Once a
breakdown of conjugation occurs, a conjugated polymer is no
longer suitable for opto-electronic applications. The break-
down of the conjugated system can be directly measured with
in situ UV-vis and FT-IR spectroscopy. From these measure-
ments it is evident that the conjugated backbone of PPV is
stable until 350 °C. For comparison, the thermal stability of 5a,
as measured with TGA, is 538 °C.

3.2. Synthesis of the dithiocarbamate precursor of
OC;C;p—PPV and its conversion

3.2.1. Synthesis of the dithiocarbamate precursor

To further demonstrate the versatility of the DTC precursor
route, a substituted PPV-derivative, i.e. OC;C;(-PPV, was
prepared. The synthesis of monomer 3b is a single step reaction
from the corresponding halogenide 1b (Scheme 1). The
polymerizations were all performed in the same way as
described for the synthesis of PPV and the results are listed in
Table 2 (entry 5-8). All the molecular weights of the precursor
polymers were determined by means of GPC relatively to
polystyrene standards in THF, which is a good solvent for this
particular polymer. From Table 2 it is obvious that high
molecular weight OC;C;,—PPV can readily be prepared via the
DTC precursor route.

Similarly to the results found for PPV, the temperature also
has a pronounced effect on the molecular weights of the
OC,Cy precursor polymers 4b. At low temperatures (entry 5)
only low molecular weight material is formed. At room
temperature also high molecular weight material is present of
which the molecular weight decreases with increasing
temperature. This is in agreement with our previous exper-
iments in which it was proven that for the precursors obtained
via the sulphinyl precursor route, the molecular weight
decreased when the polymerization temperature was

augmented. However, whereas the molecular weight of the
high molecular weight fraction decreases with increasing
temperature, the relative amount of high molecular weight
polymer actually increases with increasing temperature.
Apparently, an increased temperature is favorable for the
radical mechanism. Also here the addition of TEMPO on the
polymerization was studied and the same conclusions could be
drawn as for the PPV precursor, i.e. the high molecular weight
fraction was reduced.

3.2.2. Conversion of precursor 4b towards the corresponding
conjugated polymer 5b

Since the conjugated polymer has solubilising side chains,
the thermal conversion was also performed in solution.
Whereas a complete elimination of the n-butyl sulphinyl
groups was observed after refluxing the sulphinyl precursor in
toluene (110 °C) for 3 h, it was necessary to heat precursor 4b
in 1,2-dichlorobenzene (175 °C) for 3 h to fully eliminate the
dithiocarbamate groups. It is evident from FT-IR spectroscopy
that after conversion at this temperature no residual products of
the thermal conversion remain. Heating the precursor 4b in
chlorobenzene (125°C) for 25h did not lead to a fully
converted polymer according to UV—vis spectroscopy. As for
an n-alkyl-sulphinyl OC,C,¢,—PPV precursor polymer, also the
dithiocarbamate OC;C,(—PPV precursor is a sticky solid
product, which turns into a red fibrous solid after the
elimination. The absorption maximum (A,,x) of the conjugated
OC,C,¢—PPV polymer eliminated in solution and measured in
film at ambient temperature is 510 nm which is 7 nm blue
shifted compared to the A, value (of 517 nm) at room
temperature for the same polymer obtained from the n-butyl
sulphinyl precursor [21]. This observation is similar to the one
observed for PPV (vide supra).

In addition to the solution process, the conversion of 4b was
also followed in a thin film with in situ UV-vis and FT-IR
spectroscopy. In Fig. 7, the thin film UV-vis spectra of the
conversion of 4b at different temperatures are shown. The A,x
values of Sb, both at high temperature and at room temperature
are listed in Table 3. It should be noted that no difference in
solubility exists between Sb prepared in solution and Sb
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Fig. 7. UV-vis spectra of 4b at different temperatures.
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Fig. 8. Absorbance profiles at 285 and 465 nm as a function of temperature
for 4b.

converted in a thin film. Since also no differences in the
UV-vis absorption characteristics are observed, it can be
assumed that the nature of the conversion process has no
significant effect on the final conjugated polymer properties.

From the absorbance profiles in Fig. 8, it appears that
OC,C,(—PPV is thermally stable until a temperature of 270 °C.
This value is significantly higher than the reported value of
230 °C for the same polymer when it was made from the
sulphinyl precursor [21]. Although we have to take into
account that the elimination temperature of a sulphinyl group
(65 °C) is lower than the one observed for the dithiocarbamate
group (115 °C), this discrepancy is surprising. Therefore, an
additional in situ UV-vis experiment was performed in which
the precursor was eliminated in film (heating from room
temperature to 180 °C), cooled back to room temperature and
heated again to 350 °C. The profile of the heating after
conversion is shown in Fig. 9 (solid line) and it is evident that
the conjugated system is now stable until a temperature of
230 °C. Apparently the history of the sample determines to a
significant degree the degradation behavior. It should be noted
that the decrease in absorbance below 230 °C is a result of the
thermochromic effect.
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Fig. 9. Absorbance profiles for 4b and 5b.
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Fig. 10. PL spectra of 5b.

The photoluminescence (PL) spectra of polymer Sb are
shown in Fig. 10. It can be seen that the method of processing
the thin film influences the fluorescence properties in a similar
way as was observed for OC;C;o-PPV obtained from a
sulphinyl precursor polymer [24]. When the conversion was
performed in film (dotted line), the fluorescence emission
maximum (A, =590 nm) was red shifted compared to the
maximum measured for a drop-casted film of OC,C,,—-PPV
which was converted in solution (dashed line) (A2, =577 nm).
Such differences in the fluorescence emission maximums
reflect differences in morphology of the thin films. These
differences are even more pronounced when comparing
OC,C,0—PPV obtained from a conversion in film of a DTC
precursor (Apa.x =590 nm) with OC,C;o—PPV obtained from an
n-butyl sulphinyl precursor (A,.x=640nm). A possible
explanation is that the lower defect levels in the latter result
in a better packing of the polymer chains, which accounts for
the red shift in the emission maximum.

3.3. Synthesis of other dithiocarbamate precursors of PPV
derivatives

Besides the synthesis of the PPV and OC,C,,—PPV
dithiocarbamate precursors, two other substituted PPV deriva-
tives were synthesized via the dithiocarbamate route: OCgCg—
PPV 5c¢ (also sometimes referred to as DO-PPV, DOO-PPV or
C3—PPV), a derivative with linear chains and diPEO-PPV 5d, a
derivative with more polar side chains.

The polymer OCgCg—PPV is of interest since by introducing
linear side chains, the charge carrier mobility in the conjugated
polymer can possibly be improved. However, in the conjugated
form OCgCg—PPV is insoluble which is attributed to the fact
that the octyl chains are ordered. The use of a precursor route is,
therefore, essential. The results of the polymerization via the
dithiocarbamate precursor route are listed in Table 2 (entry 9—
12). The changes in molecular weight as a function of the
polymerization temperature are similar to those observed for
OC,C,o—PPV (vide supra). For example, the tendency that for
the high molecular weight interval the observed molecular
weight decreases at higher temperature is confirmed. Following
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the conversion with in situ UV-vis and FT-IR leads to the
conclusion that the temperature at which the elimination starts
is similar to the one observed for PPV and OC,C,,—PPV. The
room temperature UV-vis absorption maximum A, is 495 nm
(Table 3). In comparison, the maximum absorption of a film of
OCgCg—PPV polymer obtained via the Gilch route is 490 nm
[6], indicating that also for this polymer the DTC route gives
better results than most of the other available precursor routes.
The thermal stability of the conjugated system of Sc is similar to
that of 5b, i.e. a thermal stability up to temperature of 225 °C. It
is evident from FT-IR spectroscopy that after heating above
170 °C no residual products of the thermal conversion remain.

Finally the DTC route was also tested for monomers with
PEO side chains (vide supra). The thermal conversion was
again followed with in situ UV-vis. From the UV-vis
measurements it is also in this case evident that the conjugated
system of diPEO-PPV 5d is stable up to 225 °C. The observed
absorption maximums of 5d, both at high (163 °C) and at room
temperature are listed in Table 3. It is evident from FT-IR
spectroscopy that after heating above 160 °C no residual
products of the thermal conversion remain. The fact that Sd
readily can be prepared further corroborates the broad
versatility of our novel DTC precursor route in the synthesis
of substituted conjugated polymers.

4. Conclusion

We have synthesized various dithiocarbamate precursor
polymers, which on thermal heat treatment convert into the
corresponding PPV derivatives. Under most polymerization
conditions tested, analytical size exclusion chromatography
indicates the presence of a bimodal molecular weight
distribution. There are strong indications that this is caused
by the presence of a competition between radical and anionic
polymerization mechanisms.

The new DTC route is an interesting synthetic alternative
for three earlier reported precursor routes (Wessling, Gilch,
xanthate), tackling the disadvantages associated with these
routes and producing polymers of superior quality. However, it
should be noted that the already existing sulphinyl route is a
more robust route, which results in polymers with lower defect
levels. Notwithstanding, the DTC route is a viable alternative
for the sulphinyl precursor route, especially in cases where the
sulphinyl monomer is difficult to synthesize.
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