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ABSTRACT: The polymerization of 3,3’-dimethyl-2,2’-bithiophene and 3,3’-dihexyl-2,2’-bithiophene affords
the stereoregular head-to-head versions of poly(3-methyl- and poly(3-hexylthiophene), respectively. The
properties of the stereoregular polymers are compared to those of the conventional polymers obtained from
polymerization of 3-methylthiophene and 3-hexylthiophene. Regiospecificity was determined via 500-
MHz NMR (both 'H and !3C) in solution for the hexyl-substituted case and 300-MHz 3C CPMAS for all
polymers. The regiospecific polymers have their maximum absorption at considerably shorter wavelengths
than their nonregiospecific counterparts; thus, poly(3,3’-dimethyl-2,2’-bithiophene) absorbs at a 91 nm shorter
wavelength (417 vs 508 nm) and poly(3,3’-dihexyl-2,2-bithiophene) absorbs at a 110 nm shorter wavelength
{398 vs 508 nm). This change in band positions is not due to a difference in molecular weight since the two
types of polymer are essentially of equal M,, with the stereoregular hexyl derivative having a slightly
higher M,,. We conclude that the intrachain sulfur-alkyl steric repulsion must be dominant, forcing the
backbone out of coplanarity and w-conjugation. Interestingly, this pronounced steric effect on the elec-
tronic spectroscopy is not reflected in the conductivity. Finally, the stereoregular polymers are the most

magnetic defect-free conjugated chains prepared to date, as determined via ESR spectroscopy.

Introduction

The isolation of amorphous solids from the reaction of
thiophene with various catalysts dates back to 1883 with
Victor Meyer’s® “sulfuric acid wash” process for the puri-
fication of coal tar benzene in which thiophene was present
as a contaminant. Since then, many reports on the poly-
merization of thiophene have appeared in the literature,
but the products obtained were not well characterized
and a structure was not determined.? Well character-
ized poly(thiophene) with a regular poly(2,5-thienylene)
structure was obtained in 1979 by chemical poly-
merization® and later by electrochemical poly-
merization.* Since then, poly(thiophene) has been exten-
sively studied and because of the ease with which the
thiophene monomer can be 3-substituted, a large family
of poly(thiophene) derivatives with remarkable proper-
ties has emerged.

Derivatives have been synthesized with the objective
of obtaining a lower energy band gap and possibly intrin-
sically conducting polymers.> Polymerization of henzo-
[c]thiophene (isothianaphthene)® has produced the poly-
mer, poly(isothianaphthene),” with the smallest band gap
among the organic conducting polymers. Another poly-
mer with an equally small band gap was more recently
obtained from dithienothiophene.”® The decrease in the
band gap when going from poly(thiophene) (2 eV) to poly-
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(isothianaphthene) (1 eV) is explained® by an increase
in the quinoid contribution to the electronic structure,
caused by the fusion of the benzene to the thiophene
ring. The same argument applies to poly(thieno[c]-
thiophene), which should also have a band gap of lower
energy than poly(thiophene). Attempts to polymerize
dihydrothieno[c]thiophene have been unsuccessful.®

Due to their rigid =-conjugated backbone and strong
interchain interactions, all unsubstituted organic con-
ducting polymers are insoluble and infusible. This con-
stituted a major obstacle in their study and in the devel-
opment of practical applications. An important step in
the study of these materials occurred in 1983 with the
preparation of solutions of organic conducting polymers
in their doped form.’* This was accomplished through
a procedure in which the undoped polymer, suspended
in AsF; solvent, was exposed to AsF; and doping occurred
with concomitant dissolution. Films of the doped poly-
mer could be cast by evaporation of the solvent. The
process evolved to an in situ polymerization and doping,
through dissolution of the monomer in liquid AsF;/
AsF;. Solvation of the doped polymers in this system is
attributed in large part to interactions between the inor-
ganic dopant ions and the solvent. Two major draw-
backs to this development are (1) the polymers cannot
be redissolved after they have been cast into films and
(2) the high toxicity of the AsF;/AsF, system.

A major advance in the field of organic conducting poly-
mers was the synthesis'? of polymers that were soluble
in common organic solvents in both their doped and
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Figure 1. Organic solvent soluble poly(alkylthiophenes).

undoped forms. These polymers were the poly(alkylthi-
ophenes) obtained by the substitution of long alkyl chains
(n = 4) in the B-position of the thiophene rings. The
first well-characterized poly(alkylthiophenes) were poly(3-
methylthiophene) and poly(3,4-dimethylthiophene),® these
were followed by longer alkyl chain substitution*?® (Fig-
ure 1) as well as preparation of copolymers of long-chain
alkylthiophenes with 3- benzylthlophene 16 3-methyl-
thiophene,'?*21¢ and thiophene.®

It was known that incorporation of side groups on con-
jugated polymer chains increased their processability'®
but it was also expected that substitution of long chains
in the polymer backbone would seriously affect its con-
ductivity by affecting the planarity of the backbone and
interfering with the electron transport between polymer
chains. And, indeed, the conductivities of the long-
chain substituted poly(thiophenes) were lower than those
of the parent polymer, but the loss in conductivity was
not dramatic and it was well compensated by the acquired
solubility. Long-chain 3-substituted thiophenes contain-
ing ether and amide linkages'* in the alkyl side chain
(Figure 1) were later polymerized, giving rise to soluble
polymers that in some cases were claimed to have con-
ductivities that surpassed that of the parent poly-
(thiophene). The synthesis of 3-substituted poly-
(thiophenes) having chiral groups as part of the substit-
uent and capable of recognizing chiral anions used as
doping agents has also been reported.!®

The development of organic solvent soluble poly(thi-
ophenes) was followed by that of water soluble poly(thio-
phenes).’5 These derivatives have an alkylsulfonic acid
or alkali-metal cation alkylsulfonate substituted in the
3-position of the thiophene ring. With the synthesis of
these polyelectrolytes a new concept was born, that of
“self-doped” conducting polymers. Inthese polymers the
cougterion in the oxidized conducting form of the poly-
mer is covalently bound to its backbone.

The poly(3-alkylthiophenes) are obtained by the chem-
ical or electrochemical polymerization of 3-alkylthi-
ophenes. Electrochemically the polymer is prepared!’
by electrolysis of a solution of the monomer and an elec-
trolyte salt in an organic solvent. One-compartment cells
are normally used, and the most commonly used sol-
vents are nitrobenzene and propylene carbonate. Elec-
trolyte salts such as tetrabutylammonium perchlorate and
tetrabutylammonium hexafluorophosphate have been used.
The polymerization is carried out in a moisture- and air-
free environment, and the electrolytic solution is degassed
prior to polymerization. Early work'® has shown that
polymerization on nondegassed systems results in poly-
mers of lower conductivities.

The polymerization consists of the oxidative coupling
of the 3-alkylthiophenes with deposition of the polymer
as a film on the anode. The polymer is obtained in the
oxidized form with the counterion of the charged poly-
mer coming from the supporting electrolyte. Since the
polymer is obtained in the oxidized, conducting form, the
polymerization continues even after the electrode has been
totally coated with the film. The polymer can be undoped
electrochemically by reversal of the polarity of the cell
after synthesis or chemically by “compensation” with reduc-
ing agents such as ammonia or hydrazine.

Poly(dialkylbithiophenes) 1269

Scheme I
Possible Mechanism for the Electropolymerization of
Thiophene and Derivatives
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The electropolymerization of poly(thiophenes) and other
aromatic rings to form conducting polymers is a stoichi-
ometric process in which 2-2.5 Faraday/mol of mono-
mer is consumed. The mechanism for the electropoly-
merization of pyrrole was studied by Genies et al.'® and
can be extended to the other heterocycles. The general
mechanisin for the electrochemical process is depicted
in Scheme I.

The electrochemical process is very convenient and gives
rise to pure and relatively high molecular weight poly-
(thiophenes), but it has the major drawback of being a
low yield {as low as 3% for poly(3-hexylthiophene)] reac-
tion,

In nonelectrochemical methods, the poly(alkylthio-
phenes) were first obtained by the nickel- catalyzed Grig-
nard coupling of 2,5-diiodothiophenes.!?*? This method
produced polymers with lower molecular weights?’ than
the electrochemically obtained polymers.'%* More recently,
poly(alkylthiophenes) have been obtained by the cou-
pling of the alkylthiophenes throu%h metal halides such
as FeCl,, MoCl,, RuCl,, and AICL,.2%#' Polymerizations
of unsubstituted thiophene with Lewis acids have been
performed before. In one case?® neat thiophene was treated
with ferric chloride in a molar ratio of 3.5:1 and a light
brown uncharacterized solid was obtained. In a more
recent work by Kovacic,?® polymerization of thiophene
in carbon disulfide as solvent using AICI; in a 4:1 ratio
yielded a polymer whose structure had thiophene and
dihydrothiophene rings linked through the 2,5- and 2,4-
positions.

Poly(thiophene) with properties very similar to those
of the electrochemically obtained polymer, having a well-
defined poly(2,5-thienylene) structure, was reported in
1984 by Yoshino et al.?2. In their work a ferric chloride
solution in anhydrous chloroform or dioxane was poured
onto a flat substrate and the liquid layer was exposed to
gaseous thiophene; the polymer was obtained as a film
on the surface of the nonconducting substrate.

The more recent syntheses of poly(alkylthiophenes)
mediated by metal halides®>?! involve dilute solutions
and a ratio of metal halide to monomer of 3 or 4:1. The
polymers obtained have a well-defined poly(3-alkyl-2,5-
thienylene) structure. The yields are on the order of 60%
and molecular weights are at least twice as high as those
of the electrochemically obtained polymers. Films cast
from solution have been stretch-oriented up to five times
their original length, with an increase in conductivity of
1 order of magnitude. Besides being soluble, these poly-
mers are also fusible and can be processed into fibers?®
that show conductivities higher than those of the
unstretched films (cast from solution or pressed from the
molten state), possibly because of alignment of the chains
during fiber formation. Their melting temperatures
depend on the alkyl chain length and vary from around
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Figure 2. Schematic representation of poly(thiophene) con-
taining «,8-mislinkages: (a) nonoxidized polymer; (b) oxidized
polymer.

275 °C for poly(3-butylthiophene) to less than 100 °C
for poly(3-docosylthiophene).

The long-chain poly(alkylthiophenes) show thermo-
chromism and solvatochromism. Solutions of poly(alkyl-
thiophenes) show marked color change with change in
the quality of the solvent. Thus, addition of methanol
(a nonsolvent) to a chloroform (a good solvent) solution
of poly(3-hexylthiophene) causes a color change from yel-
low to magenta. This solvatochromic effect is attrib-
uted to 2 change in the conformation of the polymer back-
bone.?* %" These chromism properties appear to be a gen-
eral phenomenon associated with conjugated backbone
polymers and have been extensively studied in substi-
tuted poly(diacetylenes).?%2

Thermochromism is observed both in the solid
state®#?5 and in solution.?®?” In the solid state it has
been attributed to the effect of the substituents acting
as solvent molecules and “driving the thermochromic effect
in solid films i in a manner similar to the solution case”.?
X-ray studies® indicate that a bulk structural order-
disorder transition occurs concurrently with the thermo-
chromic transition. According to these studies the dis-
ordering process can be caused by a conformational tran-
sition in the side chains that disrupts the structure of
the ordered phase of the polymer and the planarity of
the backbone.

Introduction of substituents into the backbone of con-
ducting polymers gave rise to potential steric effects, which
were absent in the parent systems. One of the factors
that could affect the properties of a conducting polymer
is the stereoregularity of its backbone. The stereoregu-
larity in the poly(thiophenes) is determined by the regio-
chemistry of bonding and the regiochemistry of substi-
tution. Bonding in the five-membered heterocyclic rings
can occur through the a- or §- posmon In the thxoghene
ring the reactivity of the a-position is much higher® than
that of the 8-position so that coupling of the thiophene
units to form the polymer is expected to happen essen-
tially through the a,a’-positions. In this case a stereo-
regular polymer is obtained with a fully conjugated back-
bone that can be easily oxidized and is capable of sup-
porting bipolarons, which are the main form of charge
storage in poly(thiophenes).?® Mislinkages through the
B-position (Figure 2), on the other hand, cause defects in
the backbone that can destroy the stralght chain geom-
etry, shorten the conjugation length,’! raise the oxida-
tion potentlal ! and interfere with the formation of bipo-
larons in the oxidized polymer.3?

The presence of substituents at the S-position of the
starting monomers should increase the stereoregularity
of the polymer by decreasing the chance of «,3- or 6,8~
coupling. The higher conductivity of poly(3-methylthi-
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Figure 3. Structures of poly(thiophenes) with different regio-
chemistry of substitution arising from different modes of cou-
pling of substituted thiophene monomers.

ophene) with respect to that of poly(thiophene) has been
attributed to a more stereoregular structure.®® Infrared
spectroscopy®® indicates that bonding in poly(3-
methylthiophene) is in fact more regular than in poly-
(thiophene).

Another strategy used to obtain a polymer with fewer
a,B3- or B,8-mislinkages is to use dimers or longer oligo-
mers as starting material.*** Here one decreases the num-
ber of mislinkages through the 3-position in the final poly-
mer by having performed a,a-linkages in the dimers or
trimers. On the other hand, theoretical calculations® on
pyrrole show that as the number of units increases the
difference in reactivity between the a- and §-positions
of the radical cation, generated in the first step of the
polymerization, decreases.

The regiochemistry of substitution in the polymer
depends on the mode of coupling of monomers (Figure
3), i.e., head-to-head or head-to-tail coupling. Even though
head-to-tail is the preferred mode of coupling, head-to-
head coupling also occurs. In the polymer obtained from
3-substituted monomers, through either chemical or elec-
trochemical methods, head-to-head coupling occurs to an
extent of about 10%, as determined by *H NMR spec-
troscopy.®” In order to minimize head-to-head interac-
tion, a thiophene dimer with substituents on the 3,4’-
position was used by Elsenbaumer et al.>” as starting mate-
rial for the polymerization; conductivity was indeed
improved. Although a completely stereoregular poly-
mer with only head-to-tail interactions cannot be obtained
by this method, a polymer where only head-to-head inter-
actions occur can be obtained by polymerization of 3,3'-
substituted thiophene dimers. Our results indicate that
in this case, steric hindrance seems to be maximized, and
the maximum degree to which it will affect the proper-
ties of the polymer can be assessed. During the course
of our studies, the synthesis of polymers from the 3,3’
substituted dimers (as well as 4,4’-substituted dimers)
was disclosed by Krische et al.®® in a study to determine
the importance of 3-coupling in bithiophene polymeriza-
tion.

We began the work on the synthesis of 3-alkyl-substi-
tuted poly(thiophenes) from the 3,3’-substituted dimers
with the aim of obtaining higher molecular weight poly-
mers. Because in the 3,3’-substituted dimer the poly-
merization sites are not subject to steric hindrance, it
was expected that a longer chain, higher molecular weight
polymer would be obtained. In addition, there is exper-
imental evidence that better quality polymers are obtained
from bithiophenes.?® In the case of electrochemical syn-
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thesis there is also the advantage, due to the lower oxi-
dation potential of dimers when compared to the mono-
mers, that the polymerization can be carried out at lower
applied voltages, thus minimizing side reactions and pos-
sible overoxidation of the polymer.*®® In this work we
describe the synthesis and characterization of 3,3'-di-
methyl- and 3,3’-dihexylbithiophene and their regiospe-
cific polymerization to methyl- and hexyl-substituted poly-
thiophene. As a consequence of the regiochemistry of
substitution in the starting dimers, we obtained regiose-
lectively substituted polymers. The study of these poly-
mers, along with that of the ones with different substi-
tution pattern obtained so far, allows a better under-
standing of the extent to which steric interaction, due to
substituents, affects the properties of these materials.

Results and Discussion

The poly(3,3’-dialkyl-2,2’-bithiophenes) were obtained
from the electrochemical and/or chemical coupling of the
respective 3,3'-dialkyl-2,2’-bithiophene dimers. The dimers
were obtained by the homocoupling of the respective 3-
alkyl-2-iodothiophenes,*® according to the method of Iyoda
et al.*! (Scheme II).

The repeat unit in these polymers is the same as that
in the polymer obtained from the 3-substituted mono-
mers, but in this case we have regiospecificity with respect
to the substitution pattern in the backbone.

A. Poly(3,3-dimethyl-2,2-bithiophene). Poly(3,3"-
dimethyl-2,2’-bithiophene) was synthesized both chemi-
cally and electrochemically, preparative details are
described in the Experimental Section. Both methods
produce soluble lower molecular weight polymer in addi-
tion to an insoluble product. Attempts to undope an elec-
trochemically synthesized, thicker film, by reversal of the
cell’s polarity, caused some dissolution of the polymer.
A very thin film, on the other hand, did not dissolve and
turned yellow immediately upon electrochemical undop-
ing. The chemically synthesized product alsoc had a small
fraction of soluble lower oligomers.

In contrast to the product of polymerization of mono-
meric 3-methylthiophene, the electrochemical polymer-
ization of the dimer does not result in coherent self-sup-
porting films. A very thin film adhered strongly to the
electrode but thicker films, which are actually powdery
deposits, come off the electrode very easily. Results from
the literature*? as well as work performed in our labora-
tory showed that electrochemical polymerization of unsub-
stituted thiophene dimers and trimers also afforded pow-
dery polymers instead of films.

A.1l, UV-Vis-Near-IR Spectroscopy. Poly(3,3'-
dimethyl-2,2’-bithiophene) is yellow and absorbs in the
visible region with a maximum at 417 nm. This absorp-
tion, due to a #—* transition, is sharp and has its onset
at around 600 nm. Poly(3-methylthiophene) has a max-
imum absorption at 508 nm with an onset at about 650
nm.*3 Thus, as the energy of the 7—r* absorption indi-
cates, poly(3,3’-dimethyl-2,2'-bithiophene) exhibits a lower
degree of conjugation than poly(3-methylthiophene). An
acetone-soluble fraction, which is a mixture of lower oli-
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gomers (mostly hexamers), as evidenced by 'H NMR and
thin layer chromatography, is also a yellow solid that
absorbs at 386 nm in the solid state: in chloroform solu-
tion it absorbs at 374 nm., A sulfolane-soluble fraction
has maximum absorption at 386 nm in sulfolane solu-
tion.

The polymer shows electrochromism; upon oxidation
it becomes dark blue and the 417-nm 7—=* absorption
virtually disappears, giving rise to two new absorptions
at 637 and 1170 nm. These absorptions correspond to
transitions to the two localized bipolaron*® energy levels
that appear in the interband gap upon oxidation. The
intensity of the bipolaron transitions depends on the degree
of oxidation or doping level. Upon the conditions of elec-
trochemical growth, a thin film is fully oxidized and the
m—m* transition is absent, being replaced by two sharp
bipolaron transitions at 637 and 1170 nm.

The spectrum of the powdery, as-grown polymer, taken
on a KBr pressed pellet, always shows a strong absorp-
tion corresponding to the r—* transitions in addition to
those corresponding to the midgap (bipolaron) transi-
tions, It is possible that the polymer produced later in
the polymerization cannot be fully doped or just that it
is partially reduced by water present in the KBr or by
the bromide ion itself. The increase in the intensity of
the bipolaron absorption with concomitant depletion of
the m—=* transition absorption can be monitored as the
polymer is electrochemically doped. In situ optoelectro-
chemical spectroscopy is a powerful technique for the study
of conducting polymers, and coupled with electron volt-
age spectroscopy it can give information on the mecha-
nism of doping and the nature of the charge-storage spe-
cies in the polymer chains.*3*5

In poly(3-methylthiophene), it has been determined by
in situ experiments, that charge is stored in the form of
bipolarons except for the lowest doping levels.*>#647 The
changes in the visible-near-infrared spectrum accompa-
nying doping of poly(3,3’-dimethyl-2,2’-bithiophene) fol-
low the same trends as in poly(3-methylthiophene). For
the latter a smooth broad-band IR absorption character-
istic of free carriers in metals is not observed even at the
highest doping levels. This metallic regime is achieved
in unsubstituted poly(thiophene) at an applied voltage
of 4.3 V vs Li.** On the other hand, in poly(3,3’-dime-
thyl-2,2’-bithiophene), an increase of the applied voltage
to 4.1 V (vs Li) causes the appearance of a third peak
around 340 nm, which does not vanish when the applied
voltage is stepped down to 3.7 V. The spectrum of the
polymer at 2.6 V vs Li before and after the doping cycle
shows that the m—=* absorption at the end of the dop-
ing-undoping cycle is slightly blue-shifted, which might
be due to some degradation of the polymer caused by
overoxidation.

A.2, Infrared Spectroscopy. Infrared spectroscopy
is a useful technique in the characterization of poly-
{thiophenes). It gives important information on the reg-
ularity of the polymer chain with respect to the bonding
sites. The absorption bands between 850 and 670 cm™
are characteristic of the substitution pattern; these bands
are due to the ring C-H out-of-plane bending vibra-
tions.*® Chemically synthesized poly(thiophene), which
due to the synthetic route should have a well-defined 2,5-
substitution pattern, shows a sharp absorption band at
780 cm1.4%% In contrast, poly(thiophene) in which the
thiophene units are coupled through the 2,4-positions shows
two strong bands at 730 and 820 cm™..%° In poly(3-me-
thylthiophene) the ring C-H out-of-plane bending vibra-

tion appears around 810 c¢m™1.3%:50:51
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The infrared spectrum of electrochemically synthe-
sized poly(3,3’-dimethyl-2,2'-bithiophene) shows a strong
absorption at 823 cm™, characteristic of the C;-H out-
of-plane bending. The band at 705 cm™, which is very
strong in the absorption spectrum of the starting mate-
rial, becomes very weak in the spectrum of the polymer
and has been attributed to the out-of-plane bending of
C,~H from the terminal thiophene rings.®® The C,~H
aromatic stretching mode®? appears at 3057 cm™, while
the band at 3100 cm™, due to the C,~H stretch, which
is strong and well defined in the spectrum of the start-
ing material, is absent in the spectrum of the polymer.
Chemically synthesized poly(3,3’-dimethyl-2,2"-bithio-
phene) has an infrared spectrum that is essentially the
same as that of the electrochemically obtained polymer.

A.3. NMR Spectroscopy. Due to the low solubility
of poly(methylthiophenes), the 13C NMR spectroscopic
characterization necessitates the use of solid-state cross-
polarization magic angle spinning (CPMAS), a tech-
nique that has proven invaluable in the structural char-
acterization of many amorphous conducting polymers,
including poly(thiophenes).>** OQur studies were car-
ried out at 76 MHz, using a General Electric GN-300 spec-
trometer equipped with Henry Radio amplifiers and a
Chemagnetics CPMAS probe. A '3C 90-kHz pulse of 7
us, a cross-polarization contact time of 1 ms, and a decou-
pling field of 50 kHz were used. Recycle delays of 2-5 s
were found sufficient to obtain spectra undistorted from
relaxation effects. Typical spinning speeds were 3—4 kHz.
Spectral assighments were confirmed in the usual man-
ner on the basis of reference compounds and by delayed
decoupling and variable contact time experiments.

The '*C CPMAS spectrum of poly(3-methylthi-
ophene) obtained in our study shows the methy! reso-
nance at 16 ppm and a very broad, unresolved resonance
centered at 133 ppm due to the aromatic carbons of the
thiophene ring, in good agreement with previously reported
literature data. Asshown by variable contact time exper-
iments, the hydrogen-bearing C atoms contribute to the
upfield portion of this resonance, at 128.7 ppm.5” A well-
resolved 3C NMR spectrum of poly(3-methylthi-
ophene) with absorptions in the aromatic region at 133.9,
132.4,129.7, and 127.2 ppm has already appeared.’® The
absorption at 129.7 ppm was assigned to C,, the one at
132.4 ppm to C,, the one at 127.2 ppm to C,, (hydrogen-
bearing carbon), and the absorption at 133.9 ppm to C;,.
In contrast, the spectrum of poly(3,3’-dimethyl-2,2’-
bithiophene) shows two clearly resolved peaks in the aro-
matic region at 128.5 and 135 ppm. Again, variable con-
tact time and dipolar dephasing experiments confirm that
the H-bearing C atoms contribute to the 128.5 ppm res-
onance. This assignment is also consistent with the lit-
erature results on unsubstituted poly(thiophene).?®%” While
the 3C NMR data reveal clear structural differences
between both polymers, the resolution is insufficient to
assess the degree of regiospecificity obtained in the poly-
merization of poly(3-methylthiophene).

A.4. Electron Spin Resonance Spectroscopy.
Poly(3,3’-dimethyl-2,2’-bithiophene) grown electrochem-
ically at 16 °C from a solution of the starting material
(0.1 M) and LiCIO, (0.5 M) in CH,CN using the condi-
tions described in the Experimental Section has rela-
tively few spin carrying defects upon chemical undoping
with hydrazine. Electron spin resonance spectroscopy
shows an asymmetric line at a g value of 2.0017 + 0.0003.
The line is a combination of two components, a narrow
line (AH = 3 G) corresponding to a doped region and a
broad line (AH = 10 G) corresponding to an undoped
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region with a few localized defects. The room tempera-
ture magnetic spin susceptibility has a value x = 1.9 X
1077 emu/mol, corresponding to 1 spin per 6500 rings.
The number of spins decreases when the sample is fur-
ther purified by extraction with acetone, and a spin mag-
netic susceptibility of x = 6.3 X 107 emu/mol, equiva-
lent to 1 spin per 20 000 rings, is measured, indicating
that it is a very pure material in terms of localized spin
defects.

A.5. Conductivity. Poly(3-methylthiophene) exhib-
its the highest conductivities among the poly(thiophenes).
Values as high as 2000 S/cm have been reported for very
thin films.?® Conductivities measured on the polymer
obtained chemically in the form of powders have values
around 5 S/cm.®® The conductivities measured vary, not
only with the morphology (film or powder) of the sam-
ple and the oxidizing species but also with the technique
employed for the measurement, the four-probe measure-
ment yielding higher and more accurate values.’! On the
other hand, poly(3,3’-dimethyl-2,2’-bithiophene), electro-
chemically grown under the same conditions employed
for poly(3-methylthiophene),*? gives a conductivity value
around 2.5 S/cm, measured in air on a pressed pellet, by
the two-probe technique. When doped with NOPF¢ in
an acetonitrile solution poly(3,3’-dimethyl-2,2’-
bithiophene) has a conductivity, measured by the two-
probe technique, of 2 X 1073 S/cm. The sample was grown
at 16 °C with acetonitrile as solvent and LiClO, as the
electrolyte salt and was undoped chemically by hydra-
zine. After NOPF, doping, the sample was stored under
nitrogen for 12 days before the measurement was made.
A visible-near-infrared spectrum taken on a pressed KBr
pellet shows that the polymer is not fully doped, and this
might be the cause for the low value obtained for the
conductivity. On the other hand, as discussed before,
partial undoping might occur by action of water on the
polymer or reduction by bromide ions. A four-probe con-
ductivity measurement was made on a sample grown elec-
trochemically according to the conditions described in
the Experimental Section. The polymer was deposited
on an electrode consisting of four stripes of gold (0.5 mm
apart) deposited on a glass slide. A layer of approxi-
mately 8-um thickness grew evenly across the gaps between
the gold stripes. The electrode was removed, washed by
dipping quickly in distilled acetonitrile, and stored in nitro-
gen for approximately 30 h before the measurement was
made. The conductivity measured in air was 5.9 X 1072
S/cm.

B. Poly(3,3'-dihexyl-2,2’-bithiophene). Poly(3,3-
dihexyl-2,2’-bithiophene) was synthesized by chemical oxi-
dative coupling of the bis(thiophene)s as described in the
Experimental Section. For comparison, poly(3-hexylthi-
ophene) obtained from 3-hexylthiophene was also syn-
thesized under the same conditions. Poly(3-hexylthi-
ophene) obtained chemically and electrochemically has
been extensively studied, while poly(3,3’-dihexyl-2,2’-
bithiophene) had not been synthesized before. Poly(3-
hexylthiophene) and poly(3,3’-dihexyl-2,2’-bithiophene)
are soluble in many organic solvents, including chloro-
form, tetrahydrofuran, 2-methyltetrahydrofuran, and, to
a lesser extent, methylene chloride. Under the same con-
ditions for dissolution (the polymer and solvent were
shaken at low frequency), more than twice as much
poly(3,3’-dihexyl-2,2"-bithiophene) (2 mg/mL) than poly(3-
hexylthiophene) (0.8 mg/mL) dissolved in chloroform.
Films of poly(3,3’-dihexyl-2,2’-bithiophene) can be eas-
ily cast from solution. The cast films were yellow and
transparent while poly(3-hexylthiophene) films were black-
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Figure 4. Electronic spectra of poly(3,3-dihexyl-2,2-
bithiophene) in CHCl, solution at different doping levels. The
amount of added dopant (NOPF): solid line, undoped poly-
gler; éiotted line, intermediate doping level; dashed line, fully
oped. .

ish red on reflection and bright red on transmission.

B.l. UV-Vis-Near-IR Spectroscopy. Poly(3,3’-di-
hexyl-2,2'-bithiophene) shows two absorptions in the UV-
vis region. The strongest absorption, with an onset around
500 nm, has its maximum intensity at 389 nm and is a
result of the =—=* absorption transition. A less intense
band at 262 nm is attributed to =—=* transitions that do
not depend on conjugation length.?®*? The absorption
spectrum in solution is virtually identical with that in
the solid state. Poly(3-hexylthiophene), on the other hand
shows maximum absorption at 508 nm in the solid state,
while absorbing with maximum intensity at 439 nm in
chloroform solution. This blue shift has been attributed
to conformational changes, which decrease the degree of
conjugation in the backbone2®?” of the polymer chains
in solution, as compared to the condensed state. The
blue shift in absorption on going from poly(3-hexylthi-
ophene) to poly(3,3’-dihexyl-2,2’-bithiophene) might arise
from the fact that in poly(3,3’-dihexyl-2,2"-bithiophene),
steric effects might be such that they prevent the attain-
ment of a more ordered conformation with longer conju-
gation lengths even in the solid state. It was not obvi-
ous, though, why the 3,3!-substituted polymer should be
much more sterically hindered than the polymer substi-
tuted mostly in a 3,4-fashion, as is poly(3-hexylthi-
ophene).

In view of these results, as well as results from the lit-
erature,®’ it seems that the regiochemistry of substitu-
tion influences critically the attainment of a more ordered,
planar conformation of the backbone of a polythiophene
chain. It is worth noting that the starting dimers 3,3'-
dihexyl-2,2’-bithiophene and 3,3’-dimethyl-2,2’-
bithiophene are viscous liquids and do not crystallize even
at liquid nitrogen temperature, forming a glass instead.
The 3,4’-substituted dimethylbithiophene isomer, on the
other hand, is a s0lid®® at room temperature.

Solid and solution phases of poly(3,3’-dihexyl-2,2’-
bithiophene) show strong electrochromism; a relatively
thick film or a chloroform solution of the polymer, when
exposed to an NOPFg solution, turns deep blue. As is
shown in Figure 4, addition of a solution of NOPF, in
acetonitrile to a solution of the polymer in chloroform
causes the usual changes in absorption in the UV-visi-
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Figure 5. Electronic spectra of solid poly(3,3-dihexyl-2,2-
bithiophene). Curve a, undoped polymer; curve b, intermedi-
ate doping with iodine vapor.

ble region; the hand at 389 nm loses intensity and a new
broad band around 800 nm appears and the solution
changes from yellow to blue (an excess of NOPF, has to
be added, see below). The interband gap absorption does
not disappear completely and is shifted to higher energy.
Upon standing the solution slowly goes back to a green-
ish yellow color. After 1 day, the absorption around 800
nm has lost its intensity considerably and the band at
higher energy shows an increase in intensity. After 3 days
a fine solid precipitate is observed, the absorption at 800
nm has disappeared, and the 7=—=* absorption is shifted
to 370 nm. As far as oxidations with other oxidizing agents
are concerned, when a thin solid film cast on a quartz
cuvette from chloroform solution is exposed to I, vapor,
it shows two new absorption bands in the visible-near-
infrared region as shown in Figure 5. As can be seen,
the m—r* absorption band is still present and strong but
upon exposure to hydrazine vapor the polymer changes
to its original yellow color; however, the absorption max-
imum in the electronic spectrum is slightly blue-shifted
to 378 nm. This blue shift was also observed in the case
of poly(3,3’-dimethyl-2,2’-bithiophene) upon electrochem-
ical doping and undoping. Poly(3-hexylthiophene) in chlo-
roform solution behaves in a similar way. A lower energy
absorption appears as the polymer is oxidized and the
interband gap transition loses intensity and is shifted to
higher energies, but less NOPFy is needed to accomplish
the same changes in the absorption spectra and after the
solution stands for 18 h the absorption at around 820
nm is still intense. The interband gap is blue-shifted to
371 nm. After 4 days there is still a weak absorption
band at 806 nm and an intense absorption band at 387
nm. No precipitation is observed. In poly(3-hexylthi-
ophene) the doping efficiency in solution is dependent
on concentration,®® being higher in more concentrated
solutions. This might be the cause for the need of a larger
excess of dopant in the oxidation of poly(3,3’-dihexyl-
2,2’-bithiophene), because, for the latter, a more concen-
trated solution could not be used under the conditions
due to the high absorptivity of this polymer. The solu-
tion of poly(3,3’-dihexyl-2,2’-bithiophene) was initially ~3
X 10™* M while that of poly(3-hexylthiophene) was ~5
X 1073 M.

B.2. Infrared Spectroscopy. The infrared spec-
trum of poly(3,3’-dihexyl-2,2’-bithiophene) shows the
absorptions characteristic of 2,5-coupled substituted poly-
(thiophenes). One single broad peak is observed at 3061
cm! (C4—H stretch).?® The absorption due to the C,-H
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Figure 6. (a, Top) 500-MHz 'H NMR spectrum of poly(3,3-
dihexyl-2,2-bithiophene) in CDCl; and (b, bottom) *H NMR
spectrum of poly(3-hexylthiophene) under identical condi-
tions.

stretching mode, present in the spectrum of 3,3’-dihexyl-
2,2’-bithiophene at 3105 cm™, is absent. In the region
of the thiophene ring stretching modes, two absorptions
are seen at 1535 and 1447 cm™. In the spectrum of poly(3-
hexylthiophene) three absorptions are present in this region
at 1462, 1512, and 1581 cm™ . The absorption at 1647
cm™', which is very weak in the spectrum of poly(3-hex-
ylthiophene), is stronger in that of poly(3,3’-dihexyl-2,2’-
bithiophene) and is assigned to an overtone of the
thiophene ring C-H out-of-plane bend.?® When strong,
this absorption has been attributed to the presence of
carbonyl groups.®® We do not believe this is the case in
poly(3,3"-dihexyl-2,2"-bithiophene) in view of our 1*C NMR
data, which do not show any absorption in the carbonyl
region, and in view of the elemental analysis results. A
weak absorption at 1261 cm™ together with stronger ones
at 1180 and 1083 cm™! are Raman-active modes that
become infrared active due to disorder in the polymer.?
The 1261-cm™ mode corresponds to C-C stretching of
the carbons that connect the thiophene rings. The 1180-
cm™! mode is due to twisting and rocking of the methyl-
ene groups and the 1083-cm™ mode is from C-H in-
plane bending of the thiophene rings.2> The absorption
at 833 cm™ is due to the thiophene ring C-H out-of-
plane bend, which in poly(3-hexylthiophene) comes at
825 cm™. The band at 736 cm™ is assignable to the meth-
ylene group bending modes.?

B.3. NMR Spectroscopy. Owing to the higher sol-
ubility of poly(hexylthiophenes), parallel spectroscopic
studies in the solution and the solid state are possible.
Figures 6-9 show the solution state '"H NMR spectra and
the *C NMR spectra, obtained both in solution and in
the solid state, on poly(3-hexylthiophene) and poly(3,3’-
dihexyl-2,2’-bithiophene), respectively. Since informa-
tion concerning the regioselectivity of polymerization can
be drawn mainly from the aromatic portions of the 'H
and 3C NMR spectra, we will limit our discussion to
this spectral region. Figure 6 shows the 500-MHz 'H NMR
spectra of the two polymeric materials. Poly(3-hexylthi-
ophene) shows a dominant signal at 6.98 ppm and, in
addition, three weaker, well-defined signals at 7.05, 7.03,
and 7.00 ppm, all due to aromatic hydrogen in the rings.
It is revealing to compare this spectrum with that of
poly(3,3’-dihexyl-2,2"-bithiophene), which shows exclu-
sively the 7.05 ppm resonance. Considering triades of
monomeric units, illustrated below, we can distinguish
four different cases that would create slightly different
environments for the protons in the central rings; (a) two
head-to-tail linkages, (b) two head-to-head (tail-to-tail)
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Figure 7. 125-MHz 3C NMR spectrum of poly(3,3-dihexyl-
2,2-bithiophene) in CDCI, solution. The inset shows the peak
assignments.
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Figure 8. (a, Bottom) 75-MHz *C CPMAS NMR spectrum
of poly(3,3-dihexyl-2,2-bithiophene). (b, Top) Same spectros-
copy for poly(3-hexylthiophene) under identical conditions.
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linkages, and (c) one head-to-tail and one head-to-head
(tail-to-tail) linkage. Due to the structural asymmetry
two inequivalent cases exist for the latter possibility. On
the basis of the experiment with poly(3,3’-dihexyl-2,2'-
bithiophene) the 7.05 ppm resonance is assigned to the
H atoms in rings that are involved in two head-to-head
linkages. The 6.98 ppm resonance arises from rings
involved in two head-to-tail linkages, and the reso-
nances at 7.03 and 7.00 ppm account for the cases of mixed
connectivities.

Our conclusions are entirely reinforced by the corre-
sponding solution- and solid-state **C NMR spectra of
these materials. The aromatic region of the solution-
state NMR spectrum of poly(3-hexylthiophene) shows four
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Figure 9. Detailed *C NMR spectrum of poly(3-hexylthi-
ophene) in CDCI, solution. The arrows in the aromatic region
of the spectrum correspond to absorptions observed for the ring
carbon atoms in poly(3,3-dihexyl-2,2-bithiophene) under iden-
tical conditions.

intense absorptions at 128.6, 130.5, 133.7, and 139.9 ppm
along with weak but well-defined absorptions at 125.2,
126.6, 127.2,127.4, 128.3, 129.6, 134.9, 135.7, 136.8, 140.3,
142.9, and 143.4 ppm. In the context of the information
obtained from the 'H NMR spectrum, we assign the four
intense peaks to the carbon atoms of rings entirely involved
in head-to-tail linkages. In excellent correspondence with
the 'H NMR results, four of the 12 weaker aromatic res-
onances detected in the spectrum of poly(3-hexylthi-
ophene) comprise the entire aromatic portion of the 3C
NMR spectrum of poly(3,3’-dihexyl-2,2’-bithiophene).
These resonances, with chemical shifts of 143.4, 136.9,
127.3, and 125.1 ppm, are thus assigned to C atoms within
rings involved in two head-to-head (tail-to-tail) linkages.
The approximately 1:1:1:1 area ratio of the peak pattern
in this latter material is consistent with regiospecific 2,2’-
polymerization and the complete absence of 2,3'-
polymerization and cross-links. The signals in the aro-
matic region are assigned, as shown in the inset in Fig-
ure 7, on the basis of literature assignments for
terthiophene, 3’-methoxy-2,2:5,2”-terthiophene,” 3-
methylthiophene, and 3-methoxythiophene® and on the
basis of the solid-state CPMAS 3C NMR of poly(3,3'-
dihexyl-2,2’-bithiophene) seen in Figure 8a. In the solid
state, four absorptions in the aromatic region appear almost
in the same position as in the solution spectrum, at 142.8,
137.7, 127.5, and 124.7 ppm. In a variable contact time
experiment the signal at 124.7 ppm grows at a faster rate
than the other signals in the aromatic region, and it is
absent in a dipolar dephased experiment.®®

The remaining resonances seen in the aromatic region
of poly(3-hexylthiophene) belong to thiophene units
involved in one head-to-head and one head-to-tail link-
age. Although providing much less resolution, the solid-
state 13C CPMAS NMR spectra show close correspon-
dence with the respective solution-state NMR results. This
confirms further that the chemical shift differences between
the two polymers do not arise simply from different solu-
tion-state conformations but from real differences in the
regiochemistry of poly-(3-hexylthiophene) versus poly-
(3,3’-dihexyl-2,2’-bithiophene). Additional experiments
were undertaken to show that the soluble and the insol-
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uble fractions of poly(3,3'-dihexyl-2,2"-bithiophene) are
identical in their respective connectivities.

The approximately equal intensity of the minority peaks
in poly(3-hexylthiophene), both in the 'H and the '*C
NMR experiments, indicates that the number of rings
involved in two head-to-head linkages equals the num-
ber of rings involved in either of the two cases with one
head-to-head and one head-to-tail linkage. This is exactly
what one would expect if the polymerization defects intro-
duced into perfectly head-to-tail polymerized poly(hex-
ylthiophene) are paired, as indicated below:

H R H R
!\ s [\ two tail-to-tail
S W/ S (head-to-head) linkages
R [ H
R
S /I \ s one head-to-head and
\W/ S \_/ one head-to-tail linkage
H R
R H I
H R
s I\ S one head-to-head and
W/ S W/ one head-to-tail linkage
H R R H
111
H R H R
[\ > I\ two head-to-tail linkages
s VWV J s
H R
v

Pairing of the above chain defects can give the following
result:

H R

[\ s / \ 8 7\ S 7\ s
s \W/ s \ /) s \W/ s \W/

From the relative integration of the most downfield
1H NMR signal with respect to the intensity of absorp-
tion for all aromatic hydrogen atoms (approximately 1:10),
we conclude that ca. 20% of all linkages are either head-
to-head or tail-to-tail. The 'H NMR spectrum of the
electrochemically synthesized poly(3-hexylthiophene),
obtained as described in the literature,’® shows that essen-
tially the same ratio exists in this sample as in the chem-
ically synthesized polymer.

B.4. Electron Spin Resonance Spectroscopy.
Poly(3,3’-dihexyl-2,2’-bithiophene) presents possibly the
lowest number of spins found so far in the undoped poly-
thiophenes. The number of spins calibrated against a
ruby standard is 2.99 X 10 spin/mol, that is, 1 spin per
approximately 200 000 rings. This corresponds to a room
temperature magnetic susceptibility of x = 6.21 X 107°
emu/mol. The ESR spectrum shows a broad line (AH,
~ 7 G) at g = 2.0056 = 0.0003 of very low intensity. The
broad signal is attributed to the presence of localized spins
arising from defects in the backbone. Poly(3-hexylthi-
ophene), on the other hand, has a number of spins (2.4
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x 10! spin/mol) that corresponds to approximately 1
spin per 250 rings and is 3 orders of magnitude higher
than that of poly(3,3’-dihexyl-2,2’-bithiophene). The mag-
netic susceptibility measured at 300 K is x = 5 x 10°®
emu/mol. A plot of magnetic susceptibility as a func-
tion of the inverse of temperature indicates Curie law
behavior with a very minor Pauli component. The ESR
spectrum shows a narrow (AH,, = 2.5 G) and symmet-
rical line at g = 2.0027 £ 0. 0003. The larger number of
spins in poly(3-hexylthiophene) can thus be attributed
to residual doping of the sample.

B.5. Conductivity. The conductivity of poly(3,3'-
dihexyl-2,2"-bithiophene) was measured by a two-probe
technique. A cast film, 20 um thick, was doped by dip-
ping in an NOPFg solution (4 mg/mL) for 1 h. The film
was then carefully laid across the gap between two gold
stripes deposited on glass, where metallic contacts for
the measurement had been attached. The film adhered
completely to the glass as well as to the gold layer. After
the film had dried, the conductivity was measured, giv-
ing a value of 3.7 S/cm. The whole operation, doping
and measurement, was done in a dry bag under a nitro-
gen atmosphere. After 17 h at ambient atmosphere, the
conductivity dropped by 1 order of magnitude. The con-
ductivity of chemically polymerized poly(3-hexylthi-
ophene) doped with NOPF; and measured under the same
conditions as poly(3,3’-dihexyl-2,2’-bithiophene) has a value
of approximately 15 S/cm.

B.6. Molecular Weight. The weight-average molec-
ular weight (M) and number-average molecular weight
(M,) of poly(3,3-dihexyl-2,2’-bithiophene) and poly(3-
hexylthiophene) were determined by gel permeation
chromatography.”>"? Since in this technique the molec-
ular weights are determined as a function of molecular
size (hydrodynamic radius), the values, obtained from a
standard polystyrene calibration curve, should be taken
as only very approximate. Poly(3-hexylithiophene) has
M, = 1.4 X 10° and M, = 3.2 X 10* corresponding to a
polydlsperSIty index of 4. 4, and poly(3,3'- d1hexy1 2,2'-
dithiophene) has M,, = 1.2 X 10° and M, = 3.7 X 10%,
which implies a polydlspersn:y index of 5.3. These weight-
average molecular weights correspond to an average of
837 rings per chain in poly(3-hexylthiophene) and 1190
rings per chain in poly(3,3’-dihexyl-2,2’-bithiophene). The
degree of polymerization in both cases is higher, by 3-4
times, than that in the electrochemically polymerized
poly(3-hexylthiophene).”

The value measured for poly(3,3’-dihexyl-2,2’-
bithiophene) could be biased toward a lower molecular
weight fraction because part of the sample failed to dis-
solve in THF even after 5 days at room temperature. The
insolubility of this fraction could also be due to cross-
linking. The molecular weight value described above
should thus be redetermined. In spite of this, it is clear
that poly(3,3’-dihexyl-2,2’-bithiophene) presents a higher
degree of polymerization than poly(3-hexylthiophene), as
was expected.

Conclusions

We have demonstrated that by regioselectively cou-
pling two 3-substituted thiophene rings to produce a new
“monomer” for the formation of polythiophenes through
electrochemical or chemical coupling, a regioselectively
substituted poly(thiophene) can be produced. Poly(3-
hexylthiophene) and poly(3-methylthiophene) were the
two regioselectively substituted poly(thiophenes) that were
prepared and studied. Of these, the hexyl-substituted
polymer rendered the largest amount of information due
to its solubility in most polymer solvents. Crucial to the
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determination of regioselectivity were the proton and car-
bon nuclear magnetic resonance spectrometry studies both
in the solid state (CPMAS) and in solution. From the
analysis of the spectra of poly(3,3'-dihexyl-2,2'-
bithiophene) and poly(3-hexylthiophene) one can deduce
that the percentage of head-to-head coupling in the poly-
merization of 3-hexylthiophene is at least 20%. We also
showed that the 'H NMR spectrum of electrochemically
synthesized poly(3-hexylthiophene) shows the ratio of head-
to-head to head-to-tail coupling to be virtually the same
as in the chemically synthesized polymer. Poly(3-hexyl-
thiophene) in the solid state does not show the well-re-
solved spectrum of poly(3,3’-dihexyl-2,2’-bithiophene). The
signals from the aromatic carbons appear as a broad
absorption containing four signals. This lack of resolu-
tion might be due to residual doping of the polymer. As
in its proton NMR spectrum in solution, we attribute
the large number of absorptions in the aromatic region
of the carbon NMR spectrum of poly(3-hexylthiophene)
to the existence of different environments for the other-
wise equivalent carbons in the ring due to the presence
of head-to-head as well as head-to-tail coupled mono-
mers.

The regiospecific head-to-head polymers have their max-
imum absorption at considerably shorter wavelengths than
their counterparts polymerized in a nonregiospecific man-
ner; thus, poly(3,3’-dimethyl-2,2’-bithiophene) absorbs at
a 91 nm shorter wavelength (417 vs 508 nm) and poly(3,3-
dihexyl-2,2-bithiophene) absorbs at a 110 nm shorter wave-
length (398 vs 508 nm). We conclude that the intra-
chain sulfur-alkyl steric repulsion must be dominant, fore-
ing the backbone out of coplanarity and =-conjugation.
Interestingly, this pronounced steric effect on the elec-
tronic spectroscopy is not reflected in the con-
ductivity.™

Finally, the stereoregular polymers are the most mag-
netic defect-free conjugated chains prepared to date, as
determined via ESR spectroscopy.

Experimental Section

All operations were carried out under inert atmosphere con-
ditions using either argon or pure nitrogen atmospheres using
solvents dried and distilled according to established pro-
cedures.”® “Standard workup” means: The aqueous phase was
extracted with ether (2X) and the combined organic phases were
washed with dilute hydrochloric acid (1X) and water (2X). The
solution was dried with magnesium sulfate and the ether and
most of the tetrahydrofuran were distilled or removed by rotary
evaporation. All samples subjected to 'H NMR, 3C NMR, high-
resolution mass spectroscopy (HRMS), and elemental analysis
were doubly thick-layer chromatographed and showed no spu-
rious resonances in nuclear magnetic resonance spectroscopy.
All NMR experiments are reported in parts per million as §
relative to internal TMS and were recorded in CDCl,, unless
stated otherwise; spectra were recorded on a Varian EM360L
instrument and General Electric GN-300 and GN-500 instru-
ments. Electron spin resonance measurements were per-
formed on an IBM Bruker 200D electron spin resonance spec-
trometer interfaced with an Apple Ile computer for data acqui-
sition and analysis. Infrared spectra (KBr pellet for solids and
neat film on NaCl disks for liquids and polymers) were recorded
by using a Perkin-Elmer Model 1330 spectrophotometer and
an IBM/98 FTIR instrument and are reported in wavenum-
bers (v, cm™!). UV-vis spectra were obtained with Perkin-
Elmer Model Lambda 5 and Perkin-Elmer Model Lambda 9
instruments and are reported as A (log ¢). Molecular weights
were measured by Dr. L. Fetters at Exxon Research and Engi-
neering, Anandale, NJ, on a Waters 150C SEC instrument using
a seven-column ultra-Styragel set.

3,3-Dimethyl-2,2"-bithiophene (V). To amixture of NiCl,-
(PPhy), (3.925 g, 0.006 mol), activated Zn (7.848 g, 0.120 mol),
and Et,NT (15.42, 0.06 mol) previously dried by heating it to
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80-90 °C overnight under dynamic vacuum, was added 40 mL
of distilled THF. The mixture, initially green, turned almost
instantly to red and was stirred for 1 h at room temperature. A
solution of 2-iodo-3-methylthiophene*®4! (18.44 g, 0.060 mol)
in THF (15 mL) was added slowly and the reaction mixture
warmed up slightly and turned black. After the addition, the
reaction mixture, protected from light, was left to react for 3.5
h at room temperature. The reaction mixture was cooled down
with an ice bath, quenched by addition of 30 mL of 10% aque-
ous HC, followed by extraction of the aqueous layer with hex-
anes (3 X 20 mL). The organic extracts were combined and
washed with saturated aqueous NaHCOj, (2 X 20 mL) and fol-
lowed by water (2 X 30 mL). The crude extract was dried over
K,COj, the solvent was rotary evaporated, and the mixture was
column chromatographed (silica gel, eluted with hexanes) and
then distilled. The product, a colorless liquid, was obtained in
31% yield (3.6 g). Anal. Caled for C;oH,,S,: C, 61.81; H, 5.19;
S, 33.00. Found: C, 61.91; H, 5.23; S, 32.93. 'H NMR: 7.27 (d,
J =42Hz 2 H), 689 (d,J = 42 Hz, 2 H), 2.17 (s, 6 H). IR:
3100 m, 3060 m, 2910 s, 2850 m, 1450 s, 1380 m, 1245 m, 1090
m, 1040 w, 1010 m, 920 m, 830 s, 710 s, 610 m.

Poly(3,3’-dimethyl-2,2’-bithiophene). Electrochemical
Polymerization. The polymerization was carried out under strict
moisture- and oxygen-free conditions in a one-compartment
cell”® identical with the one published in ref 70; the anode con-
sisted of indium tin oxide coated glass and the cathode of alu-
minum foil. The electrodes were washed with hexanes fol-
lowed by methylene chloride and acetone and dried in the oven
(120 °C) overnight. The bottom part of the electrochemical
cell was also left in the oven overnight after an acetone rinse.
The cell was assembled hot and immediately put under vac-
uum and the top part was then flame-dried. After the cell cooled,
it was filled with argon and put under vacuum again. The whole
cell was then flame-dried and, after it cooled, refilled with argon.
The polymerization was carried out under an argon atmo-
sphere. Thus, 3,3-dimethyl-2,2’-bithiophene (0.55 g, 2.8 mmol)
and dry lithium tetrafluoroborate (1.31 g, 14 mmol) were weighed
in a glovebag under a nitrogen atmosphere directly to a dry
two-necked round-bottomed flask. The flask was connected to
an argon line and the acetonitrile solvent (28 mL) added. The
solution was cooled by a dry ice/acetone bath (78 °C) and left
under vacuum for 1-2 h for degassing. The cooling bath was
then removed, the flask was filled with argon, and the solution
was warmed up slowly. After reaching room temperature, it
was transferred by syringe to the electrochemical cell. The solu-
tion in the electrochemical cell was cooled by a dry ice/
ethylene glycol bath (-18 to ~14 °C) for 1 h and then connected
to a direct current power supply to commence electrolysis. Poly-
merization was carried out under constant current and under
the polymerization conditions the potential across the cell
remained nearly constant. For thin-film formation, for UV-vis
spectroscopic measurements, the polymerization was allowed
to proceed for 10-30 min and a current density of 0.01 mA/cm?
(V ~ 3V) was applied. The films were washed by briefly dip-
ping them in distilled CH,CN and then dried under vacuum.
To obtain the polymer in larger amounts for elemental analy-
sis, ESR, and IR spectroscopy, the polymerization was carried
out for 2-4 h at an applied current density of 0.5 mA/ecm? (V
~4V). Anal. Caled for C;H,S: C,62.46; H, 4.19; S, 33.35. Found:
C, 60.62; H, 4.27; S, 31.61; residue, 2.6.

Poly(3,3’-dimethyl-2,2"-bithiophene). Chemical Poly-
merization. Dry FeCl; (1.674 g, 0.010 mol) was suspended in
50 mL of dry, distilled CHCI; and stirred for 15 min. To the
partially dissolved solid, was added dropwise 3,3’-dimethyl-2,2'-
bithiophene (0.5 g, 0.0026 mol) dissolved in 20 mL of dry, dis-
tilled CHCl;. The reaction mixture was warmed in an oil bath
to 45 °C and was stirred for 23 h. Methanol (150 mL) was then
added with stirring. Stirring was stopped and after the black
solid had settled, the liquid was decanted and the solid filtered
though a glass frit. The black solid was Soxhlet-extracted with
methanol, followed by acetone. It was then extracted with meth-
anol to which some drops of aqueous NH,OH were added. It
was further extracted with hexanes to dissolve any grease that
might be present. Poly(3,3’-dimethyl-2,2’-bithiophene) was
obtained in 74% yield (0.37 g). Anal. Caled for C;H,S: C, 62.46;
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H, 4.19; S, 33.35. Found: C, 81.34; H, 4.22; S, 32.31; residue,
2.8

3-Hexyl-2-iodothiophene (4). To 3-hexylthiophene™ (28.07
g, 0,167 mol) and iodine (21.27 g, 0.084 mol) dissolved in 100
mL of ethy! ether, was added dropwise 6.5 mL of concentrated
aqueous HNO, diluted with 6.5 mL of water. When the addi-
tion was complete, the reaction mixture was warmed to reflux
and at this point a brown gas (NO,) evolved. After 3 h under
reflux, the temperature was turned down and the reaction mix-
ture, while being heated by an oil bath at 40 °C, was stirred
overnight. The next morning the presence of starting material
could be detected by both TLC and *H NMR. The tempera-
ture was increased and the reaction mixture was refluxed for
6 h. Concentrated HNO, (1 mL) was added and a brown gas
evolved but after 3 h there was no apparent increase in the
amount of product formed. Concentrated HNO, (1.5 mL) diluted
in water (1.5 mL) was added with no evolution of the brown
gas. lodine (2.538 g, 0.01 mol) was then added and the reac-
tion was refluxed overnight. The following day the remaining
starting material was consumed. A new peak in the 'H NMR
appeared at 6.86 ppm that could be attributed to the presence
of the diiodinated product. The reaction was worked up by
washing the mixture with distilled water (2 X 60 mL), followed
by 10% aqueous NaOH (3 X 30 mL), and more distilled water
(2 X 30 mL). The organic solution was dried over K,CO, and,
after filtration and rotary evaporation, it was column chromato-
graphed (silica gel, eluted with hexanes). A light-colored frac-
tion (pinkish yellow) containing the product was washed with
10% (w/v) aqueous Na,S,04 to remove iodine. This fraction
contained 26.37 g (54% yield) of 2-iodo-3-hexylthiophene. 'H
NMR (60 MHz): 6 7.35 (d,J = 6 Hz, 1 H), 6.71 (d, J = 6 Hz, 1
H), 2.57 (t, J = 6 Hz, 2 H), 1.3 (m, 8 H), 0.8 (m, 3 H).

3,3-Dihexyl-2,2’-bithiophene (VI). Tetrahydrofuran (70 mL)
was added to a mixture of NiBr, (PPhy), (6.325 g, 0.0085 mol),
activated Zn (12 g, 0.183 mol), and Et,NI (22.478 g, 0.087 mol),
previously dried by heating under vacuum at ~ 95 °C for approx-
imately 10 h. The partially dissolved mixture turned quickly
from green to brown-red. After this mixture had been allowed
to stir for 1 h at room temperature, a solution of 3-hexyl-2-io-
dothiophene (25.23 g, 0.086 mol) in 30 mL of THF was added
dropwise. A water bath was used during the addition to cool
down the slightly exothermic reaction. The mixture was stirred
at room temperature for 5 h, was cooled to 0 °C, and was quenched
by slow addition of 200 mL of 10% aqueous HCl. The mixture
was then extracted with hexanes (2 X 75 mL); the combined
hexanes layers were washed with aqueous saturated NaHCO,
(2 x 75 mL) followed by distilled water (2 X 100 mL) and dried
over K,CO;. The mixture was column chromatographed; the
fractions containing mainly product were combined, yielding a
yolk-yellow oil after removal of solvents. This oil was distilled
{100 °C, 1 x 1072 Torr) through a Vigreaux column yielding an
off-white viscous liquid (2.9 g, 0.015 mol, 35% yield). Anal.
Caled for CyoH4,S,: C, 71.86; H, 8.98; S, 19.16. Found: C, 71.91;
H, 8.97; S, 19.02. “H NMR (500 MHz, CD,Cl,) 6 7.295 (d, J =
5.1 Hz, 2 H), 7.024 (d, J = 5.2 Hz, 2 H), 2.485 (t,J = 7.8 Hz, 2
H), 1.52 (m, 2 H), 1.24 (m, 6 H), 0.846 (m, 3 H). IR: 3100 vw,
3060 vw, 2980 s, 2940 s, 2850 s, 1470 m, 1420 w, 1375 w, 1240
vw, 1090 w, 880 w, 840 m, 730 m, 700 w, 655 w.

Poly(3-hexylthiophene). Chemical Polymerization. A sus-
pension of dry FeCl; (3.87 g, 0.024 mol) in 100 mL of dry, dis-
tilled CHCI, was stirred for approximately 15 min. A dark green
solution with some residual FeCl; was obtained. To this solu-
tion, 3-hexylthiophene (1 g, 0.006 mol), dissolved in 40 mL of
dry, distilled CHCl,, was added dropwise over a period of 15
min. The mixture turned black immediately. The reaction mix-
ture, warmed by an oil bath to 35 °C, was stirred for 17 h; after
this period of time, a very faint spot corresponding to starting
material could still be seen on a TLC plate. The reaction was
worked up at this point by addition of 200 mL of MeOH; the
solvent was decanted and more MeOH (200 mL) was added.
The mixture was filtered and the red solid extracted in a Soxhlet
apparatus; first with methanol and then with acetone. The
extracted polymer (0.69 g, 69%) was then dried under vacuum
and further purified by dissolution in approximately 200 mL
of 2-methyltetrahydrofuran and precipitation from this solu-
tion by slow addition of 500 mL of methanol. The precipitate
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was filtered, washed with methanol, and dried under vacuum
to yield 0.47 g (47%) of purified poly(3-hexylthiophene). Anal.
Caled for C,(H,S: C, 72.29; H, 8.43; 8, 19.28. Found: C, 68.95;
H, 8.39; S, 17.88; Cl, 0.84; Fe, 0.082. NMR and IR spectros-
copy are reported in the Results and Discussion section.
Poly(3,3"-dihexyl-2,2"-bithiophene). Chemical Polymer-
ization. Dry FeCl, (1.9 g, 0.012 mol) was dissolved in 100 mL
of dry, distilled CHCI; to give an orange-brown slightly turbid
solution. To this solution, 3,3’-dihexyl-2,2'-bithiophene (1 g,
0.003 mol) dissolved in 10 mL of dry, distilled CHCl, was added
dropwise. The solution turned black immediately and the reac-
tion mixture, warmed by an oil bath to 40 °C, was stirred for
approximately 44 h. The solvent was then removed by distil-
lation until a volume of approximately 15 mL of solution
remained. Methanol (200 mL) was added and most of the blue-
black solid that separated in the previous operation turned yel-
lowish. The methanol solution was decanted and the polymer
came out in one piece and was washed once more with metha-
nol. It was then transferred to a Soxhlet extractor and extracted
with methanol followed by acetone until the extracts were col-
orless. To this semipurified polymer (0.66 g, 65.5% ) was added
150 mL of CHCl,, and the mixture was heated to reflux. The
refluxed mixture was cooled and the solid was separated. The
supernatant orange solution was cooled by an ice~water bath
and acetone (350 mL) was added dropwise with occasional stir-
ring. A yellow solid formed, which was filtered and washed with
acetone. Poly(3,3’-dihexyl-2,2’-bithiophene) was obtained in 40%
yield (0.40 g). Anal. Caled for C, H,,S: C, 72.29; H, 8.43; S,
19.28. Found: C, 71.99; H, 8.48, S, 19.05. Spectroscopic prop-
erties were described in the Results and Discussion section.
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ABSTRACT: *'P NMR line shapes and spin-lattice relaxation times in the lab (7,) and rotating (TlpP)
frames have been measured over a wide range of temperatures for a series of network polymers with molec-
ular weight between cross-links (M) ranging from 400 to 3000. The networks are formed from o,w-dihy-
droxypoly(propylene glycol) and tris(4-isocyanatophenyl)thiophosphate. The line shapes are interpreted
in terms of a diffusional motion model; the fit is reasonably good for short correlation times. The discrep-
ancy between calculated and observed minimum relaxation times indicates the inadequacy of an isotropic
motional model especially for lower M, samples. Some computation of factors to correct for the nonisotro-
pic motional case are included. Comparison with previous !3C relaxation data shows that the 3!P motional
frequency lags the segmental motion by a factor of 3 and 5 for the M_ 1000 and M_ 3000 cases, respectively.
Correlation times obtained from the line-shape fitting and from the relaxation times do not agree; the
former is about 3 times longer. This discrepancy may be attributed to the inadequacy of the relaxation
model of isotropic averaging of the chemical shift anisotropy or to the over-simple motional model of the

line-shape fitting, or both.

Introduction

The improvements in spectroscopic techniques and their
use in combination are making possible the understand-
ing of macroscopic phenomena of polymeric materials on
a detailed molecular level. For instance, the dynamic

0024-9297,/90/2223-1279$02.50/0

mechanical modulus temperature dependence in poly-
carbonates has been analyzed in terms of a distribution
of correlation times determined from nuclear magnetic
resonance! with motion including libration and 180° aro-
matic ring flips.?

For poly(dimethylsiloxane) network systems neutron
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