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ABSTRACT: The polymers presented in this paper are designed for the intended use in light-emitting
diodes. The synthesis of a new series of macromolecules containing isolated oligothiophene, oligothienylene
vinylene, or bithiazole conjugated units bridged by aliphatic units is presented along with optical
characterization by UV—vis absorption and fluorescence spectra in solution. These polymers gave very
similar optical traits to their corresponding subunits while possessing the physical characteristics of a

macromolecule.

Introduction

Electroluminescent polymers are presently becoming
a viable alternative to inorganic filaments in micro-
optoelectronic devices such as light-emitting diodes
(LEDs).1=® Polymers such as poly(1,4-phenylene vi-
nylene) (PPV), polyphenylene (PPP), and polythiophene
(PT) are now in regular use. However, these have
certain drawbacks, mainly low quantum yields* which
result from the high level of freedom of the excited-
state polaron species in its returning to the ground
state. These possess numerous modes of decay other
than photon emission, such as thermal decay and inter
band crossing.> Another clear drawback in such poly-
mers is a very broad bandwidth due to the relatively
undefined chromophore unit. These problems do not
exist or are less prevalent in monomers and short
oligomers.

Consequently, to improve performance, small conju-
gated luminescent units can be connected by a saturated
unit with no activity in the desired optical range, to form
macromolecules.®~8 This will curb the freedom of move-
ment of the singlet exciton® and, thus, will overcome the
problem of the low quantum yield. This effect will be
amplified by the fact that the chromophore is “diluted”
with the nonsaturated segment, decreasing the effect
of aggregates. Furthermore, it can be reasonably as-
sumed that the optical traits of the resulting copolymer
will be similar to those of the conjugated monomer. As
a result, these traits can be tuned by changing the
conjugated unit used. This procedure has been put into
practice previously most notably by Hadziioannou and
co-workers in the synthesis of oligothiophene dibutyl
silane copolymers.8

To further test this suggestion, we have now synthe-
sized new, precisely structured polymers with alternat-
ing conjugated and nonconjugated units (Figure 1).
These polymers provide an attractive and promising
approach to the preparation of a series of different light-
emitting devices. The light-emitting units can consist
of either subsections of existing conjugated polymers
(PT, PTV, etc.) or of any number of organic luminescent
molecules known in the literature, including dyes and
pigments, derivatized to make their polymerization
possible. In this paper the syntheses of three series of
such polymers are presented, those based on the oligo-
thiophene, the oligothienylene vinylene, and the bithia-
zole unit.®

10.1021/ma9808171 CCC: $15.00

n

Figure 1. The general layout of polymers with isolated
conjugated units.
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Figure 2. Synthesis of oligothienylene alkylsilyl polymers.

Results and Discussion

Polythiophene, usually synthesized by electrochemical
polymerization of thiophene or by organometallic cou-
pling,® has long been one of the leading conjugated
polymers in the field of electro-optics. The ease of its
synthesis and processing along with the relatively good
electro-optical characteristics has made it a favorite,
second only to polyphenylene vinylene (PPV), in the
preparation of LEDs. Therefore, its subunits, thiophene
and its oligomers, are good candidates for use in this
research endeavor.

Thiophene (1a), 2,2'-bithiophene (1b), 2,2":5",2"-ter-
thiophene (1c), and 2,2":5',2":5",2""-quaterthiophene
(1d), prepared by procedures reported in the litera-
turel®1! on the basis of the nickel complex catalyzed
Grignard reactions, were used as PT subunits. These
were converted to the dilithio derivatives by the action
of 2 equiv of butyllithium in THF under an inert
atmosphere and subsequently polymerized by reaction
with the nonconjugated spacer molecule 1,2-bis(chlo-
rodimethylsilyl)ethane (Figure 2). This spacer was
chosen because of the high reactivity of the silicon—
chloride bond, with the hope of keeping reaction yields
high, even at higher molecular weights. The polymers
were all of relatively low molecular weight (M, = 5000—
10000) with very low dispersities. All polymers showed
better solubility than the monomers and showed no
signs of decomposition at 300 °C.

The UV—vis and fluorescence spectra of the polymers
(see Table 1) were measured and compared to those of
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Table 1. Polymerization and Optical Results for (2) (Polymerization for 18 h at room temperature)

polymer yield? (%) Mw Mpt2 MWD color A(abs) (nm) A(em) (nm)
2a 56 8.7 x 10° 8.8 x 103 1.003 colorless 2570 3862
2b 49 8.0 x 10° 8.0 x 103 1.003 tan 308P 4602
2c 38 8.4 x 103 8.3 x 103 1.006 yellow 350P 5252
2d 27 8.9 x 103 8.8 x 103 1.010 orange 391¢ 535b

a Isolated yield. P 106 M solution in chloroform. ¢ 10~¢ M solution in THF.
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Figure 3. The absortion spectra of polymers (2a—d).
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the corresponding oligomers. In all cases they were
identical within experimental error. There was a se-
guential change with the increase in both wavelength
and intensity becoming smaller as a function of the
increase in the number of linked thiophenes (m) (Figure
3). The bandwidths in these cases were less broad, about
70 nm at half the signal height as compared to over 170
nm for PT.1® These polymers proved inert to typical
doping media such as sulfuric acid and perchloric
acid.14'15

Poly(thienylene vinylene) (PTV) is generally very
similar in many of its properties to its better-known
derivative PPV; however, its electro-optical character-
istics differ in that PTV is not considered electrolumi-
nescent, only giving off light at the high potential of
3.881 x 1078 Q1 cm™! at room temperature.® This is
assumed to be due to the easy migration of excitons to
guench sites.'” In the corresponding oligomers migration
would be limited and it is expected that these decay
modes would be averted. Furthermore, the higher
chemical reactivity of the thiophene ring (as compared
to that of the benzene ring) would facilitate the synthe-
sis of the copolymers.

The subsections of PTV, E-1,2-di-2-thienylethylene
(3a), E,E-2,5-bis[2-(2-thienyl)ethenyl] thiophene (3b),
and E,E,E-2,2'-(1,2-ethendiyl)bis[5-[2-(2-thienyl)ethen-
yl]thiophene (3c) were all synthesized according to the
literature,'81° using the McMurry coupling®® for mol-
ecules containing an even number of thiophenes and the
Wittig reaction?! for molecules containing an odd num-
ber of thiophenes. All double bonds were the E-config-
uration as was evident from the NMR spectra.

Monomers 3 were polymerized, as in the previous
section, first by dilithiation followed by the reaction with
the previously presented spacer, 1,2-bis(chlorodimeth-
ylsilyl)ethane (Figure 4). Once again, the polymers were
of relatively low molecular weight (M, = 7000—8000),
with low dispersities. They showed good thermal stabil-
ity with only a mild weight loss after 1 h at ~300 °C.
All the above-mentioned macromolecules were soluble
in most organic solvents. These solutions exhibited,
upon illumination, an emission of light in the visible
range with Amax ranging from 386 to 535 nm (see
Table 2).

As in the case of the oligothiophene polymers, a
sequential change in the wavelength and the intensity
of the UV—vis spectra was observed (Figure 5). Al-
though this change was not pseudoasymptotic as in the
previous series, that behavior was previously observed
in larger oligomers.19-22

Combining the structural features of the monomers
in the two polymer series described above gives mol-
ecules of the type oligo(oligothienylene) vinylene. Of
these the most simple example is that of the substance
(5), E-1,2-bis(2,2'-bithiophene-5-yl)ethylene,?® which is
a combination of 2,2'-bithiophene (1b) and E-1,2-di-2-
thienylethylene (3a). This monomer was prepared in a
manner similar to monomers based on thienylene vi-
nylene, by the functionalization of bithiophene using the
Vilsmeier reaction, followed by coupling by the McMurry
reaction with titanium(IV) chloride and zinc. The prod-
uct gave a very strong fluorescence spectra with a
maximum at ~540 nm.

However, in this case the dilithio derivative was
unreactive, probably because of charge delocalization in
the molecule. As a result, an indirect method in which
the McMurry generation of the double bond served as
the polymerization step was undertaken. Bithiophene
was first reacted with 1 equiv paraformaldehyde to
give 5-(hydroxymethyl)-2,2'-bithiophene (6).2425 Subse-
guently, two molecules of the sodium salt of (6) were
joined by reaction with the highly reactive 1,2-bis[3-
(bromomethyl)phenyl]ethane?® to give the adduct (7).
After dicarbonylation via the Vilsmeier reaction, the
aldehyde groups were joined via a McMurry polymeri-
zation to give the polymer (9). This method of polym-
erization gave considerably higher molecular weights,
but a much less uniform dispersity. Once again the final
optical characteristics were similar to the corresponding
monomeric conjugated units characteristics.

Unlike the first two series of polymers which can be
classified as polymers containing subsections of known
conjugated polymers, polymers containing the bithiazole
group can be categorized as polymers made from color-
ing agents or dyes. The bithiazole group is a well-known
coloring agent?”-28 with a strong light absorbance in the
range of ~350 nm and strong photoluminescence.
Recently, the bithiazole has been polymerized and has
shown itself to be a good redox polymer.2°

Preliminary reaserch as to the effect of the spacer in
conjugated—nonconjuaged AB copolymers suggests that
the effect of the spacer unit is minimal.2%31 However,
these have been done on PPV-based systems. Thiophene
and thiophene-like systems have yet to be examined.
To check whether the aliphatic spacer would, in some
way, have an effect on the optical traits of thienyl
polymers, we have synthesized this series of three
polymers in which the bithiazole units were connected
by different spacers.

Because of the ease of its synthesis,3 the specific
bithiazole group used was 4,4'-dimethyl-2,2'-bithiazole.
A mixture of chloroacetone and dithiooxamide was
refluxed in ethanol for several hours, yielding the
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Figure 4. Synthesis of thiophenyl oligothienylene vinylene alkylsilyl polymers.

Table 2. Polymerization and Optical Results for (4)

polymer yield? (%) Muw Mp12 MWD color A(abs)® (nm) A(em)¢ (nm)
4a 73 8.0 x 103 7.8 x 10° 1.019 yellow 340 420
4b 60 7.9 x 103 orange 405 480
4c 74 7.1 x 103 7.1 x 108 1.008 red 456 520

a Isolated yield. ® By NMR end-group analysis. ¢ Optical data from a filtered 10~¢ M solution in chloroform.
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Figure 5. The absortion spectra of polymers (4a—c).

bithiazole system in one step. The bithiazole was then
polymerized in a similar manner as before, with butyl-
lithium followed by the addition of a chlorosilane-
containing spacer. In this case, two such spacers were
used, the standard 1,2-bis(chlorodimethylsilyl)ethane
used in the previous two cases and dichlorodimethysi-
lane. The nickel-catalyzed reaction of the di-Grignard
reagent of 1,6-dibromohexane with the dibromo deriva-
tive of the bithiazole (Figure 8) was used to prepare the
third polymer of the series.

All three polymers had similar, yet not identical, UV—
vis and fluorescence spectra (see Table 3) with a mild
blue shift of approximately 13 nm in the absorption of
the polymer with the shorter spacer (11b). This can be
attributed to the crowding in the area of the spacer
chromophore boundary. This may likely cause a small
deformation of the practically planar bithiazole group,
accounting for the higher energy absorbance. The other
two polymers with the greater conformational freedom
showed nearly identical spectra. This supports the data
showing that the effect of the spacers on the total optical
characteristics is virtually negligible.

These new series of polymers, based on the prelimi-
nary results, show a good likelihood of being functional
for use in LEDs in the future. They gave satisfactory
films both on glass and indium tin oxide (ITO). There-
fore, they should give positive solid-state photo-optic and
electro-optic results. As a result, making a series of
LEDs with different wavelengths and electrical conduc-
tivity should be feasible. These experiments are now in
progress.

Experimental Section

Instrumentation. NMR spectra were measured on either
a Bruker DRX-400 or AMX-300 spectrometer. Melting points
were determined using a Phillips Mel-Templl apparatus. UV—
vis spectra were measured on a Kontron UVIKON 860
spectrophotometer. Fluorescence was measured on a Kontron
SFM25 fluorimeter. Molecular weights of the polymers were
estimated on a gel permeation chromatography (GPC) system
consisting of a Spectra Physics P1000 pump, an Applied
Bioscience 759A UV detector relative to polystyrene standards
(Polyscience) with molecular weights of 4000, 5570, 9100, and
22000. Elemental analysis was performed by the Microanalysis
Laboratory, the Hebrew University of Jerusalem.

Materials. All reagents were purchased from Aldrich
Chemical and were used as received. Solvents were purchased
from Frutarom. THF was distilled from sodium and benzophe-
none. Hexane was dried with sodium. Column chromatography
was conducted with silica gel, 200—400 mesh (Merck). TLC,
analysis was conducted on silica gel 60 plates with a Fzsq
indicator (Merck). Bi, ter, and quaterthiophene (1a, 1b, and
1c),* E-1,2-di-2-thienylethylene, E,E-2,5-bis[2-(2-thienyl)ethe-
nyl]thiophene, and E,E,E-2,2'-(1,2-ethendiyl)bis[5-[2-(2-thie-
nyl)ethenyl]thiophene (3a, 3b, and 3c),*® E-1,2-bis(2,2'-bi-
thiophene-5-yl)ethylene (5),*° 5-(hydroxymethyl)-2,2'-bithio-
phene (6),24% 4,4'-dimethyl-2,2'-bithiazole,?? and 5,5'-dibromo-
4,4'-dimethyl-2,2'-bithiazole (10)% were prepared according to
the literature. All polymers were identified by proton NMR
and IR measurements and in all cases the results were as
expected.

Polymers (2). A solution of 10 mmol of the thiophene
oligomer in 75 mL of dry THF was added to an ice-cooled
solution of 12.5 mL of butyllithium (1.6 M in hexane, 20 mmol),
5 mL of n-hexane, and 10 mL of dry THF under a N;
atmosphere. The ice bath was removed and the mixture was
stirred for 30 min. A solution of 2.15 g (10 mmol) of 1,2-bis-
(chlorodimethylsilyl) ethane in 20 mL of dry THF was then
added slowly and the solution was stirred overnight. The
reaction was quenched with 50 mL of ice water and the product
extracted in dichloromethane. The organic phase was dried
with MgSO, and evaporated to give the crude polymer.
Recrystallization from ethyl acetate—petroleum ether was
performed to purify the polymers.

Polymers (4). A solution of 10 mmol of the thienyl oligo-
thienylene vinylene in 40 mL of dry THF was added to an
ice-cooled solution of 13.75 mL of butyllithium (1.6 M in
hexane, 22 mmol), 10 mL of n-hexane, and 10 mL of dry THF
under a N, atmosphere. The ice bath was removed and the
mixture was stirred for 30 min. A solution of 2.15 g (10 mmol)
of 1,2-bis(chlorodimethylsilyl)ethane in 20 mL of dry THF was
added slowly and the solution stirred overnight. The reaction
was quenched with 50 mL of ice water and the product
extracted in ether. The organic phase was dried with MgSO,
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Figure 7. The absorption and emission spectra of polymer
(9) (1078 M in THF).
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Figure 8. Synthesis of bithiazole-based polymers. (SPCR =
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and evaporated to give the crude polymer. Recrystallization
from dichloromethane—petroleum ether was performed to
purify the polymers.
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Figure 9. The absortion spectra of polymers (11a—c).

Table 3. Polymerization and Optical Results for (11)

A(@abs)P  A(em)P
polymer yield? (%) My Mp2 MWD (nm)  (nm)

1lla 43 6.8 x 10% 6.8 x 10° 1.003 340 450
11b 67 8.0 x 10° 8.0 x 10% 1.003 327 450
1lc 20 8.4 x 10% 8.3 x 10° 1.006 342 450

a|solated yield. ® Optical data from a filtered 5 x 1074 M
solution in chloroform.

Compound (7). To a solution of 1.6 g (8.15 mmol) of
5-hydroxymethyl-2,2'-bithiophene in 40 mL of dry THF was
added 0.41 g (10.2 mmol, 1.25 equiv) of a 60% NaH emulsion
at 0 °C. To this was added a solution of 1.48 g (4.07 mmol) of
1,2-bis[3-(bromomethyl)phenyl]ethane in 30 mL of dry THF
over 45 min. The mixture was stirred overnight and poured
onto ice water. The organic matter was taken up into chloro-
form, rinsed with 10% NaOH and water, and evaporated to
give the crude product. Recrystallization from ether—petro-
leum ether gave 1.4 g (2.22 mmol, 54%) of the pure product
as a yellow solid. m.p. 212—4 °C. *H NMR (ppm): 4.4, s, 4H;
4.65, s, 4H; 4.8, s, 4H; 6.9—7.5, m, 18H. Elemental analysis
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for C34H300,S4: caled. C, 68.2; H, 5.05; S, 22.0. Found C, 68.5;
H, 5.00; S, 21.5.

Compound (8). At 0 °C, 0.61 g (4 mmol, 0.45 mL) of
phosphorusoxychloride and 5 mL of dry DMF were mixed for
30 min. To this mixture was added a solution of 1.4 g (2.22
mmol) of (7) in 10 mL of DMF and heated at 100 °C for 6 h.
After being quenched with ice water, the product was isolated
from the mixture by extraction with chloroform followed by
repeated rinsings with sodium bicarbonate, brine, and several
times with water. Evaporation gave the crude product as a
thick oil (0.9 g, 1.37 mmol, 61%). 'H NMR (ppm): 4.4, s, 4H;
4.6, s, 4H; 4.8, s, 4H; 7.0—-7.4, m, 16H; 9.9, s, 1H. IR (C=0)
1640 cm™1.

Polymer (9). A solution of 0.66 g (1 mmol) of (8) in 30 mL
of dry THF under an N atmosphere was cooled to —20 °C.
Over 30 min 0.23 g (0.13 mL, 1.2 mmol) of TiCls was added
and the solution was stirred at this temperature for an
additional 15 min. Zinc (0.39 g, 5 mmol) was added in portions
over 30 min. The mixture was warmed to room temperature,
stirred for 30 min, and then refluxed for 4 h. The reaction
mixture was cooled and then quenched with 100 mL of a water/
ice mixture. The slurry was filtered and the solid extracted
with 50 mL of dichloromethane. The organic solution was
filtered and worked up in the standard manner to give a brown
solid. The solid was recrystallized in an ethanol:water 1:1
mixture to give 0.44 g of the polymer (9) as on orange solid.
Mn, = 17 x 10%, M, = 14 x 103, MWD = 1.22, isolated
yield = 55%.

Polymers (11a) and (11b). A turbid solution of 1.96 g (10
mmol) of 4,4'-dimethyl-2,2'-bithiazole in 100 mL of dry THF
was added to an ice-cooled solution of 13.75 mL (1.6 M in
hexane, 22 mmol) of butyllithium, 5 mL of n-hexane, and 10
mL of dry THF under a N, atmosphere. The ice bath was
removed and the mixture was stirred for 30 min. A solution
of 2.15 g (10 mmol) of 1,2-bis(chlorodimethylsilyl)ethane or
1.57 g (1.47 mL, 10 mmol) of dimethyldichlorosilane in 20 mL
of dry THF was added slowly and the solution was stirred
overnight at 50 °C. The reaction was quenched with 50 mL of
ice water and the product extracted with several portions of
chloroform. The organic phase was dried with MgSO,4 and
evaporated to give the crude polymer. Recrystallization from
hot chloroform was performed to purify the polymers.

Polymer (11c). A mixture of 2.68 g (1.65 mL, 10 mmol) of
1,6-dibromohexane and 0.61 g (25 mmol) of Mg turnings in 50
mL of dry ether were refluxed until the Mg was mostly
consumed. The resulting solution was added to a turbid so-
lution of 1.96 g (10 mmol) of 5,5'-dibromo-4,4'-dimethyl-2,2'-
bithiazole and [1,3-bis(diphenylphosphino)propane]nickel(11)
chloride (Ni(dppp)Clz) (0.2 g, ~3.7 mol %) in 100 mL of dry
THF under N, and was refluxed overnight. The reaction was
guenched with 100 mL of ice water and the product extracted
with several portions of chloroform. The organic phase was
dried with MgSO, and evaporated to give the crude polymer.
Recrystallization from hot chloroform was performed to purify
the polymer.
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