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The synthesis, characterization, and electrochromic properties of copolymers derived from
9,9-dialkyl-2,7-dibromofluorene (18a, alkyl=C,,H,; 24, alkyl = Et) and pyrrole, thiophene,
3,4-ethylenedioxythiophene, and furan are described. Two synthetic routes to 9,9-diethyl-2,7-bis(pyrrol-2-
yl)fluorene (30) afford product in 30% and 20% yields, respectively. Monomer 30 undergoes electropolymerization
to yield electroactive polymer films. The lowest monomer oxidation potential (E, ,,=0.4 V vs. Ag/Ag™) is found in
tetraethylammonium tosylate (TEATOS)—CH;CN, but film formation is slow. Spectroelectrochemical analysis of
poly(30) reveals a band gap at 2.4 eV and upon polymer oxidation, two low energy absorptions peaking at 1.2 and
2.2 eV appear. This phenomenon is attributed to formation of bipolaron bands between the valence and conduction
bands. Soluble fluorene-heterocycle polymers 34a-d have been synthesized by the Stille coupling reaction of 18a and

2,5-bis(trimethylstannyl ) thiophene (21a), 5,5-bis(trimethylstannyl )-2,2'-bithiophene (21b), 2,5-
bis(trimethylstannyl )-3,4-ethylenedioxythiophene (21¢), and 2,5-bis(trimethylstannyl ) furan (22), respectively, in
high yields. The NMR spectra are consistent with the proposed structures of the polymers 34a—d, and no evidence
of ring opening of the furyl unit in 34d is seen in the NMR and IR spectra. The molecular weights of 34a—d are in
the range of 8000 g mol ! with polydispersity indices (PDI) of 2. Polymers 34a—c have band gaps measured at
2.4 eV, while polymer 34d has its gap at 2.6 eV. Polymers 34a—c undergo solution doping with SbCls to form new
low energy bipolaron bands at the expense of the absorption in the UV-VIS. However, polymer 34d does not

oxidatively dope with SbCls.

Introduction

The synthesis of m-conjugated polymers for applications such
as electrochromic windows, flat screen displays, EMI-shielding,
and corrosion protection has become an area of intense interest
in recent years.! However, the drawbacks attributed to many of
these systems are their poor processability and in extreme
cases, their completely infusible nature. Utilization of electro-
polymerization/deposition methods can efficiently yield elec-
troactive films, but is limited to specifically designed monomers
and is generally of low overall yield. To circumvent these
obstacles, a tremendous amount of research has resulted in a
number of elegant synthetic means that can be employed
efficiently and reliably to afford soluble, high molecular weight
conducting polymers.!® Polymeric or oligomeric materials that
can be spin-coated, solution cast, or even sprayed onto large
surface-area electrodes (such as indium-tin oxide (ITO)-coated
glass) help alleviate many of the problems associated with
attempting large scale electrochemical depositions.

Many groups have fabricated a number of conjugated
polymers using both chemical and electrochemical methods
that exhibit a variety of electrochromic and electroluminescent
properties.! These properties are chiefly determined by the
polymer band gap (determined as the onset of the m to m*
absorption), and the energies for transitions to the charge
carrier states in the doped polymers. In general, polymers with
band gaps that range through the full visible spectrum are
desired because they allow both absorption and emission of all
colors. Polyaromatics based on hydrocarbons (e.g
p-phenylenes, fluorenes) tend to be relatively high gap in
nature. There are a number of strategies used for synthesizing

lower gap polymers which include increasing electron density
along the backbone, often through the inclusion of heterocycles
or the linking of multi-ring aromatic or heteroaromatic mol-
ecules, and the use of alternating donor-acceptor systems.?
The first example of a specifically designed low band gap
polymer was polyisothianaphthene. This polymer exhibits a
band gap of about 1eV, which is 2 eV lower than poly(p-
phenylene) and 1eV lower than polythiophene.*® More
recently, band gap lowering has been accomplished using
donor—acceptor type repeat units.3® This strategy employs use
of an electron rich heterocycle (donor) in conjugation with an
electron poor fragment (acceptor) to effect delocalization of
electron density throughout the polymer chain, and band gaps
as low as 0.5 eV are claimed. In the spirit of this special issue
on electroactive polymers, we introduce some of the general
families of variable band gap conjugated polymers, noting
systems we have focused on and present new results on
polymers synthesized using a combination of fluorene and
heteroaromatic repeat units.

Poly (p-phenylenes) (PPP’s)

Extensive literature has now been developed describing a
variety of methodologies for the synthesis of poly(p-phenyl-
ene)s (PPP’s) and their structural derivatives.* Being high gap
in nature, PPP has found utility as a blue-emitting polymer in
polymer light emitting diodes (PLED’s).> We have developed
a class of polyphenylenes that contain portions of disrupted
n-conjugation due to deliberate introduction of meta-linkages
which interrupts the conjugation through the para-linkages
(1-3, Fig. 1), or by introduction of extremely bulky groups
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Fig. 1 Poly(p-phenylene) repeat units that contain meta-linkages 1-3
or bulky substituents 4.

on the phenylene backbone which causes distortion of the
planar conjugation (4, Fig. 1).° In general, these polymers are
blue emitters; however, poly(3,5-didodecyloxy)phenylene syn-
thesized by Ni catalysis in our labs yielded only a faint purple
light in emission experiments (3, Fig. 1).%

Novak and others have developed elegant routes to water-
soluble PPP derivatives by Suzuki coupling’ of boronic acids
and aryl halides using a Pd catalyst which is water-stable.®
PPP’s of this type exhibit similar fluorescence behavior to that
of dialkoxy PPP polymers in organic solvents and strongly
fluoresce in the blue-green region.®® Water-soluble PPP’s have
absorption maxima similar to that of the parent PPP (3.6 eV
vs. 3.5eV for PPP) and exhibit bipolaronic charge carrier
behavior from observation of two bands at 0.55 and 2.5eV
after electrochemical oxidation at relatively high potentials.

Dioxythiophene based polymers

Electron rich polymers with narrow gaps and low oxidation
potentials are on the other end of the structural spectrum.
Many researchers have contributed to the development of
poly(alkylenedioxythiophene)s based on 3,4-ethylenedioxy-
thiophene (5, EDOT, Fig.2) and 3.,4-propylenedioxythio-
phene (ProDOT, 6, Fig.2).1%!! This family of polymers is
interesting due to their reduced band gaps relative to the
parent poly(thiophene) derivatives!? causing the doped con-
ductive polymers to have a relatively low level of visible light
absorption. The electron donating ability of the alkylenedioxy
fragment significantly raises the HOMO energy levels relative
to the unsubstituted polymer while, at the same time, the fused
nature of the substituent reduces steric interactions that might
disrupt the © conjugation. Another source of conjugation
disruption, o, coupling, is also prevented in the alkylenedioxy
substituted thiophenes due to blockage of the 3- and 4-
positions as illustrated in Fig. 3 for a heterocycle parent. Due
to its chemistry and the properties of its polymer (PEDOT, 7,
Fig. 2), EDOT has served for the preparation of many new
derivatives including new fluorene polymers presented here.

Polymers based on terarylene and hybrid systems

A strategy that has proven to be useful in designing polymers
which exhibit controllable optoelectronic properties is by
exploiting terarylene monomers which contain a central aro-
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Fig. 2 3,4-Alkylenedioxythiophenes 5-7.
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Fig. 3 o,p Linkage defect in polyheteroaromatic polymers.

matic ring and heterocycles symmetrically placed on either
side. Often, a single ring heterocycle will undergo electro-
chemical polymerization at a potential that is greater than, or
equal to, the degradation potential (so called over-oxidation)
of the polymer to form defects. It was found that terarylene
monomers significantly reduce the oxidation potential needed
to effect polymerization, thereby increasing regularity and
translating to materials with a higher degree of purity and
enhanced redox switching characteristics.

Pyrroles. Pyrrole has a lower oxidation potential than either
furan or thiophene, and polypyrrole has consequently a higher
level of electroactivity. A family of bis(pyrrol-2-yl)arylenes
that contain phenyl (8), 2,5-dialkoxy substituted phenyls (9,
10), naphthyl (11), and biphenyl (12) are shown in Fig. 4.3
Electrochemical studies reveal that poly(1,4-bis(pyrrol-2-
yl)benzene) poly(8) and poly(1,4-bis(pyrrol-2-yl)-2,5-dimeth-
oxybenzene) poly(9) exhibit band gaps of 2.4 and 2.3¢eV,
respectively, which are smaller compared to those for polypyr-
role (2.7 eV) and poly(p-phenylene) (3.0 eV).

Thiophenes. A sample of the body of work of terarylene
polymers that incorporate phenyl as the central unit and
thienyl units such as thiophene (13)4* or 3 4-ethylenedioxy-
thiophene (EDOT, 14) are shown in Fig. 5.!4¢ The electro-
chemical studies revealed that polymers based on 2,5-
disubstituted-1,4-bis(2-thienyl )benzene such as 13 exhibited
band gaps at 2.4 to 3.0 eV, but the EDOT-based polymers
ranged from 1.4 to 2.3 ¢V .

e ;
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Fig. 4 Bis(pyrrol-2-yl)arylene monomers 8-12.
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Fig. 5 Bis(thienyl)arylene and bis(EDOT )arylene monomers 13-14.

Carbazoles. Carbazole is an attractive alternative to phenyl
derivatives due to its fused planar, yet synthetically flexible
core that can be derivatized.!®> Polycarbazole has the unique
feature of undergoing two redox processes yielding three
distinct colors. The polymer is colorless when neutral, but
turns green at 0.7 V vs. SCE and blue at 1.0 V. However, the
polymerization of carbazole is slow, and the oxidation poten-
tial is high. Multicolored electrochromic polymers based on
bis(EDOT)- and bis(pyrrol-2-yl )carbazole monomers (15 and
16, respectively) having the structures shown in Fig. 6 are
made possible due to the unique electrochemical nature of
carbazole.'®

Fluorene-heterocycle hybrid polymers

Electrochemical synthesis of polyfluorene was first reported
by Rault-Berthelot and laid the foundation for the discovery
that poly(9,9-disubstituted fluorene)s exhibited reversible
p-doped, neutral, and n-doped redox states.'® One reported
chemical route to polyfluorene involved oxidative polymeriz-
ation of fluorene with FeCl;.!” However, the resulting polymer
was partially cross-linked and insoluble with traces of metal
residue difficult to remove completely. Other chemical method-
ologies exploited the use of late transition metal catalysts. For
example, Pei used a mixture of NiCl, and excess Zn in
dimethylformamide (DMF) to homopolymerize 2,7-dibromo-
9,9-bis(3,6-dioxaheptyl ) fluorene in 35% polymer yield [eqn.
(1)]."® Leclerc synthesized acidic copolymers of poly(2,7-
fluorenylene) derivatives by Suzuki coupling, and this class of

R = Me, 15a; R = (OCH,),Et, 15b

16

Fig. 6 Bis(heteroaromatic) carbazole monomers 15-16.

polyfluorene underwent doping with sodium terz-butoxide to
exhibit electrical conductivities of 107 ¢ to 107> Scm~*.*°

Poly(alkylfluorene)s have interesting photoluminescent
properties as well?® and have been used as blue light emitting
components in PLED’s. While the polymer does degrade, it is
more light and temperature stable when compared to poly-
(phenylene vinylene)s. One mechanism of polymer degradation
is by oxidation to form carbonyl groups that quench the
fluorescence.?!"?? The second mechanism invokes nonradiative
relaxation through aggregation of excited states which thereby
dampens the emission intensity. It was found that copolymeriz-
ation of fluorene with various aryl partners allows for tun-
ability of electronic properties and enhanced stabilities. In
particular, copolymers of fluorene and anthracene are very
thermally robust and still maintain their blue emission. The
anthracene unit is not coplanar with the fluorenyl fragment,
and thus it is hypothesized that the twisting disfavors the
nonradiative relaxation process.”?

In addition to light emission, fluorene-based polymers exhi-
bit interesting transport properties. For example, fluorene—
triarylamine copolymers demonstrate high charge carrier
mobilities that approach hole mobilities of the standard glassy
films of aryl diamines.?* Another application of polyfluorenes
is in liquid crystal (LC) polymers.* This polymer type exhibits
well-behaved LC formation, smoothly and reversibly trans-
itioning to an isotropic phase. In the LC state, it cools to form
a glass without crystallization.

In this paper, we have incorporated a number of different
heterocyclic units along with the fluorene moiety, specifically
chosen for their varied electron densities because this method-
ology could potentially afford rational control of the opto-
electronic properties of the resulting polymers. Chemical poly-
merization was selected for the fluorene—furan and fluorene—
thiophene monomers since the products are amenable to a
variety of characterization methods. Additionally, higher yields
are obtained relative to electrochemical polymerization, which
usually affords polymers in only 2-3% monomer-based yield.
The Stille reaction using Cl,Pd(PPh;), as the catalyst couples
a halide moiety with a stannyl-based fragment.?®>’ The scope
of this chemistry is large and involves reaction of an organic
halide,?’*¢ triflate?’® ¢ or acid chloride?’¢ with an organotin
compound to form an organic molecule that contains a new
carbon—carbon bond. The Stille reaction is an exceptionally
ideal candidate for the synthesis of new electro-
active conjugated polymers because the yields are potentially
high, the reaction conditions are relatively mild, and the
catalyst can tolerate functionalities such as the carbonyl,
alkoxy, nitro, and hydroxy groups and tends to have high
turn-over rates. Specifically, polymerization is feasible when
the appropriate heterocycle, such as thiophene and furan,
contains the trialkyltin groups symmetrically on the 2 and 5
positions and the fluorene has the halide groups in the 2 and
7 positions. Moreover, the distannyl and dihalide monomers
are straightforward to synthesize, and the monomers are
thermally stable. Most notably, Yu has utilized the Stille
reaction to prepare a number of heterocycle-based conjugated
polymers.?®

In the case of the fluorene—pyrrole based monomers, electro-
chemical polymerization was used due to the sensitivity of the
polymer catalysts to the pyrrole fragment and the ease of
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electropolymerization of the bis(pyrrol-2-yl) based monomers.
Herein, we overview and report on new results in the prep-
aration of functionalized, fluorene-based materials that display
many of the attractive electrochemical and optical properties
of the previously reported systems.?’

Results and discussion

The fluorene—heterocycle polymers that we will discuss are
shown in Chart 1. We chose the dihalide fluorenes (18a, X =
Br; 18b, X=1) as one set of monomers since the synthesis is
efficient and straightforward. The hydrogens on the 9 position
of fluorene are sufficiently acidic to undergo successive depro-
tonations with Bu"Li. The subsequent reaction with three
equivalents of bromodecane in THF affords 9,9-didecylfluor-
ene (17). The crude material was purified by column chroma-
tography (silica gel) with hexanes, and a colorless oil was
obtained in 79% yield. Compound 17 was treated with two
equivalents of Br, in methylene chloride with 10% I, (based
on 17), and 9,9-didecyl-2,7-dibromofluorene (18a) was isolated
after recrystallization from hexanes in 82% yield. 9,9-Didecyl-
2,7-diiodofluorene (18b) could be synthesized by similar
methods for 18a.

Poly30

[feovel]

H21C1g CioHz
Poly33

Chart 1 Fluorene-heterocycle hybrid polymers 30, 33 and 34.

The stannyl coupling partner monomers are shown in eqn.
(2).%° Reaction of thiophene (19a), 2,2"-bithiophene (19b) and
3,4-ethylenedioxythiophene (EDOT, 5) with two equivalents
of Bu”Li in hexanes generated their respective dilithio salts
(20a—c) which were not isolated. Tetramethylethylenediamine
(TMEDA) was used to chelate the lithium cations and to
enhance the nucleophilicity of 20a—c. Subsequent treatment
of 20a-c with two equivalents of trimethyltin chloride in
hexanes afforded 2,5-bis(trimethylstannyl ) thiophene (21a), 5,5~
bis(trimethylstannyl)-2,2-bithiophene ~ (21b) and  2.5-
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bis(trimethylstannyl )EDOT [21c, eqn. (2)] as solids in 60 to
75% yields.

Similar reaction conditions were employed for the furan
analogue. However, higher vyields of 2,5-bis(trimethyl-
stannyl )furan (22) were obtained when the stronger base sec-
butyllithium was used. Compound 22 was isolated as a color-
less oil after two distillations in 52% yield.

The synthesis of 9,9-diethyl-2,7-bis(pyrrol-2-yl ) fluorene (30,
BP-DEF) was carried out by two different procedures. The
first was developed by Engel in accordance to the general
pathway in Scheme 1.3! The compound 9,9-diethylfluorene-
2,7-dicarboxylic acid dichloride (27, Scheme 1) is an important
intermediate. Deprotonation of fluorene with 2.5 equivalents
of Bu"Li followed by addition of three equivalents of bromo-
ethane afforded 9,9-diethylfluorene (23). Bromination of 23 to
give the dibromo analogue 24 followed by aromatic nucleo-
philic substitution with excess CuCN in DMF afforded the
dicyanofluorene complex 25, which was converted to the diacid
26 with H;PO,. Subsequent treatment of 26 with thionyl
chloride afforded 27 in an overall yield of 26% based on
fluorene.

The reaction of 27 with two equivalents of allylamine yielded
the fluorenedicarboxylic acid diallylamide 28. Treatment of 28
with six equivalents of phosgene afforded the bis[N-allylim-
ino(chloro)methyl]fluorene 29, which was used without iso-
lation and cyclized under basic conditions to give BP-DEF 30
in an overall yield of 64% based on 27.

A second procedure for the preparation of BP-DEF was
modeled after work done by Lucchesini (Scheme 2).32 9,9-
Diethyl-2,7-dibromofluorene (24) was metallated with Bu"Li
and reacted with two equivalents of 1,3-dioxolane-2-propanal
to give the dioxolanol derivative 31, which was used without
purification in the next step. Reaction of 31 with pyridinium
chlorochromate (PCC) and sodium acetate yielded the oxid-
ized product 32 which was refluxed in acetic acid with
ammonium acetate for 18 h to afford BP-DEF 30 in 20%
overall yield. A comparison of both synthetic routes revealed
that the yield for BP-DEF by the Engel method was 30%
based on 24, while the yield from the Lucchesini route was
20% based on 24. Therefore, we chose to use Engel’s route in
large scale preparations.

In contrast to the synthesis of BP-DEF, the previously
reported  bis(2-thienyl )-9,9-didecylfluorene (33a, BTDF,
Scheme 3) and bis(3,4-(ethylenedioxy)-2-thienyl )-9,9-didecyl-
fluorene (33b, BEDOT-DF, Scheme 3) were synthesized by
the Stille coupling reaction of 18a and two equivalents of Ar-
SnBu®;.%° Therefore, versatile and straightforward synthetic
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routes to derivatized heterocycle—fluorene monomers are
accessible.

Electropolymerization of bis(2-heterocycle)-2,7-fluorene hybrid
monomers

The repeated potential scan electrochemical polymerization of
10 mM BP-DEF in 0.1 M tetrabutylammonium perchlorate—
acetonitrile (TBAP-CH;CN) is shown in Fig. 7. The first scan

n
2 Ar-SnBU’, catalyst OUO
+ —
toluene Ar Ar
OUO A Hy1Cyg CioHz
Br Br

H21C10 C1OH21

33a,b

18a

Ar= /@\ catalyst = Pd(PPhs), or CLLPd(PPhg),
H™ g :
a

0 0
Ar = /Z/_g\ catalyst=_Pd(PPhy), or CLLPd(PPhy)s, P(o-tol)s
H™ g §
b

Scheme 3 Synthesis of monomers 33a,b by the Stille coupling reaction.

80

Current/yA

0.8 0.4 0.0 -0.4 -0.8 -1.2
Potential/V vs. Ag/Ag™

Fig. 7 Repeated potential scan electrochemical polymerization of
10 mM BP-DEF on Pt in 0.1 M TBAP-CH;CN at a scan rate of
100 mVs~!.

of the polymerization shows no current response until initial
oxidation of the monomer occurs with an onset at 0.34 V. At
this potential, the oxidative polymerization is initiated, and
the oxidation proceeds until the potential is reversed at 0.6 V
and is lower than that for the oxidation of the monomer.
Upon further scanning to a more negative potential, the
reduction of poly(BP-DEF) occurs. After the scan reached
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—1.20 V, the potential scan was reversed in the oxidative
direction, upon which an oxidative process at a lower potential
than the monomer’s occurs, which is attributed to the oxidation
of the surface adhered polymer. This is followed by oxidation
of the monomer initiating at 0.30 V, oxidative polymerization,
and potential scan reversal to allow for reduction of the
polymer. Subsequent scanning led to an increase in current
response for the electrochemical processes due to the depos-
ition of conducting polymer onto the surface of the electrode.

The oxidative electrochemical polymerization of BP-DEF
was performed in other electrolytic solutions such as tetra-
butylammonium hexafluorophosphate (TBAPF4)-CH;CN,
tetrabutylammonium tetrafluoroborate (TBABF,)-CH;CN,
tetracthylammonium tosylate (TEATOS)-CH;CN, and
LiN(SO,CF;),~CH3;CN. The solvent system that led to the
lowest oxidation potential was TEATOS—CH;CN, but poly-
merization proceeded sluggishly. It was found that BP-DEF
in TBAPF,~CH;CN, TBABF,~CH;CN, and LiN(SO,CF;),
—CH;CN led to monomer oxidation values equivalent to that
of BP-DEF in 0.1 M TBAP-CH;CN.

The oxidation potential for BP-DEF is lower than that
observed for bis(pyrrol-2-yl)biphenyl (BPBP, 12, Fig. 4). This
may be attributed to the increased coplanarity of the fused
fluorene compared to that of the biphenyl. Substitution of the
fluorene with two ethyl groups enhanced the solubility of the
monomer relative to the solubility of BPBP. The monomer
BP-DEF dissolved readily at room temperature in order to
give a 10 mM concentration in acetonitrile, whereas BPBP
required refluxing in acetonitrile in order to attain a saturated
solution with a concentration of approximately 10 mM.

Cyclic voltammetry of poly(BP-DEF)

Poly(BP-DEF) in TBAP-CH;CN, TBAPF,-CH;CN, and
TBABF,~CH;CN exhibits multiple polymer half wave redox
processes (Ejj 51, Eijnp2). The cyclic voltammogram of
poly(BP-DEF) on a Pt button electrode in 0.1 M
TBAP-CH;CN is shown in Fig. 8. The first electrochemical
redox process is narrow, whereas the second is complex and
likely contains two separate redox peaks.

We hypothesize two reasons for this redox response. One
possibility is that the electropolymerization leads to different
conjugated structures within the polymer, possibly through
coupling at the B positions of the pyrrole breaking the conju-
gation of the chain. We note that this behavior is electrolyte
dependent, and when TEATOS was used as electrolyte, only
one redox process was observed. Secondly, as it is well known
that the morphology of electrochemically prepared films evolve

Current/uA

-60 forert
1.0 0.6 02 -02 -06 -1.0 -4

Potential/V vs. Ag/Ag*

Fig. 8 Cyclic voltammetry of poly(BP-DEF) on Pt in 0.1 M
TBAP-CH,CN at a scan rate of 100 mV s~ 1.
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during deposition, it is possible that a highly ordered layer
having a low oxidation potential deposits first. This inner
portion of the film would provide the sharp redox process
with an E,;,; of +0.05V. Further film deposition occurs
with a more disordered morphology (likely containing a higher
defect density), and a multiple redox response is observed and
found at a higher potential (E;,,,=+0.5V). However,
through the use of the electrochemical quartz crystal microbal-
ance, both processes do involve doping of the polymer as each
process is accompanied by a corresponding mass increase due
to dopant anion insertion.

For poly(BP-DEF) polymerized from TBAPF,-CH;CN
and TBABF,—CH;CN and cycled in TBAPF,—CH;CN and
TBABF,-CH;CN, respectively, the polymer redox processes
were very unstable. Over the duration of ten redox cycles
between 0.0 V and 1.0 V, the lower potential polymer redox
process shifted to a higher oxidation potential while the
second redox process shifted to a higher potential until it
became undetectable. For poly(BP-DEF) prepared from
TEATOS-CH;CN, cycling afforded only one broad peak.
The system with the most stable redox properties was poly (BP-
DEF) prepared from TBAP-CH;CN and cycled in
TBAP-CH;CN. For this system, both redox processes were
stable with essentially no change in the peak current for
polymer oxidation occurring for over 100 cycles. In order to
test that the polymer was adhered to the electrode surface,
cyclic voltammograms were obtained as a function of scan
rate. Linear dependency of the scan rate with the current
indicated that these systems were surfaced adhered.>® For
poly(BP-DEF) in TBAP-CH;CN, both redox processes were
found to exhibit a linear response of the current vs. scan rate.

Redox activity and electrochromism of electropolymerized films

In order to elucidate the evolution of electronic structure upon
oxidation of the polymer, spectroelectrochemical analysis was
performed. Fig. 9 represents the spectroelectrochemical analy-
sis of poly(BP-DEF) in TBAP-CH;CN. The UV-Vis—NIR
spectrum of the polymer was obtained upon sequentially
stepping the oxidation potential in 0.05 V increments. In the
fully reduced form (—1.0V), there is only one absorption
with an onset at 2.4 eV representative of the E, and a peak at
3.0eV. Upon oxidation of the polymer, two lower energy
absorptions become evident with peaks at 1.2 and 2.2eV.
These lower energy transitions represent the bipolaronic bands
located between the valence and conduction bands.

2.0
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Absorbance
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0.0 t t t t t t LI t
00 05 1.0 15 20 25 30 35 40 45
Energy/eV

Fig. 9 Spectroelectrochemical analysis of poly(BP-DEF) in 0.1 M
TBAP-CH;CN at applied potentials of (a) —1.0V, (b) 045V, (c)
0.50V, (d) 0.55V, (¢) 0.60 V, (f) 0.65V, (g) 0.70V, (h) 0.75V, (i)
0.80V, (j) 0.85V, (k) 0.90V, (1) 0.95V, (m) 1.00 V, and (n) 1.10 V
vs. Ag/Ag™.



The E, for poly(BPB) (8, Fig. 4) occurs at the same energy
as poly(BP-DEF). However, even though the band gaps are
identical, the /,,,, for both systems are not. Poly(BPB) has a
Amax at 2.8 eV, whereas poly(BP-DEF) has a 1,,, located at
3.0eV. This is as expected since poly(BP-DEF) contains a
biphenyl conjugated core. Therefore, the electronic band
structure of poly(BP-DEF) should more closely resemble
poly(p-phenylene).

Soluble fluorene—heterocycle hybrid polymers

The polymerizations of 18a with the distannyl derivatives 21
were carried out under an argon atmosphere by refluxing a
THF solution of the desired monomers in the presence of
5 mol% Cl1,Pd(PPh;), for 24 hours to yield alternating copoly-
mers of didecylfluorene with thiophene (34a), bithiophene
(34b), and EDOT (34c) as shown in Scheme 4. The resulting
polymers were precipitated into methanol, redissolved in THF,
and reprecipitated into hexane. Polymers 34a—c are highly
soluble in many organic solvents such as THF, chloroform,
and dichloromethane, and optical quality films are readily cast
or spin-coated from such polymer solutions.

For the furan-containing polymer 34d, THF must be freshly
distilled from Na—benzophenone ketyl immediately before use,
and the monomers and catalyst carefully dried. As the mon-
omers are oily at room temperature, they were dried separately
and added as a solution in THF to the catalyst. The reaction
vessel was shielded from the light and heated to reflux and
monitored until a black precipitate formed. The mixture was
filtered hot, and the filtrate was concentrated and poured into
MeOH to form a yellow—green solid. The solid was redissolved
in dichloromethane and reprecipitated in MeOH to yield
polymer 34d which is highly soluble in THF and benzene. The
polymers were repeatedly submitted for elemental analysis,
but the results were consistently inaccurate relative to the
expected values.®*

Both 'H and '*C NMR spectra are consistent for each of
the proposed structures for polymers 34a—d. The 'H NMR
spectrum of polymer 34d in benzene-d, reveals four aromatic
hydrogens as expected for the repeat unit shown in Fig. 10,
which correspond to the furyl and three fluorenyl hydrogens
(H; to H,). The other hydrogens are related by symmetry.
The resonances in the upfield region are consistent for the
decyl groups on the 9 position on the fluorenyl fragment. The
aromatic region of the 3C{'H} NMR spectrum of polymer

Br- Il !I II Br

H21C10 C10H21

18a
Cl,Pd(PPhs),
+ -

THF

Me;Sn-Ar-SnMe, A X
34a-d
Ar Ar
O, O
» S
Ay A
21a 21c
/ \ s ]\
AP~ : g/Q\g
21b 22

Scheme 4 Synthesis of soluble fluorene-heterocycle hybrid polymers
34a-d by the Stille coupling reaction.

Fig. 10 The four inequivalent hydrogens in polymer 34d. R =C,,H,;.

34d contains 8 out of 9 resonances due to the residual C¢aDsH
interference at 128.0 ppm. Furthermore, there are no downfield
resonances in the PC{'H} NMR spectrum for the carbonyl
carbons.

Molecular weights were obtained for polymers 34a—d by gel
permeation chromatography (GPC) using polystyrene stan-
dards (Table 1). Polymers 34a, 34b, and 34d were relatively
modest in molecular weight with M, values of 8100, 8700, and
8750 gmol ! and M, values (PDI) of 17400 (2.15), 19800
(2.27), and 23250 gmol ! (2.65), respectively. Polymer 34c
continually proved to be of much lower molecular weight (M,
~2000-2500 g mol '), and variation of polymerization con-
ditions showed little effect on the molecular weight. The cause
of the poor polymerization performance can likely be traced
back to the instability of the bis-stannyl monomer 21¢, which
slowly decomposes upon exposure to air. The loss of the
trialkylstannyl units would greatly disrupt the required stoi-
chiometric balance that is required for the synthesis of high
molecular weight materials through the generation of end-
capping (loss of one group) and inactive monomers (loss of
both groups).

It is well established that polymers which contain 2,5-
disubstituted furan fragments will often ring-open in acidic
media to afford carbonyl groups. For example, we found that
poly[1,4-bis(2-furyl ) phenylene] undergoes ring opening and
exhibits a medium intensity absorbance at 1680 cm ! in the
IR spectrum.?® For polymer 34d, there is no evidence of ring
opening due to the absence of carbonyl stretching frequencies
in the IR and the absence of carbonyl '3C resonances in the
NMR spectrum.

Table 1 Molecular weight values for polymers 34a—d

Ar M,/gmol™t M, /gmol ! PDI
8100 17400 2.15
G
N
b I\ S g
g S \/ 8700 19800 2.27
c & 0 This polymer was not stable for
analysis
Pal y
e
d /@\ 8750 23250 2.65
o7
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Redox and electrochromic properties of soluble fluorene—
heterocycle hybrid polymers

The investigation of the electrochemical and optical properties
of polymers 34a—c was carried out. Films of 34a—c were cast on
platinum, gold, and vitreous carbon electrodes and their electro-
chemical behaviors probed utilizing cyclic voltammetric (CV)
methods in 0.1 M TBAP-CH;CN solutions. Films of polymers
34a—c displayed well-defined oxidative and reductive electro-
chemical processes. It is interesting to note that while the general
CV shape for a film of polymer 34b is similar to that of its
electrosynthesized counterpart,? its redox processes occur at
potentials ca. 100 mV lower. This may be due to the fact that
the chemically synthesized polymer is likely to be of much
higher molecular weight than the corresponding electropolymer-
ized material and thus stabilizes the oxidized species better.
Spectroelectrochemical studies were conducted on polymer
films cast onto ITO-coated glass to reveal a more detailed
picture of polymer oxidation. Fig. 11 shows the results
obtained for oxidation of a film of 34b on an ITO-coated glass
slide. Potentials were sequentially stepped between —0.25V
and +0.88 V (vs. Ag/Ag™) with UV-Vis—NIR spectra taken
at selected potentials within this range. For the reduced form
of the polymer, the onset for the m—n* absorption can be
found at 2.25eV. The main n—n* absorption in the neutral
polymer continually decreases as new, low energy transitions,
attributed to polaron and bipolaron levels, grow in with
increased polymer oxidation. Table 2 lists the values for the
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Energy/eV

Fig. 11 Spectroelectrochemical analysis of a film of 34b cast onto an
ITO-coated electrode in 0.1 M TBAP-CH;CN electrolyte. The applied
potentials for each spectrum are (a) —0.25V, (b) +0.53V, (c)
+0.60V, (d) +0.65V, (e) +0.69V, (f) +0.71V, (g) +0.73V, (h)
+0.75V, (i) +0.78 V, (j) +0.81V, (k) +0.85V, and (1) +0.88 V.

Table 2 Energy values for various interband transitions determined
by spectroelectrochemical analysis

Epp
Ey —
Epy
Polymer E° Ep," ES
34a 0.65 1.95 2.50
34b 0.75 1.80 2.32
34c 0.65 1.95 2.15

“Energies are in eV. "Values taken as the onset of the transition.
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respective transitions obtained from optoelectrochemical
analyses for the three polymers.

Solution doping experiments were performed, employing
the same UV-Vis—NIR spectrophotometer used for opto-
electrochemical studies, to investigate polymer switching by
chemical oxidants/reductants. In a typical experiment, small
aliquots of a 2% SbCls;—CH,Cl, solution were added to a
dilute polymer solution (~1073M) with spectra acquired
upon each subsequent addition of dopant solution. As in the
spectroelectrochemical experiments, the absorption due to the
main n—n* transition decreases with formation and growth of
the lower energy absorptions.!'14-3¢ Tt should be noted that
this doping can be rapidly and completely reversed by bubbling
ammonia vapors through the polymer solution. Surprisingly,
polymer 34d does not undergo solution doping with SbCls,
despite high concentrations of dopant. The UV-Vis
absorbance spectrum of a 1 pM solution of polymer 34d in
THF reveals two peak maxima at 425 nm (2.92¢eV) and at
452 nm (2.74 eV). The luminescence spectrum of 34d in THF
shows a typical broad emission with a peak maximum at
475 nm with a shoulder at 500 nm, and the spectrum is
consistent with the absorbance as shown in Fig. 12.

Experimental
General

Polymerization reactions were performed using standard high-
vacuum and Schlenk techniques. Tetrahydrofuran was vacuum
distilled from Na-benzophenone ketyl. Benzene-dq, chloro-
form-d, methylene chloride, fluorene, and methanol were used
as received. The reagents Cl,Pd(PPh;), and SbCls were pur-
chased from Aldrich and used as received. 'H (300 MHz) and
BBC{'H} (75 MHz) NMR spectra were recorded on a Varian
Gemini 300 spectrometer at 23 °C. Absorption spectra were
recorded on a Varian Cary SE UV/Vis/NIR spectrophoto-
meter. Emission data was recorded on a SPEX F-112 fluori-
meter, and IR spectra as KBr pellets were recorded on a
Mattson Instruments (Madison, WI) Research Series-1 FT IR
spectrometer with a deuterated triglycine sulfate (DTGS)
detector. Molecular weight determinations were done by GPC
and were run on a Millipore Waters Model 590 pump with
an ABI Analytical Kratos Division Spectroflow 757 Absor-
bance Detector. The calibration was made with a series of
monodispersed polystyrene standards in THF.
Bis(trimethylstannyl )furan was prepared by the literature
method.*® Elemental analyses were performed by Robertson
Microlit Laboratories, Inc.
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Fig. 12 Absorbance and emission spectra of 34d.



9,9-Didecylfluorene (17)7¢

Bu"Li (9.4 mL, 1.6 M in hexanes, 15 mmol) was added to a
solution of fluorene (1.0 g, 6.0 mmol) in THF (50 mL) at
—60°C over a period of 5min. The resulting solution was
stirred at —60°C for 1h. A solution of 1-bromodecane
(2.7mL, 18 mmol) in THF (10 mL) was added dropwise, and
the solution was stirred at —60°C for 20 min. Ammonium
chloride (5 g) in H,O (30 mL) was added, the organic layer
was separated and dried over anhydrous MgSO,. The solvent
was removed under reduced pressure, and the crude oily
product was purified by column chromatography using hexane
as the eluent. Yield 79%. '"H NMR & (CDCly): 7.76-7.67 (m,
2H, arom H), 7.34-7.27 (m, 6H, arom H), 1.97-1.91 (m, 4H,
CH,), 1.25-1.02 (m, 28H, CH,), 0.84 (t, J=6.6 Hz, 6H, CHj;),
0.65-0.61 (m, 4H, CH,). *C{*H} NMR 6 (CDCl;): 150.6,
141.0, 126.9, 126.6, 122.8, 119.6, 55.0, 40.4, 31.9, 30.0, 29.3,
23.7,22.7, 14.1. HRMS Calcd for C33Hso 446.3912 (M™* +1),
found 446.4001.

9,9-Didecyl-2,7-dibromofluorene (18a)3""

Bromine (0.22 mL, 4.0 mmol) in CH,CIl, (5 mL) was added
quickly to a stirred solution of 17 (1.0 g, 2.2 mmol) and I,
(1.1 mg, 0.34 mmol) in CH,CI, (15 mL) at room temperature.
The reaction mixture was stirred at room temperature for
20 h. An aqueous solution of NaHSO; (15mL, 15%) was
added, and the resulting two phases were stirred until the
color disappeared (30 min). The organic layer was separated,
washed with water, and dried over MgSO,. The volatiles were
removed under reduced pressure, and the crude product was
recrystallized from hexane. Yield 81.5%, mp 38°C. '"H NMR
0 (CDCly): 7.52-7.41 (m, 6H, arom H), 1.94-1.87 (m, 4H,
CH,), 1.84-1.25 (m, 28H, CH,), 0.58 (t, J=6.7 Hz, 6H, CH;),
0.64-0.54 (m, 4H, CH,). 3C{'H} § (CDCl,): 152.5, 139.0,
130.1, 126.2, 121.5, 121.1, 55.6, 40.1, 31.9, 29.8, 29.5, 29.20,
29.21, 23.6, 22.6, 14.1. Anal. Calcd for C;3H¢Br,: C, 65.56;
H, 8.00. Found: C, 65.40; H, 8.27%.

9,9-Didecyl-2,7-diiodofluorene (18b)3

A mixture of red fuming nitric acid (0.04 mL) and sulfuric
acid (96%, 0.4 mL) was added dropwise at 40 °C to a stirred
mixture of 17 (1.0 g, 2.2 mmol), finely divided iodine (0.43 g,
1.7 mmol) and acetic acid (10 mL). The reaction mixture was
stirred at 40 °C for 1.5 h, and the oily product was partitioned
between diethyl ether (100 mL) and H,O (30 mL). The organic
layer was separated and washed with 5% NaHSO; (50 mL),
H,O (50 mL), and dried over anhydrous MgSO,. The solvent
was removed under reduced pressure, and the crude product
was purified by column chromatography using petroleum ether
as eluent to yield a colorless oil in 40% yield. "H NMR &
(CDCly): 7.64 (d, J=7.2 Hz, 2H, arom H), 7.63 (s, 2H, arom
H), 7.39 (d, J=8.4 Hz, 2H, CH,), 1.91-1.85 (m, 4H, CH,),
1.25-1.04 (m, 28H, CH,), 0.85 (t, J=6.8 Hz, 6H, CH;),
0.62-0.50 (m, 4H, CH,). BC{'H} § (CDCl;): 152.5, 139.7,
136.0, 132.0, 121.5, 93.1, 55.5, 40.0, 31.9, 29.8, 29.5, 29.3, 29.1,
23.6, 22.6, 14.1. Anal. Calcd for C33Hygl,: C, 56.73; H, 6.92.
Found: C, 57.10; H, 7.04%.

9,9-Diethylfluorene (23)

Bu"Li (9.4 mL, 1.6 M solution in hexane, 15 mmol) was added
to a solution of fluorene (1.0 g, 6.0 mmol) in THF (50 mL) at
—60°C over a period of five minutes. The resulting orange
solution was stirred at —60°C for 1 hour. A solution of
bromoethane (1.34 mL, 18.0 mmol) in 10 ml of THF was
added, and the red solution was stirred for 20 minutes.
Ammonium chloride (5 g) in H,O (30 mL) was added, and
the organic layer was separated and dried over MgSO,. The
volatiles were removed under reduced pressure, and the crude
oily product was purified by column chromatography on silica

gel using hexane as the eluent. Yield 79%. '"H NMR 6 (CDCl,):
7.69 (m, 2H), 7.32-7.30 (m, 6H), 2.02 (q, J=7.2 Hz, 4H),
0.31 (t, J=7.3Hz, 6H). BC{*H} NMR 4 (CDCly): 149.8,
141.4, 126.9, 122.8, 119.5, 56.0, 32.7, 8.4. Anal. Caled for
C7Hys: C, 91.84; H, 8.16. Found C, 91.96; H, 8.46%.

9,9-Diethyl-2,7-dibromofluorene (24)

A solution of bromine (0.47 mL, 0.30 mmol) in methylene
chloride (4 mL) was added to a solution of 23 (1.0 g, 4.4 mmol)
and I, (1.1 mg, 4.4 mmol) in CH,Cl, (18 mL) at room tem-
perature. The mixture was shielded from the light and stirred
for 24 h. An aqueous solution of sodium bisulfite (15%, 10 mL)
was added, and the two phases were stirred until the color
disappeared. The organic layer was separated, washed with
water, and dried over MgSO,. The volatiles were removed
under reduced pressure, and the crude product was recrys-
tallized from hexane to give white crystals. Yield 79%, mp
155-156 °C. '"H NMR § (CDCl,): 7.33-7.31 (m, 6H), 2.02 (q,
J=7.3Hz, 4H), 0.31 (t, J=7.3Hz, 6H). 3C{'H} NMR
(CDCly): 149.7, 141.4, 126.9, 126.7, 124.2, 122.8, 119.5, 55.9,
32.7, 8.4. Anal. Calcd for C;H,(Br,: C, 53.71; H, 4.24. Found
C, 53.44; H, 4.19%.

9,9-Diethyl-2,7-dicyanofluorene (25)

A mixture of copper(1) cyanide (0.80 g, 8.9 mmol) and 24
(1.0 g, 2.6 mmol) in DMF (25 mL) was refluxed for 24 h. The
mixture was poured into a solution of ammonia (20 mL, 15%)
to form a precipitate. The solid was collected by filtration and
washed with an ammonia solution followed by water. The
solid was recrystallized from acetone to give yellow crystals.
Yield 69%, mp 163-164°C. '"H NMR 6 (CDCl,): 7.70 (d, J=
8.4 Hz, 4H), 7.66 (s, 2H), 2.08 (q, J=7.3 Hz, 4H), 0.30 (t,
J=73Hz, 6H). BC{'H} NMR ¢ (CDCl): 151.2, 143.7,
131.6, 126.7, 126.2, 121.3, 119.9, 119.0, 57.0, 32.2, 8.2. Anal.
Calcd for C,;oH (N,: C, 83.79; H, 5.92; N, 10.28. Found C,
83.89; H, 6.17; N, 10.36%.

9,9-Diethylfluorene-2,7-dicarboxylic acid (26)

A mixture of 25 (1.0 g, 2.0 mmol) and phosphoric acid
(17.17 mL) in water (2.55 mL) was stirred under nitrogen at
170 °C for 24 h. The mixture was poured into hot water to
precipitate the diacid 26, which was isolated by filtration and
washed repeatedly with water. The crude product was recrys-
tallized from methanol to give white prisms. Yield 80%, mp
324°C. 'H NMR 6 (DMSO-d;): 8.06-7.99 (m, 6H), 2.51 (s,
2H), 2.13-2.09 (m, 4H), 0.19 (t, J=7.2 Hz, 6H). *C{'H}
NMR 6 (DMSO-dy): 167.4, 150.4, 144.1, 130.4, 128.8, 123.8,
120.7, 55.9, 31.4, 8.2. HRMS Calcd for C,,H;30,: 311.1283
(M+1), found 311.1281.

9,9-Diethylfluorene-2,7-dicarboxylic acid dichloride (27)

A mixture of 26 (1.0 g, 3.2 mmol) and thionyl chloride (12 mL)
in anhydrous DMF (0.1 mL) was stirred at room temperature
for 12 h and stirred at 50 °C for 1 h. Excess thionyl chloride
was removed under reduced pressure. The crude product was
taken up in chloroform and was treated with activated char-
coal, filtered, and recrystallized from chloroform to give
yellow—green crystals. Yield 83%, mp 110-112°C. 'H NMR §
(CDCly): 8.21 (d, J=7.8 Hz, 2H), 8.11 (s, 2H), 7.92 (d, J=
8.4 Hz, 2H), 2.16 (q, /J=7.2 Hz, 4H), 0.31 (t, J=7.2 Hz, 6H).
3C{'H} NMR ¢ (CDCly): 168.3, 152.0, 146.2, 133.3, 131.4,
125.8, 121.3, 56.9, 32.2, 8.4. HRMS Calcd for C,,H,,0,Cl;:
346.0527 (M +1), found 346.0554.

9,9-Diethylfluorene-2,7-dicarboxylic acid diallylamide (28)
A solution of 27 (1.0 g, 2.8 mmol) in dry benzene (30 mL)
was added slowly with vigorous stirring to a solution of
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allylamine (0.34g, 6.0 mmol) and triethylamine (0.6 g,
6 mmol) in dry benzene (10 mL). The mixture was stirred at
room temperature for 8 h and heated for 1 hour at 50 °C. The
mixture was cooled and the precipitate was collected by
filtration and washed with benzene. Recrystallization from
methanol afforded colorless needles. Yield 80%, mp
218-219°C. 'H NMR § (CDCl,): 7.83 (s, 2H), 7.76 (br s,
4H), 6.35 (s, 2H), 6.05-5.94 (m, 2H), 5.30 (d, /=17.0 Hz,
2H), 5.21 (d, J=9.9 Hz, 2H), 4.13 (t, J=5.4 Hz, 4H), 2.10
(q, J=7.2 Hz, 4H), 0.25 (t, J=7.2 Hz, 6H). 3C{'"H} NMR
0 (CDCly): 167.3, 151.1, 143.6, 134.1, 133.8, 125.8, 121.9,
120.1, 116.8, 56.7, 42.5, 32.5, 84. HRMS Calcd for
C,sH,30,N,: 389.2229 (M + 1), found 389.2225.

9,9-Diethyl-2,7-bis (pyrrol-2-yl ) fluorene (30, Engel )*!

A mixture of 28 (1.0 g, 2.6 mmol), phosgene (14.2 mL) and
anhydrous DMF (0.1 mL) was stirred for 10 h at room
temperature. The mixture was heated to 40°C for 1 h. The
solvent was removed under reduced pressure, and crude 9,9-
diethyl-2,7-bis[ N-allylimino(chloro)methyl [fluorene (29) was
used without isolation for the next step. A solution of crude
29 in THF (50 mL) was added dropwise to a solution of
potassium tert-butoxide (1.6 g, 1.4 mmol) in dry THF (30 mL)
held at a temperature between — 10 °C and 0 °C under nitrogen.
The mixture was stirred for 1 h, and the mixture was poured
into ice and extracted with diethyl ether (50 mL). The organic
phase was dried with MgSO,, the volatiles were removed
under reduced pressure, and the residue was purified by column
chromatography. The first eluent was hexane, and a second
column was run with hexane—ethyl acetate (5:3) to yield 30.
Yield 80%, mp 278-279 °C. 'H NMR § (CDCl,): 8.51 (br s,
2H), 7.65 (d, J=7.8 Hz, 2H), 7.45 (d, J=7.8 Hz, 2H), 7.41
(s, 2H), 6.89 (s, 2H), 6.58 (s, 2H), 6.33 (s, 2H), 2.05 (q, J=
7.2 Hz, 4H), 034 (t, J=7.2Hz, 6H). C{'H} NMR §
(CDCly): 150.6, 139.6, 132.7, 131.4, 122.7, 119.8, 118.7, 118.1,
110.2, 105.8, 56.2, 33.0, 8.5. HRMS Caled for C,sH,4N,:
352.1939 (M ™), found 352.1942.
1,3-Dioxolane-2-propanal (Lucchesini)3?

A solution of 2-(2-bromoethyl)-1,3-dioxolane (2.0 g,
11 mmol) in THF (6 mL) was added dropwise to a suspension
of magnesium turnings (0.48 g, 20 mmol) in THF (10 mL)
under nitrogen and allowed to cool for 1 hour. Anhydrous
DMF (1 mL) was added to the Grignard reagent over 10 min.
The mixture was stirred for 90 min at room temperature, and
citric acid (2.3 g) in water (7 mL) was added. The organic
layer was separated, and the aqueous layer was extracted with
diethyl ether (2 x 10 ml). The organic layers were combined,
dried over MgSO,, and the solvents evaporated. The residue
was purified by flash chromatography using hexane—ethyl
acetate (5:2) as the eluent. Yield 37% bp 85-90°C. 'H NMR
0 (CDCly): 9.75 (s, 1H), 4.96 (t, J=3.6 Hz, 1H), 3.97-3.82
(m, 4H), 2.57-2.51 (m, 2H), 2.07-2.01 (m, 2H). BC{'H}
NMR ¢ (CDCl;): 201.4, 102.6, 64.7, 37.3, 26.0.

9,9-Diethyl-2,7-bis[3-(1,3-dioxolan-2-yl ) propanoyl] fluorene
(32)

Bu"Li (4.9 mL, 1.6 mol) was added to a solution of 24 (1.0 g,
2.6 mmol) in dry THF at —70°C, and the mixture was stirred
for 1 hour. 1,3-Dioxolane-2-propanal (0.85 g, 6.5 mmol) was
added dropwise, and the resulting mixture was stirred for 1 h
at —30°C. The mixture was warmed to room temperature,
and saturated ammonium chloride (5.5 mL) was added. The
organic layer was separated and the aqueous layer was
extracted with diethyl ether (40 mL), the organic layers were
combined and dried over MgSO,, and the volatiles were
removed to afford 31. A solution of 31 in anhydrous methylene
chloride (5mL) was added to a suspension of pyridinium
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chlorochromate (PCC, 1.94 g, 9.00 mmol) and sodium acetate
(0.28 g, 3.4 mmol) in methylene chloride (5 mL). The mixture
was stirred for 90 min at room temperature followed by
addition of further PCC (0.2 g). The mixture was stirred for
60 min. Saturated sodium hydrogen carbonate (20 mL) was
added to the solution until evolution of CO, ceased. The slurry
was filtered, and the residue was washed with methylene
chloride (50 mL). The filtrate was concentrated under reduced
pressure, and the crude 32 was used directly for the next step.

9,9-Diethyl-2,7-bis (pyrrol-2-yl ) fluorene (30, Lucchesini)*>

A solution of crude 32 (0.50 g, 1.2 mmol) and ammonium
acetate (2.2 g, 2.8 mmol) in acetic acid (10 mL) was refluxed
for 18 h under nitrogen. Acetic anhydride was added until 32
was consumed as monitored by TLC (hexane—ethyl acetate,
5:3). The mixture was poured into water (30 mL), neutralized
with sodium hydrogen carbonate and extracted with methylene
chloride (30 mL). The combined organic layers were dried
with MgSO,, and volatiles were removed under reduced
pressure. The crude 30 was purified by flash chromatography
(silica gel, hexane—ethyl acetate, 5:3). Yield 20%, mp
278-279°C. 'H NMR 6 (DMSO-dg): 11.31 (s, 2H), 7.71 (d,
J=7.5Hz, 4H), 7.67 (s, 2H), 7.58 (d, J=8.1 Hz, 2H), 6.86
(s, 2H), 6.57 (s, 2H), 6.13 (s, 2H), 2.08 (q, J=7.2 Hz, 4H),
0.28 (t, J=7.0 Hz, 6H). 3C{'H} NMR § (DMSO-d): 149.8,
138.4, 131.6, 131.5, 122.2, 119.7, 119.1, 117.5, 109.1, 105.5,
55.5, 32.0, 8.5. HRMS Calcd for C,sH,,N,: 352.1939 (M ™),
found 352.1942.

Polymers 34a—c

The experimental details are similar to those of 34d.

Polymer 34a

A mixture of 2la (0.29g, 0.68 mmol) and 18a (0.40 g,
0.67 mmol ) was dissolved in THF (30 mL) and Cl,Pd(PPh;),
(25 pg) was added. The mixture was refluxed overnight and
poured into water, and the solid was collected and reprecipi-
tated into CH,Cl, (0.21 g, 60%).

Polymer 34b

A mixture of 21b (0.76g, 1.5mmol) and 18a (091 g,
1.5 mmol) was dissolved in THF (40 mL) and Cl,Pd(PPh;),
(32 pg) was added. The mixture was refluxed overnight and
poured into water, and the solid was collected and reprecipi-
tated into CH,Cl, (0.52 g, 57%).

Polymer 34c

A mixture of 2lc (049g, 1.1 mmol) and 18a (0.60 g,
1.0 mmol) was dissolved in THF (30 mL) and Cl,Pd(PPh;),
(25 pg) was added. The mixture was refluxed overnight and
poured into water, and the solid was collected and reprecipi-
tated into CH,Cl, (0.63 mg, 11%).

Polymer 34d

A mixture of 9,9-didecyl-2,7-dibromofluorene 18a (1.36 g,
2.25 mmol) and bis(trimethylstannyl ) furan (0.94 g, 2.4 mmol)
was placed under vacuum for 1h and freshly distilled THF
(30 mL) was added. The solution was added by syringe to
CL,Pd(PPh;), (0.035g, 0.050 mmol), and the mixture was
shielded from the light and heated to reflux for 7d. The
darkened mixture was cooled to room temperature and concen-
trated to ca. 20 mL and poured into MeOH (150 mL). A lime
green solid formed and was isolated by vacuum filtration. The
solid was partially dissolved in CH,Cl, (300 mL) and filtered.
The filtrate was concentrated to ca. 150 mL and poured into
MeOH (500 mL). The green—yellow solid was collected and



dried under high vacuum (1.05 g, 90.9%). "H NMR § (C¢Dy):
8.07 (m, 1H, arom H), 7.85 (m, 1H, arom H), 7.66 (m, 1H,
arom H), 6.64 (m, 1H, arom H), 2.21 (m, 4H, CH,), 1.15 (br
s, 28H, CH,), 0.86 (m, 6H, CH3;), 0.4 (m, 4H, CH,). 13C{'H}
0 (CeDg): 154.9, 152.5, 141.2, 130.8, 124.1, 120.6, 118.6, 108.2,
56.2, 41.3, 32.6, 30.8, 30.4, 30.1, 24.7, 23.4, 14.7, 1.7. Anal.
Calcd for C5;H5,0: C, 87.00; H, 9.90. Found: C, 64.43; H,
7.44%. Duplicate analyses of a spectroscopically pure sample
gave low carbon and hydrogen content values.*

Acknowledgements

We gratefully acknowledge support from the National Science
Foundation (CHE 96-29854) and the Air Force Office of
Scientific Research (F49620-96-1-0067). We also thank Dr
Yibing (Ben) Shen for the emission measurements, along with
Drs John Stenger-Smith and Larry Merwin of the NAWC for
NMR analysis of polymer 34d.

References

1

10

11

(a) Handbook of Conducting Polymers, eds. T. A. Skotheim,
R. L. Elsenbaumer and J. R. Reynolds, Marcel Dekker, New
York, NY, 1998; (b) J. L. Reddinger and J. R. Reynolds, Adv.
Polym. Sci., 1999, 145, 59; (¢) T. Yamamoto, Prog. Polym. Sci.,
1992, 17, 1153; (d) A. Kraft, A. C. Grimsdale and A. B. Holmes,
Angew. Chem., Int. Ed., 1998, 37, 402; (e) J. H. Burroughes,
D. D. C. Bradley, A. R. Brown, R. N. Marks, K. Mackay, R. H.
Friend, P. L. Burns and A. B. Holmes, Nature, 1990, 347, 539; (1)
J. R. Reynolds, Chemtech, 1988, 440.

J. Roncali, Chem. Rev., 1997, 97, 173; J. Roncali, Chem. Rev.,
1992, 92, 711.

(a) F. Wudl, M. Kobayashi and A. J. Heeger, J. Org. Chem., 1984,
49, 3382; (b) E. E. Havinga, W. ten Hoeve and H. Wynberg, Synth.
Met., 1993, 55-57, 299.

See for example: M. Rehahn, A. D. Schluter, G. Wegner and
W. J. Feast, Polymer, 1989, 30, 1054; A. D. Schluter, M. Loffler
and V. Enkelmann, Nature, 1994, 368, 831; B. Karakaya,
W. Claussen, K. Gessler, W. Saenger and A. D. Schluter, J. Am.
Chem. Soc., 1997, 119, 3296; W. Stocker, B. Karakaya,
B. L. Schurmann, J. P. Rabe and A. D. Schluter, J. Am. Chem.
Soc., 1998, 120, 7691; J. Grimme, M. Kreyenschmidt, F. Uckert,
K. Muellen and U. Scherf, Adv. Mater., 1995, 7, 292;
M. Kreyenschmidt, F. Uckert and K. Muellen, Macromolecules,
1995, 28, 4577; R. Fiesel, J. Huber and U. Scherf, Angew. Chem.,
Int. Ed. Engl., 1996, 35, 2111; G. Grem, C. Paar, J. Stampfl,
G. Leising, J. Huber and U. Scherf, Chem. Mater., 1995, 7, 2;
J. J. S. Lamba and J. M. Tour, J. Am. Chem. Soc., 1994, 116,
11723; J. M. Tour and J. J. S. Lamba, J. Am. Chem. Soc., 1993,
115, 4935; F. E. Goodson, T. I. Wallow and B. M. Novak,
Macromolecules, 1998, 31, 2047; B. M. Novak, E. Hagen, S. Hoff
and A. Viswanathan, Macromolecules, 1994, 27, 1985.

G. Grem, G. Leditzky, B. Ullrich and G. Leising, Adv. Mater.,
1992, 4, 36; G. Grem, G. Leising, Synth. Met., 1993, 55-57, 4105.
(a) J. L. Musfeldt, J. R. Reynolds, D. B. Tanner, J. P. Ruiz,
J. Wang and M. Pomerantz, J. Polym. Sci., Part B: Polym. Phys.,
1994, 32, 2395; (b) J. L. Reddinger and J. R. Reynolds,
Macromolecules, 1997, 30, 479; (¢) S. Kim, J. Jackiw, E. Robinson,
K. S. Schanze, J. R. Reynolds, J. Baur, M. F. Rubner and
D. Boils, Macromolecules, 1998, 31, 964; (d) A. D. Child and
J. R. Reynolds, Macromolecules, 1994, 27, 1975; (e) J. W. Baur,
S. Kim, P. B. Balanda, J. R. Reynolds and M. F. Rubner, Adv.
Mater., 1998, 10, 1452.

N. Miyaura and A. Suzuki, Chem. Rev., 1995, 95, 2457.

T. I. Wallow and B. M. Novak, J. Am. Chem. Soc., 1991, 113,
7411; V. Cimrova, W. Schmidt, R. Rulkens, M. Schulze,
W. Meyer and D. Neher, Adv. Mater., 1996, 8, 585.

T. Vahlenkamp and G. Wegner, Macromol. Chem. Phys., 1994,
195, 1933.

Representative papers include: G. Heywang and F. Jonas, Adv.
Mater., 1992, 4, 116; Q. Pei, G. Zuccarello, M. Ahlskog and
O. Inganas, Polymer, 1994, 35, 1347, M. Dietrich, J. Heinze,
G. Heywang and F. Jonas, J. Electroanal. Chem., 1994, 369, 87,
E. E. Havinga, C. M. J. Mutsaers and L. W. Jenneskens, Chem.
Mater., 1996, 8, 769.

Representative papers include: A. Kumar and J. R. Reynolds,
Macromolecules, 1996, 29, 7629; J. R. Reynolds, A. Kumar,
J. L. Reddinger, B. Sankaran, S. A. Sapp and G. A. Sotzing,

12

13

14

15

16

17

18
19

20

21

22

23

24

25

26

27

Synth. Met., 1997, 85, 1295; G. A. Sotzing, J. R. Reynolds and
P. J. Steel, Adv. Mater., 1997, 9, 795, B. Sankaran and
J. R. Reynolds, Macromolecules, 1997, 30, 2582; S. A. Sapp,
G. A. Sotzing, J. L. Reddinger and J. R. Reynolds, Adv. Mater.,
1996, 8, 808; G. A. Sotzing, C. A. Thomas and J. R. Reynolds,
Macromolecules, 1998, 31, 3750; G. A. Sotzing and J. R. Reynolds,
J. Chem. Soc., Chem. Commun., 1995, 703.

See for example: J. Roncali, F. Garnier, R. Garreau and
M. Lemaire, J. Chem. Soc., Chem. Commun., 1987, 1500;
R. Cloutier and M. Leclerc, J. Chem. Soc., Chem. Commun., 1991,
1194; M. Leclerc and G. Daoust, Synth. Met., 1991, 41-43, 529;
M. R. Bryce, A. D. Chissel, N. R. M. Smith, D. Parker and
P. Kathirgamanathan, Synth. Met., 1988, 26, 153; T. Hagiwara,
M. Yamaura, K. Sato, M. Hirasaka and K. Iwata, Synth. Met.,
1989, 32, 367; M. Feldhues, G. Kamf, H. Litterer, T. Mecklenburg
and P. Wegener, Synth. Met., 1989, 28, C487; M. Dietrich and
J. Heinze, Synth. Met., 1991, 41-43, 503.

J. R. Reynolds, A. R. Katritzky, J. Soloducho, S. Belyakov,
G. A. Sotzing and P. Myoungho, Macromolecules, 1994, 27, 7225;
G. A. Sotzing, J. R. Reynolds, A. R. Katritzky, J. Soloducho,
S. Belyakov and R. Musgrave, Macromolecules, 1996, 29, 1679.
(a) J. P. Ruiz, J. R. Dharia, J. R. Reynolds and L. J. Buckley,
Macromolecules, 1992, 25, 849; (b) J. R. Reynolds, J. P. Ruiz,
A. D. Child, K. Nayak and D. S. Marynick, Macromolecules,
1991, 24, 678; (¢) A. D. Child, B. Sankaran, F. Larmat and
J. R. Reynolds, Macromolecules, 1995, 28, 6571; (d) G. A. Sotzing,
J. R. Reynolds and P. J. Steel, Chem. Mater., 1996, 8, 882; (e)
J. A. Irvin and J. R. Reynolds, Polymer, 1998, 39, 2339.

J. L. Reddinger, G. A. Sotzing and J. R. Reynolds, Chem.
Commun., 1996, 1777; G. A. Sotzing, J. L. Reddinger,
A. R. Katritzky, J. Soloducho, R. Musgrave and J. R. Reynolds,
Chem. Mater., 1997, 9, 1578.

J. Rault-Berthelot and J. Simonet, J. Electroanal. Chem., 1985,
182, 187; J. Rault-Berthelot and J. Simonet, New J. Chem., 1986,
10, 169; J. Rault-Berthelot and M. M. Granger, J. Electroanal.
Chem., 1993, 353, 341; J. Rault-Berthelot, M. A. Orliac and
J. Simonet, Electrochim. Acta, 1988, 33, 811; J. Rault-Berthelot,
M. Cariou and J. Tahri-Hassani, J. Electroanal. Chem., 1996, 402,
203.

M. Fukuda, K. Sawada and K. Yoshino, J. Polym. Sci., Part A:
Polym. Chem., 1993, 31, 2465; M. Fukuda, K. Sawada and
K. Yoshino, Jpn. J. Appl. Phys., 1989, 28, L1433.

Q. Peiand Y. Yang, J. Am. Chem. Soc., 1996, 118, 7416.

M. Ranger and M. Leclerc, Macromolecules, 1999, 32, 3306;
M. Ranger, D. Rondeau and M. Leclerc, Macromolecules, 1997,
30, 7686; M. Ranger and M. Leclerc, Chem. Commun., 1997, 1597.
X. Long, A. Malinowski, D. D. C. Bradley, M. Inbasekaran and
E. P. Woo, Chem. Phys. Lett., 1997, 272, 6.

V. N. Bliznyuk, S. A. Carter, J. C. Scott, G. Klarner, R. D. Miller
and D. C. Miller, Macromolecules, 1999, 32, 361; J. 1. Lee,
G. Klaerner and R. D. Miller, Chem. Mater., 1999, 11, 1083;
G. Klaerner and R. D. Miller, Macromolecules, 1998, 31, 2007.

R. D. Scurlock, B. Warg, P. R. Ogilby, J. R. Sheats and
R. L. Clough, J. Am. Chem. Soc., 1995, 117, 10194;
Photodegradation, Photo-oxidation and Photostabilization of
Polymers, eds. B. Ranby and J. F. Rabek, John Wiley and Sons,
New York, 1975, ch. 3.

G. Klarner, M. H. Davey, W. D. Chen, J. C. Scott and
R. D. Miller, Adv. Mater., 1998, 10, 993; M. Kreyenschmidt,
G. Klaerner, T. Fuhrer, J. Ashenhurst, S. Karg, W. D. Chen,
V.Y. Lee, J. C. Scott and R. D. Miller, Macromolecules, 1998, 31,
1099; G. Klarner, J. 1. Lee, M. H. Davey and R. D. Miller, Adv.
Mater., 1999, 11, 115.

(a) M. Redecker, D. D. C. Bradley, M. Inbasekaran, W. W. Wu
and E. P. Woo, Adv. Mater., 1999, 11, 241; (b) H. Antoniadis,
M. Inbasekaran and E. P. Woo, Appl. Phys. Lett., 1998, 73, 3055.
M. Grell, D. D. C. Bradley, M. Inbasekaran and E. P. Woo, Adv.
Mater., 1997, 9, 798; E. P. Woo, W. R. Shiang, M. Inbasekaran
and G. R. Roof, U. S. Patent 5708130, 1998.

An earlier catalyst system was Pd(PPh;), with excess LiCl, which
is essential for catalyst activation. It is proposed that formation of
a Pd(u) active species occurs which undergoes transmetalation
with the trialkylstannyl hydrocarbyl component. The modern
catalyst Cl,Pd(PPh;), is air-stable and faster relative to
Pd(PPh;),.

(a) D. Milstein and J. K. Stille, J. Am. Chem. Soc., 1979, 101,
4992; (b) A. M. Echavarren and J. K. Stille, J. Am. Chem. Soc.,
1987, 109, 5478; (¢) W. J. Scott and J. K. Stille, J. Am. Chem. Soc.,
1986, 108, 3033; (d) W.J. Scott, G. T. Crisp and J. K. Stille, J. Am.
Chem. Soc., 1984, 106, 4630; (e) J. K. Stille, Angew. Chem., Int.
Ed. Engl., 1986, 25, 508.

J. Mater. Chem., 1999, 9, 2189-2200 2199



28

29

30

31

32

2200

L. Yu, W. K. Chan, Z. Peng and A. Gharavi, Acc. Chem. Res.,
1996, 29, 13; L. Yu, Z. Bao and R. Cai, Angew. Chem., Int. Ed.
Engl., 1993, 32, 1345; W. K. Chan, Y. Chen, Z. Peng and L. Yu,
J. Am. Chem. Soc., 1993, 115, 11735; T. Maddux, W. Liand L. Yu,
J. Am. Chem. Soc., 1997, 119, 844; Z. Peng, A. R. Gharavi and
L. Yu, J. Am. Chem. Soc.,1997,119, 4622; H. Saadeh, T. Goodson
and L. Yu, Macromolecules, 1997, 30, 4608; Z. Bao, W. K. Chan
and L. Yu, J. Am. Chem. Soc., 1995, 117, 12426.

F. Larmat, J. R. Reynolds, B. A. Reinhardt, L. L. Brott and
S.J. Clarson, J. Polym. Sci., Part A: Polym. Chem., 1997, 35, 3627.
D. E. Seitz, S. H. Lee, R. N. Hanson and J. C. Bottaro, Synth.
Commun., 1983, 13, 121.

N. Engel and W. Steglich, Angew. Chem., Int. Ed. Engl., 1978,
17, 676.

F. Lucchesini, Tetrahedron, 1992, 48, 9951.

J. Mater. Chem., 1999, 9, 2189-2200

33

35

36

37

H. D. Abruna, Coord. Chem. Rev., 1988, 86, 135.

Conjugated polymers tend not to undergo combustion analysis
consistently. See for example: B. L. Lucht and T. D. Tilley, Chem.
Commun., 1998, 1645; B. L. Lucht, S. S. H. Mao, T. D. Tilley,
J. Am. Chem. Soc., 1998, 120, 4354.

Fernando Larmat, PhD thesis, The University of Florida, 1997,
p. 130.

Y. Furukawa, Synth. Met., 1995, 69, 629; K. Fesser, A. R. Bishop
and D. K. Campbell, Phys. Rev. B, 1983, 27, 4804.

(a) R. G. Harvey, P. P. Fu and P. W. Rabideau, J. Org. Chem.,
1976, 41, 2706; (b) M. Rehahn, A. Schluter and W. J. Feast,
Synthesis, 1988, 386; (¢) R. C. Bansal, J. Eisenbraun and
R.J. Ryba, Org. Prep. Proced. Int., 1987, 19, 258.

Paper 9/03374B



