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Abstract

In this paper new insights in the mechanism of the sulfinyl precursor route towards poly(phenylene vinylene) (PPV) derivatives are
presented by studying the polymerisation reaction in various solvents and by evaluating the influence of both electron donating and with-
drawing substituents. A strong indication is presented that in alcohols the expulsion of the leaving group is involved in the rate determing step
of the reaction, the formation of thequinodimethane intermediate, which further also depends on the type of solvent and substituents.
Moreover, two polymerisation mechanisms can occur simultaneously: a radical mechanism that results in high molecular weight polymers
and an anionic mechanism yielding low molecular weights. Competition between both mechanisms strongly depends on the solvent and type
of substituents© 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction 1,6-elimination with expulsion of the leaving group (L). In
this way the actual monomer paquinodimethane systegh
Polymer-based light emitting diodes (PLEDs) in which is generated. Once thisxylylene intermediate is formed, it
thin films of conjugated polymers constitute the active layer polymerises spontaneously and rapidly (without external
were first reported in 1990 by Friend et al. [1]. Interest in initiation) to yield high molecular weight PPV precursor
this field then grew rapidly and extensive research was polymers3 (step 2). The conjugated structudecan be
performed in order to improve the active materials and the obtained by thermal treatment.
performance of devices [2,3]. Nowadays the electrolumi- The sulfinyl route developed in our laboratory differs
nescence and lifetime of PLEDs is sufficient to compete from the other precursor routes in that a chemical differen-
with classical inorganic LEDs. tiation is introduced between the leaving group, a halide,
Precursor routes are of major importance towards the and a so-called polariser, a sulfinyl group (S(g)R his
development of optical and electronic applications of results in unsymmetrical monomers. The sulfinyl group
organic semiconductors since they introduce processabilityhas several functions: besides the preferential stabilisation
which makes the incorporation of these materials into of the anion formed in the first step of the process and the
devices feasible. Several routes have been developed opolarisation of thgp-quinodimethane system in such a way
which the Gilch [4], the Wessling [5], the xanthate [6,7] that regular head-to-tail addition results, it offers control
and the sulfinyl [8—10] routes are the most important. A over the stability of the precursor polymer. Also the solubi-
general scheme of the precursor routes towards the formadity of both the monomer and precursor polymer can be
tion of poly(phenylene vinylene) (PPV) and derivatives is altered by changing thesRroup of the non-ionic polariser.
presented in Fig. 1. The first step is a proton abstraction This not only means that the physico-chemical characterisa-
of the p-xylene derivative (pre-monometf)followed by a tion of the precursor polymer becomes more straightforward
but also that a broad range of solvents becomes available for

* Corresponding author. Tel.+ 32-11-268-321; fax:+ 32-11-268-301. prO(_:essing, e.g. QlCOhOIS- which can be interesting _fror_n an
E-mail addressdirk.vanderzande@Iuc.ac.be (D. Vanderzande). environmental point of view. Moreover the pOlymerlsatlon
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R, R, the reactivity of calcium [16,17]. However, since the work
base o function of aluminum, a less reactive metal, is higher as
== {1 \P compared to calcium, a higher electron affinity of the conju-

L 1 P R O gated polymer is required in order to retain the high PLED

Ri STEIP/ 2 efficiencies.
o .
I R .
R, Ry : 2. Experimental
> <>
R, I R . Ry 2.1. Materials
p” %o ) P

STEP 2 All solvents and reagents are purchased from ACROS or
/ Aldrich and are used without further purification. The synth-
eses of the starting unsymmetrically substituted monomers

R R
l 1 la—f (Table 1) is described elsewhere [18—20]. The synth-
" 7 n esis of the blocked monometg (L =H; see Table 1)
</ 3 P STEP 3 . follows the general procedure described in Ref. [17]
2 R2

(phase transfer catalysed substitution reaction).
Wessling route : L = P = *SR3X~

Gilch route : L=P =Cl 2.2. Analyses
Xanthate route : L = P = SCSOEt
Sulfinyl route : L = CL, Br, I ; P=S(O)R3 % and™H NMR spectra were recorded in CDQ@n a
R| =Ry =H, OMe, Me, CI Varian Inova 400 Spectrometer at 100 and 400 MHz,
respectively. Chemical shifts are expressed in ppm relative
Fig. 1. General scheme of the polymerisation reaction. to TMS. Fourier transform infrared (FT-IR) spectroscopy

was performed on a Perkin—Elmer 1600 FT-IR. Molecular

its_elf can be investigated in various solvents and tuned moreyeights were determined relative to polystyrene standards
efficiently. o _ _ _ (Polymer Labs) by size exclusion chromatography (SEC) on

The polymerisation reaction however is a complicated 5 gpectra series P100 (Spectra Physics) equipped with two
process in which the different steps are highly linked and pixED-B  columns (1gum, 2cmx30cm  Polymer
the influence of the solvent and aromatic ring substituents Labs) and a RI detector (Shodex) aPCowith a flow rate
(Ryand R) is rather unknown. Also the mechanism of these of 1.0 mi/min. Glass transition temperature$y)( were
p-quinodimethane based polymerisations is unclear: both yetermined by modulated differential scanning calorimetry
anionic [11-13] and radical [5,14,15] mechanisms have (T |nstruments 2000) in closed Al pans (heating rate of
been proposed. 2.5°C/min, amplitude of 1.5C, period of 60 s, temperature

In this paper new insights in the mechanism are presentedcajipration with In and benzophenor@, calibration with a
by studying this type of polymerisation in various solvents pyva NIST standard).

and by evaluating the influence of both electron donor and

acceptor substituents {(Rnd R). Especially the introduc- 5 3 standard procedure for the polymerisation

tion of electron acceptors is of interest towards the use of

PPV derivatives as active layers in PLEDs. Although the A solution of monomer (1 mmol) in solvent (7 ml) and a

electroluminescence efficiency is high in PLEDs with solution of Na@Bu (base) in solvent (3 ml) were flushed

calcium as cathode, the lifetime is rather limited due to with N, under stirring for 1 h before mixing. After 1 h reac-
tion under a constant stream of tthe reaction mixture was

Table 1 poured in 100 ml KO, neutralised with 1.0 M HCI and

Overview of monomers and precursor polymers extracted twice with 100 ml CHgIThe combined organic

layers were concentrated under reduced pressure, dissolved

in 10 ml CHCE and precipitated in 100 ml of an appropriate

L R, Rs Ri» Rs solvent. The polymer was collected, filtered and dried under

vacuo. For polymerisations in GBI, the base was intro-

Pre(monomer) Precursor polymer

la-cH nButyl - 3a  H n-Butyl duced in its solid phase. The standard amount of 1.3 equiv
la | H n-Butyl 3a H n-Butyl f NaOB ti lightl d dt t basi
1b cl H noctyl  3b H n-Octyl of NaQiBu was sometimes slightly reduced to prevent basic
1c cl CHs n-Butyl 3c CHs n-Butyl elimination of sulfinyl groups. The type of reaction solvent,
1d cl CHs n-Octyl 3d CH; n-Octyl precipitation solvent, amount of base and reaction tempera-
le cl OCH, n-Butyl 3e OCH, n-Butyl ture is given below for each of the precursor polymers. The
i; 0o 2823: s« n-Octyl polymer yields, molecular weights and molecular weight

distributions are given in Table 2.
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Table 2
Overview of the polymer yield, molecular weight and molecular weight distribution of different precursor polymers obtained via the Sulfingrprederis
various solvents

Entry L2 Rs? Ri=R® Solvent Yield (%) My (X 107 (g/mol) My/M,°
1 Cl n-Butyl OMe MeOH 40 8.8 1.7(m)
2 Cl n-Butyl H MeOH 0 -

3 Br n-Octyl Cl MeOH 0 -

4 | n-Butyl H MeOH 25 7.4 1.7(m)
5 cl n-Butyl Me MMF 25 62.0 2.9(m)
6 Cl n-Butyl OMe MMF 35 26.7 1.8(m)
7 cl n-Butyl H MMF 25 80.3 2.7(m)
8 Br n-Octyl Cl MMF 0 -

9 Cl n-Butyl Me s-BuOH 90 77.3 2.6(m)
10 Cl n-Octyl H s-BuOH 88 23.8 2.0(m)
11 Cl n-Butyl H s-BuOH 87 54.0 2.5(m)
12 Br n-Octyl Cl sBuOH 65 67.8 3.3(m)
13 cl n-Octyl Me THF 65 98.9 3.4(m)
14 cl n-Octyl H THF 80 735 3.9(b)
15 Br n-Octyl Cl THF 50 12.1 6.2(b)
16 Cl n-Butyl Me NMP 55 19.2 1.9(m)
17 cl n-Butyl H NMP 45 25 5.3(b)
18 Br n-Octyl Cl NMP 35 2.6 3.4(b)
19 Cl n-Butyl H MMF® 0 -

20 Cl n-Butyl H NMP® 20 0.3 1.1(m)
21 cl n-Butyl H NMP(H,0 50 6.1 1.7(m)
22 Br n-Octyl Cl CH,Cl, 70 31.3 4.5(m)

2 L is the leaving group.

P R, is then-alkyl group of the polariser.

¢ R; and R are the aromatic ring substituents.

4 (m) and (b) denote monomodal and bimodal molecular weight distribution, respectively.
¢ With 0.5 equiv of TEMPO.

2.4. Poly{[1,4-phenylene]-[1-(n-butylsulfinyl)ethylenedh procedure starting fronic. Reaction insBuOH: 20C,
1.3 equiv base; in MMF: 2, 1.3 equiv base; in NMP:

This compound was synthesised according to the general_1¢>c, 1.3 equiv base and in DMSO: 2D, 1.3 equiv
procedure starting frorha or 1&’. With chlorine as leaving  pase. All polymers were precipitated in ether. DMF was
group (La): reaction in MeOH: 28C, 1.3 equiv base; in | ;sed as the eluent for SEd, = 77°C; IR (KBr, v,
MMF: 20°C, 1 equiv base; ins-BUOH: 30C, 1.3 equiv cm™Y): 2959, 2931, 2871, 1505, 1457, 1181, 1035t
base; in NMP: 20C, 1.1 equiv base and in DMSO: ZT) NMR (() = integration value): 7.32, 6.85, 6.51 (2H), 3.89
1 equiv base. With iodine as leaving groug(): reaction in (1H), 3.73, 3.45, 3.09, 2.91 (2H), 2.26, 2.14, 2.03, 1.97 (8H),
MeOH: 20C, 1.3 equiv base. The polymers were precipi- 1.63, 1.53 (2H), 1.30, 1.23 (2H), 0.82, 0.80 (3LC NMR:
tated in ether. The analysis of these compounds is dESCI’ibed_|_36_56, 136.06, 134.76, 133.84, 133.51, 131.88, 131.12,

elsewhere [8,19]. NMP was used as the eluent for SEC 132 41, 129.05, 65.76, 65.05, 59.50, 49.11, 48.36, 34.11,
except for the polymers obtained in NMP for which DMF 25.07, 24.78, 22.03, 21.79, 19.13, 18.91, 13.55.

was used.

2.5. Poly{[1,4-phenylene]-{1-(n-octylsulfinylethylendb 5 7 pqiyi(2,5-dimethyl-1,4—phenylene]-[1-(n-octylsulfinyl)

This compound was synthesised according to the generalemyk':'ne]}3d
procedure starting fromib. Reaction ins-BuOH: 30C, . , .
1.3 equiv base and in THF: 30, 1 equiv base. The poly- This compoupd was synthe3|§ed_accord|ng to the g.eneral
mers were precipitated in a mixture of ether and hexane (1/ Procedure starting frord. Reaction in THF: 2, 1 equiv
1). The analysis of these compounds is described elsewherd@S€- The polymer was precipitated in a mixture of ether and
[21]. DMF was used as the eluent for SEC except for the hexane (1/1). DMF was used as the eluent for SEf=

polymers obtained in MeOH for which NMP was used. 63°C; IlR (KBr, v, Cm_i ): 298_7’ 2958, 2889, 1525, 1467,
1058; "H NMR (() = integration value): 6.85, 6.57 (2H),

2.6. Poly{[2,5-dimethyl-1,4-phenylene]-[1-(n- 3.92, 3.65, 3.45, 2.97 3(3H), 2.32, 2.14, 1.89, 1.63 (10H),
butylsulfinyl)ethylene]Bc 1.18 (10H), 0.82 (3H);1 C NMR: 136.95, 136.58, 135.32,
134.21,132.91, 132.18, 129.46, 65.77, 49.58, 34.59, 32.00,
This compound was synthesised according to the general29.42, 29.30, 28.99, 23.34, 22.89, 19.34, 14.41.
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2.8. Poly{[2,5-dimethoxy-1,4-phenylene]-[1-(n-butylsulfinyl) place if electron donor substituents are present (entries 1—
ethylene]}3e 3). In MMF, another protic, polar solvent, polymerisation
occurs except in the presence of electron acceptors (entries
This compound was synthesised according to the generals_g)_ |n hoth solvents a rather low yield and a monomodal
procedure starting fromie. Reaction in MeOH: 3%, molecular weight distribution is obtained.
1.3 equiv base and in MMF: 2G, 1.3 equiv base. The poly- In protic, more apolar solvents likebutanol, polymer-
mers were precipitated in ether. DMF was used as the eluentisation always takes place with a high yield and a mono-
for SEC.Ty = 67°C; IR (KBr, », cm '): 2940, 2910, 2850, modal molecular weight distribution  (entries 9—12).
1495, 1450, 1385, 1215, 10284 NMR (() = integration  Ejectron acceptors however also seem to reduce the polymer
value): 6.95, 6.86, 6.56, 6.39, 6.32 (2H), 4.45 (1H), 3.80, yield.
3.70,3.56,3.51,3.46, 3.41, 3.37,3.32 (6H), 3.24 (2H), 1.91, |, aprotic, apolar solvents like THF polymerisation also
2.15,2.45 (2H), 1.46, 1.66 (2H), 1.32, 1.24 (2H), 0.82 (3H); occurs (entries 13—15) but a monomodal molecular weight
C NMR: 151.61, 150.81, 127.35, 126.87, 122.37, 121.32, {jstribution is only observed in the presence of electron
114.80,114.20, 113.53, 111.55, 110.71, 59.30, 54.70, 56.14 gonor substituents. Using unsubstituted or electron acceptor
55.73, 49.45, 48.67, 31.84, 29.35, 28.74, 24.90, 24.51, gypstituted pre-monomers results in a bimodal molecular

22.08, 21.87, 13.59. weight distribution which strongly complicates the compar-
ison of polymer yields.

2.9. Poly{[2,5-dichloro-1,4-phenylene]-[1-(n-octylsulfinyl) In aprotic, more polar solvents like NMP and DMSO

ethylene]}3f (results not shown) similar trends are observed. A monomo-

dal molecular weight distribution is only observed if elec-

tron donor substituents are used (entries 16—18).

Since the polymerisation of sulfinyl monomers proceeds
via a p-xylylene intermediate2, an efficient conversion of
pre-monomerl to the actual monomer, the-quinodi-
methane systen?, is essential for a high polymer yield.
UV-Vis spectroscopy has proven to be the most convenient
technique to monitor the concentration of polymerising
unsubstitutedp-xylylenes [14]. Differentiation is based on
the difference in absorption wavelength for a benzoic
(278 nm) and a quinoid (316 nm) structure [8,13,22,23].
This difference inA . is further confirmed in this paper
by observing a reaction as for entry 7 but in which the
'blocked pre-monomelrg (Table 1), has chlorine as the leav-
ing group replaced by hydrogen, is used. No absorption is
observed at 316 nm since only the benzylic anion but not the
quinodimethane system can be formed. Applying this tech-
nique for monitoring the appearance and depletion ofpthe
xylylene intermediate for unsubstituted monomers results in
a plot as depicted in Fig. 2 for entry 7. Similar plots are
obtained for the polymerisation mbutanol [21], in which
high concentrations of thp-quinodimethane intermediate
are easily formed, and for unsubstituted '4#phenylene
type monomers in NMP [24]. Fig. 3 shows the appearance
and depletion of the-xylylene intermediate in THF for
entry 15. It indicates that also in the presence of electron
acceptor substituents the polymerisation proceeds vip-the
guinodimethane system.

The polymerisation reaction is a complex process in
3. Results and discussion which several, highly linked steps can be distinguished.

Although it is beyond the scope of this paper to explain

Table 2 shows an overview of the polymer yield, mole- the complete mechanism, some interesting points can be
cular weight and molecular weight distribution of different deduced. The absence of polymerisation of unsubstituted
precursor polymers obtained via the sulfinyl precursor route and electron acceptor substituted pre-monomers in metha-
in several solvents by varying the leaving group, polariser nol (entries 2 and 3) and electron acceptor substituted
and substituent R,. With chlorine as leaving group the pre-monomers in MMF (entry 8) can be ascribed to the
polymerisation of pre-monomers in methanol only takes inability of quinoid formation as was already demonstrated

This compound was synthesised according to the general
procedure starting fromlf. Reaction in MMF: 26C,
1.1 equiv base; in THF: 2C, 1equiv base; in NMP:
20°C, 1lequiv base; in DMSO: 2Q, 1equiv base; in
MeOH: 20°C, 1.3 equiv base; in Ci€l,: 20°C, 1.2 equiv
base and inssBuOH: 20C, 1 equiv base. The polymers
were precipitated in a mixture of ether and hexane (1/1).
THF was used as the eluent for SEXg.= 75°C; IR (KBr,
v, cm Y): 2954, 2925, 2854, 1479, 1372, 1080, 10%3;
NMR (() = integration value): 7.64, 7.20, 7.01 (2H), 4.47
(1H), 3.71, 3.48, 3.21 (2H), 2.49, 2.35 (2H), 1.68 (2H), 1.20
(10H), 0.81 (3H); *C NMR: 136.43, 133.46, 132.28,
130.75, 130.35, 56.87, 61.52, 49.95, 33.49, 35.05, 31.59
28.66, 28.88, 29.05, 22.50, 23.06, 14.01.

2.10. UV-Vis spectroscopy

To achieve efficient mixing of the reagents, a magnetic
stirrer was added to the solution of monomer (2 ml) in the
quartz cell of the spectrometer. While the monomer solution
is stirring, the solution of Na®u (1 ml) is added. Spectra
were acquired from 240 to 440 nm at programmed time
intervals, or the change i, was monitored in time.
The scan rate was 520 nm/min and the scan interval
0.5nm. To solutions in THF one drop of water was
added, in order to keep the reaction mixture clear during
the measurement.
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00m 00's = Measured
00 m 44 s 1,6 at 316 nm

01 m37s
02m17s
03mO00s
03m47s
04m28s
10mO00s
15m00s
30m00s

Absorbance
n

0,51

— 0-F e

— T T
260 280 300 320 340 360 380 50 100 1%0 2(I)0 25I0 300
Wavelength (nm) Time (sec)

1. NattBuO-

MMF Polymerisation
2. 1,6-elimination
Cl S SR

O// SR o? O//S-R )
278 nm 316 nm

Fig. 2. UV-Vis visualisation of the formation and consumption of pkguinodimethane intermediate fdain MMF (monomer concentration is 0.0250 M).

by UV-Vis spectroscopy for unsubstituted monomers in polymerisation as is demonstrated by addition of the radical
methanol [21]. If the chlorine group is replaced by an iodine scavenger TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy)
functionality (entry 4), polymerisation in methanol however to the reaction mixture. Addition of 0.5 equiv of TEMPO
occurs even without electron donors. This is a strong indica- to the reaction mixture in MMF (entry 7) totally inhibits the
tion that in alcohols the expulsion of the leaving group is polymerisation reaction (entry 19). Similar results are even
involved in the rate determing step of the reaction, phe  obtained ins-butanol, a solvent in which normally high
quinodimethane formation. However, not only the leaving polymer yields are obtained (entries 10 and 11) [21]. On
group but also the substituents and type of solvent play athe other hand, addition of TEMPO to the reaction mixture
major role in the rate determing step. Electron donor substi- in NMP (entry 20), where normally a bimodal molecular

tuents seem to enhance the rate of formation optheino- weight distribution is observed (entry 17) [25], results in a
dimethane system probably because they facilitate the monomodal distribution at the same elution time as the low
expulsion of the leaving group (e.g. entry 1). molecular weight fraction of the standard bimodal distribu-

Most striking however is the appearance of a bimodal tion. TEMPO only inhibits the formation of the high mole-
molecular weight distribution for polymerisation reactions cular weight polymer. This points to a radical mechanism
of unsubstituted and electron acceptor substituted mono-for the formation of the high molecular weight precursor
mers in aprotic solvents. Table 3 presents an overview of polymers. The low molecular weight fraction seems to be
the influence of the solvent and substituents on the molecu-formed by a non-radical mechanism. NMR studies have
lar weight distribution. High molecular weight polymers shown that in both cases a polymer with a similar structure
of unsubstituted PPV precursors are formed via a radical is formed. Since aprotic solvents like NMP enhance the
reactivity of the anions, an anionic mechanism is postulated
for this kind of p-quinodimethane based polymerisations.

2’25 Indeed, adding 5% (v/v) of water to the standard reaction
2] Measured at 342 nm mixture in NMP (entry 21) yields only the high molecular
1,8 weight fraction while the formation of the low molecular
3 1,6_3 weight fraction is blocked. This is confirmed by reactions in
§ . CH,CI,, a solvent which is known to be unsuitable for anio-
S 1,47 nic polymerisations [26]. Even with electron acceptors, a
< 1,24 monomodal high molecular weight distribution is observed
1 (entry 22).
] In general, two polymerisation mechanisms can occur
0*8“; simultaneously: a radical mechanism that results in high
0.6t———rr—r—r——— molecular weight polymers and an anionic mechanism
0 200 400 600 800 1000 1200 that yields low molecular weight polymers. The competition

Time (sec) between both mechanisms however strongly depends on the
Fig. 3. UV-Vis visualisation of the formation and consumption of phe reaction Cpndltlons, more_ sp_eC|f|C on the Sqlvent and monq-
quinodimethane intermediate fdif in THF (monomer concentration is mer.SUbsmuents- Th? anionic mechanism is not PbserV?d n
0.0025 M). protic solvents and is promoted by electron withdrawing
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Table 3
Overview of the influence of the solvent and substituents on the formation and molecular weight distribution of precursor polgresrsie given in
minutes)
Electron donor$(CHz) No substituents Electron acceptors (Cl)
MeOH (protic polar) No polymer formed No polymer formed

°
s
wd

15

MMF (protic polar)

10 15

°
8

s-Butanol (protic apolar)

°
“
s
&
3

THF (aprotic apolar)

No polymer formed

°

on

3
I
3
© A
3
a
3

°
3

15

8

NMP (aprotic polar)

°
“
s
=
8

°

°.

2 Electron donors are OMe functionalities.

s-butanol

Time (min)

Fig. 4. Size exclusion chromatography3ffin various solvents.

substituents. Electron donor substituents on the other hand
seem to suppress the anionic polymerisation. Protic solvents
like MMF and alcohols seem to suppress the anionic
mechanism which results in a monomodal molecular weight
distribution independently of the type of substituent. In
aprotic, apolar solvents like THF the anionic mechanism,
and so bimodal distribution, is only observed in the absence
of electron donors although it only becomes the main
mechanism (low molecular weights) in the presence of elec-
tron acceptors. In aprotic, polar solvents like NMP and
DMSO the anionic mechanism can only be suppressed if
electron donors are present. Fig. 4 presents an overview of
the molecular weight distribution of the precursor polymer
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3f obtained in various solvents. A thorough discussion on (FWO) and Hoechst AG for their financial support. Prof. R.
the mechanism of the anionic polymerisation however is Valcke and Prof. J. Vangronsveld are kindly acknowledged
beyond the scope of this paper. Whether it concerns afor making available the UV—-Vis spectrophotometer. The
chain- or step-growth process will be the subject of further authors also are grateful to Prof. G. Groeninckx and Dr G.
work. Dreezen (KU Leuven) for the MDSC measurements.
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