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ABSTRACT: Four different palladium catalysts were evaluated in order to optimize the conditions in the
Suzuki coupling protocol with 1,4-diphenylboronic acid and 9,9-bis(6’-bromohexyl)-2,7-dibromofluorene.
The commercially available catalysts [Pd(PPhs)s], (1); [Pd(PPh3),Cl,], (2); [PdCly(dppe)], (3) and
[PdCly(dppf)]- CH,Cl,, (4) were chosen. Palladium catalysts 1-4 have been previously used successfully in
polymerization. K,CO3; was used as base in the presence of the adequate solvent mixture. Poly[9,9-bis-
(6'-bromohexylfluoren-2,7-diyl)-alt-co-(benzen-1,4-diyl)], PFPBr,, was obtained and selected as model to
study the polymerization degree. Calibration curves of fluorene were used to perform a real estimation of the
molecular weights of the polymers, and also typical polydispersity values were measured. Polymer conversion
was determined using coupled size exclusion chromatography—evaporative light scattering detector
(SEC—ELSD). The (Z)-Pd(II) catalyst, (4), which contains the electron acceptor ligand dppf, showed the
fastest conversion rate at low reaction times, followed closely by catalyst (2), (E)-Pd(II), which presents
aconventional PPh; ligand. The typical Pd(0) catalyst, (1), with phospane ligands, was slower than others and
this process needed almost 12 h to convert the monomers in real polymer. Taken together, all these results
provide new insights into the polymerization mechanism using different Pd(II) and Pd(0) catalysts, which

seem to behave differently when different ligands are used.

Introduction

Suzuki coupling reaction is a typical reaction between orga-
noboron compounds with different types of organic electrophiles,
in general organic halides or %ood leaving groups, usually
catalyzed by a Pd(0) complex.' > The efficiency of the Suzuki
reaction has been improved by means of more efficient catalysts,
the presence of bases, the accurate choice of solvents and
microwave activation.*”® A general catalytic cycle for the
cross-coupling reaction of organometallics involves the following
steps sequence: oxidative addition, transmetalation and reductive
elimination (OA-T-RE). Normally, aryl—aryl cougling succeed
through nondissociative-nonassociative mechanism,” but to date
the mechanism of polycondensation for conjugate polymers
(via palladium catalysts) has not been understood.

Suzuki—Miyaura or Suzuki coupling reaction has been exten-
sively applied in polymer science, in particular, in design and
synthesis of different copolymers with conjugates properties
chemistry.'®"* If the starting materials are difunctional mono-
mers (diboronic and dibromides), in the presence of base and
catalytic amount of palladium, biaryl units lead a step-growth
with good yield, in a Suzuki polycondensation reaction. Dong
and Hu,” reported that, in the cross-coupling of dihaloarenes
with arylboronic acid, a regenerated Pd(0) catalyst undergoes
oxidative addition preferentially as the fastest step in mechanism.
Weber et al.?® observed the same preference for oxidative addi-
tion with dihalofluorene monomers but longer reaction times
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were needed and chain-growth polymerization, in the synthesis
of PF, was evaluated using [Pd(P'Bus),(Ph)Br] catalyst.*’
Additional advantages of these reactions include mildness of
the reaction conditions, great tolerance toward a variety of func-
tional groups, insensitiveness to the presence of water and the
need of a very small catalytic amount of palladium catalyst.>*
A wide number of research groups have reported on the synthesis
of conjugated polymers by Suzuki coupling reactions, including
reaction times lasting up to 72 h to build polymers of regular mole-
cular weight (25—50 kg/mol based on polystyrene calibration).
Therefore, reaction time reduction is one of the targets in order to
optimize the experimental conditions, always taking into account
the need for good polymer molecular weight control.'*~3
This methodology offers the possibility of preparing fluorene
homopolymers as well as alternating copolymers. Fluorene-
based conjugated polymers are highly efficient emitters and show
a wide range of applications from fluorescent sensors to emitters
in electronic devices.’’** Poly(2,7-fluorene)-alt-1,4-phenylene)
(PFP) presents high blue photoluminescence due to the presence
of fluorophore units with the polymer in semiconducting form.
An advantage of this polymer is the facile functionalization
of the side-chain at the C9 site, which provides the possibility
of improving the solubility and processability in solid state.
Looking for PFP synthesis, we focused on the use of commercial
1,4-diphenylboronic acid as a guide. The first report on polym-
erization of this diboronic acid was shown by Rehahn et al. in the
1990.% In the last few years, commercial diboronic acid was used
to prepared water-soluble PFP with high yield and molecular
weight of the order to 6.5—7.8 Mg/mol, using typical conditions,
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Scheme 1. Experimental Conditions and Synthesis Model of PFPBr,
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Pd(0) and large reaction time (72 h),** and, also with Pd(II), under
different conditions, but the same reaction times.* Liu et al.*®
obtained neutral copolymers with different proportions of the
monomers (using 1,4- and 1,3-diphenyldibororonic acid) under
similar experimental conditions, however, in order to obtain
molecular weights between 6 and 15 Mg/mol with good yield,
reaction times were shorter, i.e., 24 h. In that work, the use of
different catalysts was studied; however, neither information nor
suggestions about the use of these catalysts were reported. Later,
the same authors used a Pd(0) catalyst to obtain a ter-copolymer
with adequate yield, short reaction time, lower molecular weight
(11 kg/mol), and good polydispersity.*’

Despite the efforts that industrial and academic researchers
have provided toward progress in this field, it is necessary to study
new models to deeply understand these processes. The study of
the control of the Suzuki polycondensation for the formation of
novel conjugated polymers, with defined properties such as the
length of the conjugated polymers chains, narrow polydispersity
values, and short reaction times is the main aim of this work.
Thus, we tried to understand the processes involved in PFP
synthesis, by studying several chemical properties such as yield,
degree of polymerization and polydispersity of the polymers in a
model reaction performed under the same conditions, and vary-
ing the palladium catalysts (Scheme 1).

Experimental Part

Instrumentation. Size exclusion and high pressure liquid
chromatographic analysis was carried out ona HPLC LaChrom
(Merck-Hitachi) equipped with an L-7100 pump, an L-7200
autosampler, an L-7455 UV—vis diode array detector, and/or
an evaporative light scattering detector (ELSD 2000 and 3300,
Alltech Associates, Inc.). SEC or HPLC analysis used 20 uL
samples that were injected in a column Plgel 5 um MIXED-C;
2 x (300 x 7.5 mm i.d) from Polymer Laboratories Ltd. or in a
column Lichrospher 5 um RP18 (250 x 4 mmi.d.), respectively.
Both analyses were carried out on aliquots samples-control time
that were prepared in THF (HPLC grade) approximately 5 mg/
mL and filtered through at nylon 0.45 um syringe. SEC data

P
Ph;

were initially calibrated using Polymer Laboratories EasiCal
Polystyrene (PS) standards. Thermal analysis was performed
using differential scanning calorimetry (DSC) Perkin-Elmer Pyris
model 6. Cycles purged nitrogen atmosphere of heating/cooling
at rate 20 °C/min were used with a previous training at 100 °C,
quantities of 8—10 mg of samples were scanned from 30 to 300 °C.
The glass transition temperature (7,) was recorded on the second
heating curve and extrapolated half C,, from 80 to 160 °C.

Materials. Poly{2,7-[9,9-bis(6'-bromohexyl)Fluorene]-alt-1,
4-(phenylene)} (PFPBr;) has been synthesized via a Suzuki
coupling reaction using 1,4-phenyldiboronic acid and 2,7-dibromo-
9,9-bis(6’-bromohexyl)fluorene (Scheme 1), using the same
method described in our lab.*%° Tetrakis(triphenylphosphane)
palladium(0) (1); dichlorobis(triphenylphosphane)palladium(II)
(2), (diphenylphosphanoethanedichloro)palladium(Il) (3), and
dichloro[1,1’-bis(diphenylphosphano)ferrocene]palladium(IT)
(complex with CH,Cl,) (4) were used as purchased from com-
mercial suppliers (Aldrich Chemical Co., Inc.).

Control of the Polymerization Reaction. In a round-bottom
flask containing a magnetic stir bar potassium carbonate (6.3 g;
48.5 mmol), 1,4-phenylenbisboronic acid (696 mg; 4.15 mmol)
and 2,7-dibromo-(9,9’-bis(6’-bromohexyl)fluorene (2.5 g; 3.84
mmol) were dissolved in 40 mL of THF—H,O (1:1) and was
stirred at room temperature for 5 min. Subsequently, the
catalyst was added (1%) and the mixture was degassed three
times under argon atmosphere. The mixture was then stirred at
80 °C. About 3 mL of this mixture was extracted at different
control times (1—6, 12, 24, 36, 48, and 72 h) (this was balanced
with the addition of the same quantity of mixture of solvent into
the reaction mixture). Each fraction was dropped into methanol
to precipitate a solid which was collected by filtration and
washed with water, methanol, and acetone, and dried under
vacuum at room temperature.

Results and Discussion

SEC Calibration with Fluorene—Phenylene Oligomers.
PFPBr, was prepared according to Scheme 1, via Suzuki-
coupling reaction. The polymerizations were performed at
the same reactant concentrations in THF at 80 °C using2 M
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Figure 1. Chromatographic separation of low molecular weights at 3 h for reaction with catalyst 1 [Pd(PPhs),], SEC (top) and HPLC (bottom)
analysis. Inset corresponding to spectra obtained by diode array detector at elution time for each peak a—e.

K,COs; as base, and the same proportion of catalysts. Pre-
liminary assays were performed using two catalysts with
different initial oxidation states—1 Pd(0) and 4 Pd(Il)—
and using the same reaction conditions. We found significant
differences in the molecular weights of the polymers, at final
reaction times depending on the catalyst employed.

In the characterization of the polymers by SEC analysis,
we detected multiple well-defined peaks due to the possible
formation of different oligomers, which were very similar
to those found in previous work.’! Figure 1 (top) show the
chromatogram by SEC analysis corresponding to 3 h of
reaction using tetrakis(triphenylphosphane) palladium(0), 1,
as catalyst. Due to the results obtained, we focused our
attention on the determination of the precise molecular
weights. It is well-known that polystyrene (PS) calibration
has been usually employed for the determination of the
molecular weights by SEC. Nevertheless, it is also recognized
the overestimation of the M,, when synthetic polymers of
different nature are used by SEC, since linear and spheric-
like molecules behave differentially due to unlike diffusional
properties which derive from the different hydrodynamic
volume of the macromolecules. Thus, we have used the same
detector, UV diode-array detector, to know the identity of
the observed peaks by SEC (Figure 1, top) and HPLC
(Figure 1, bottom), following a similar procedure to those
described by Miller for homopolyfluorenes.’! Absorp-
tion spectra were collected at the corresponding elution
time for each chromatographic peak. The results of the

characterization of the oligomers obtained is shown in
Table 1, including the mass of each peak as detected by
HPLC-MS, showing oligomers with molecular weight lower
than 3000 mol-g~ ' . Details about the experimental condi-
tions can be found in the Supporting Information.

Peak maximum wavelengths and the corresponding
shifts among them showed analogous periodicity to that
previously obtained in the synthesis of fluorene oligomers>>>?
and other homopolyfluorenes.’’>* Considering these pat-
terns, we assigned each peak to its corresponding oligomer
(see Table 1). The estimation of the polymer molecular
weight based on the use of PS standards (random-coil
polystyrene) can be considered unreliable due to overestima-
tion of the polymers size,*>**° as previously mentioned. In
fact, a poly(9,9-dioctylfluorene) analyzed by SEC/LS (light
scattering), showed a factor of x2.7 compared to its real
molecular as determined on the basis of PS-calibrated meth-
0d.>* Therefore, a more precise calibration method including
PS standards and corrected for the contribution of the
polymer hydrodynamic volume was utilized on basis of the
assignation to the fluorene-phenylene oligomer units shown
in Table 1. Thus, Figure 2 compare both calibration curves
which exhibited very good correlations (R> = 0.999) show-
ing linear trends. The extrapolation of the line for calibration
curve of the fluorene—phenylene oligomers (PF-calibration)
was used to calculate a precise molecular weight of PFPBr,.

Catalyst Effect on Polymerization Rate and Molecular
Weight. We selected four commercial palladium catalysts,
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Table 1. Optical and Mass Data Obtained from Peaks at 3 h of

reaction with Pd(0)
peak TR SEC (min) Amax (nm) M™ (mol/g) n’
a 18.07 281.4 655 0
b 17.22 338.6 1216 1
c 16.67 354.6 1782 2
d 16.29 360.6 2348 3
e 15.99 363.7
polymer >16 ~370
“Corresponding to Scheme 1.
6.5 4
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Figure 2. Calibration curve from polystyrene standards (Easy-Cal;
solid line) and extrapolation curve of the oligomers of fluorene—
phenylene (dotted line), such provisional guide. SEC conditions: two
gradient columns, Plgel 5 um MIXED-C; eluent, THF; flow rate, I mL/
min; room temperature.

Elution time (min)

Figure 3. SEC—LS chromatograms for the evolution time in the
synthesis of PFPBr, using different palladium catalysts: (1) [Pd

(PPhy),]; (2) (E)-[PACL(PPh;),]; (3) (2)-[PdCly(dppe)]; (4) (2)-
[PACly(dppf)]- CH,Cl.

shown in Scheme 1: one with Pd(0); [Pd(PPhs)4] (1) and three
with Pd(II); (E)-[Pd(PPh3),Cl,] (2), (Z)-[Pd(dppe)Cly] (3),
and (Z2)-[Pd(dppf)Cl,] (4). These catalysts were used in order
to study the oxidation state of the metal center and the
configuration (Z and E) and type of ligands (chelate or not).
The behavior of catalysts 1—4 in this polymerization reaction
is evaluated by SEC analysis in Figure 3.

The analyses were performed considering the area cor-
responding to the peaks obtained by SEC for each catalytic
reaction and at different reaction time (for details see the
Supporting Information). Figure 3 shows a peak correspond-
ing to the fluorene monomer at the highest retention time of
18.2 min for all the experimental conditions. Additionally,
well-defined peaks are observed, that can be correlated to the
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Figure 4. Analysis of conversion PFPBr, during the first 12 h of
polymerization, using Pd-catalysts 1—4. Inset corresponds to evolution
temporal of the fluorene monomer in the same reactions.

different oligomeric species, basing our assignments on the
previous calibration section. Finally a broad and continues
band, at short retention time, appears when the number of
monomer units was seven or more (n = 7 or DP; degree of
polymerization). This profile and broadening of this band
represents the molecular weight distribution of the polymer.

In Figure 3, the chromatograms also show the temporal
evolution of the oligomeric and polymeric species. The band
corresponding to the polymer formation appears at different
reaction times depending on the catalyst employed. Catalyst
4 (Z-conformation at Pd) was the fastest in the formation of
polymer while 2 (E-conformation at Pd) showed comparable
results. Nevertheless, catalyst 2 seemed to achieve the for-
mation of a stable polymer at lower reaction times than
catalyst4. The evolution of the polymer band using catalyst 2
reached its maximum value after 3 h of reaction (at elution
time 13.6 min, black fill area) and there is no modification in
the shape of this band at higher reaction time. However the
polymer band with catalyst 4 showed a different behavior:
slow increase of the elution time for the first 5 h followed by
the emergence of two different distributions of My, (50%
gray fill area). The configuration of both species illus-
trates remarkable differences compared to the mechanism
considered in computational studies (DFT and ONIOM
methods).”” % Regarding the development of the polymer-
ization with the other catalyst, 1 and 3, produced the mono-
mer as its major specie and some low M, oligomers in
different proportions, within the first hours of the reaction.
Figure 4 shows the growth of the broadband, corresponding
to the polymer formation (n = 7), at different reaction time,
with the concomitant disappearance of the monomer peak
depending on the reaction time for each catalyst employed.

The results indicate that the fastest polymerization rate is
obtained for catalyst 4, and after the first hour, close to 80%
of the polymeric species (n > 7) were generated
(Figure 4). To quantify our results, we estimated the time
to obtain 50% of the polymeric species (Tso), which was T'sg =
30 min for 4. For catalyst 2, (E)-Pd(II),which also shows a
very fast conversion after 2 h (98%), this value was only
Tso= 70 min. The values of catalysts 3 and 1 were the slowest
of this study with Ts values of 200 min for 3 ((Z)-Pd(II)
catalyst) and 360 min for 1. These results were in agreement
with those obtained for the analysis of the monomer con-
sumption in the reaction (Figure 4). The time for the full
conversion of the monomer (constant proportion of less than
3% of monomer) was | h for catalyst 4, 2 h for 2, 3 h for 3,
and more than 5 h for catalyst 1.
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Figure 6. SEC—LS chromatograms of the PFPBr; isolated after 12 h
of reaction with four different palladium catalysts: (1) [Pd(PPhs),]; (2)

(E)-[PACL(PPh3)];  (3) (Z2)-[PACly(dppe)); (4) (£)-[PdCly(dpph)]-
CHCl,.

The evolution of the molecular weight of the polymer
peaks (M,,) based on polyfluorene calibration, was evaluated
atlong reaction times. Figure 5 shows the logarithm of M, as
a function of the reaction time for different catalysts. The Pd
(IT) catalysts led to higher molecular weight polymers than
that corresponding to Pd(0) catalyst. Comparable trends
were observed in all experiments. After 12 h, the molecular
weights remained constant. The differences can be only
found in the first hours of polymerization.

Catalyst Effect on Chemical Properties of PFP. In order to
understand the effect of the catalyst in the final chemical
properties of the polymer, we carried out large-scale reac-
tions using again the four different catalysts 1—4. In this
study, we checked the polymerization model at 12 h since
that time is enough to obtain a polymer with constant Mp as
observed in Figure 5. SEC chromatograms of the polymers
obtained are shown in Figure 6. It is remarkable that even in
large-scale reactions, the chromatographic profile was quite
reproducible since the polymers profile obtained were similar
to that obtained in Figure 2.

The second interesting observation is the bimodal distri-
bution with larger molecular weights in the final polymer
obtained using catalyst 4. As previously discussed, Figures 2
and 6 are in agreement in relation to the presence of the
formation of polymer with highest M,,. The shoulder ap-
pearing at lower elution times beside the main peak could be
due to the presence of two different active palladium
species, as it was previously observed in other processes.®’ %2
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Alternatively, this new peak could be obtained as a conse-
quence of the different mechanisms of reaction. The highest
speed of the polymerization rate obtained in the reaction
catalyzed by 4 (the best of the studied catalyst) could be
attributed to electronic effects as it was previously observed
by Ogasawara et al.®* In this context, it has been shown that the
great steric hindrance of bulky phosphanes, is a powerful tool
to effectively activate the oxidative addition step in Suzuki
catalytic systems® and also, triphenylphosphane acts as redu-
cing agent, transforming Pd(IT) to Pd(0).°*®> In general,
the presence of a phosphane group attached to the metal,
slow down the oxidative addition process, probably due to less
accessibility to the area coordinating the transition metal.
For this reason the catalyst containing Pd(0), 1, is expected
to promote the slowest oxidative addition reaction and might
not be favored thermodynamically.® Goossen et al.®” have
recently studied the state of oxidative addition species using
Pd(II), and generating active species of Pd(0). Moreover, it has
been reported that isomerization of the catalyst is the rate-
determining step during the oxidative addition and that the
amount of phosphane ligand might affect the rate of reaction
to produce a decrease of the speed of the process. Either one or
both of these factors may speed up oxidative addition, the key
step in Suzuki coupling cycle.?

For this reason, in this work, we used (Z)-Pd(IT) catalysts
(3 and 4) with the intention of increase the polymerization
rate because the chelate ligands avoid the isomerization
process due to their cis conformation. However, we found
that reaction with (E)-Pd(II) catalyst (2) was faster than its
analogous (3), (Z)-Pd(II). This result suggest that the metal
coordination center itself is a key factor to be considered in
the formation of active species of Pd(0), and in the subse-
quent progress of the catalytic cycle. This hypothesis could
be illustrated in Scheme 2, and we suggest two alternative
mechanisms depending on the catalyst employed that pro-
vide a different reactivity in the functional group of the
monomer. The rate-determining step of each two proposed
mechanisms may depend not only on the active species cata-
lysts in the first catalytic cycle but also on the difference
between the energy barrier responsible in each step implies in
conventional Suzuki cycle. This hypothesis was reinforced
with the observation discussed above in Figures 3 and 4,
in which during the first hours of reaction, the proportion of
oligomeric species showed very different trends depending on
the catalyst used in the reaction (details in figures SI-6 to SI-9).

The proposed polymerization mechanisms consist basically
on step-by-step processes showing two different pathways
depending on the active palladium species, but both pathways
constitute a complex reaction system that consists simul-
taneously of competitive, consecutive and competitive, and
parallel reactions.®® The first pathway, which involves very
fast consecutive steps, might take place due to the none-
quivalence of functional groups that change the reaction rate
in the low conversion region. This mechanism may be repre-
sentative for catalyst 4, and explains the results obtained in
Figure 3.

The second pathway represents a classical catalytic cyclic
(OA-T-RE) of polycondensation, which consists of a step
growth of the polymer through the addition of consecutive
monomers to form dimers, trimers, longer oligomers and
eventually long chains (see lower mechanism of Scheme 2),
representative for catalyst 1 (Figure 3).

Table 2 summarizes all data collected of PFP, as function
of the ligands and oxidation states of the metal. Polymeri-
zation yield was very good (>75%) for all the different
palladium at 12 h. In general, the ligand configuration (Z) or
(E) and the oxidation state of palladium catalyst had no
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Table 2. Yield, T,, and Molecular Weights with SEC—ELSD for PFPBr, Synthesized at 12 h Using Different Catalyst

catalyst yield” (%) T, (°C) IPD M, (kg/mol) M," (kg/mol) M, (kg/mol) Dp ¢ oW
1 86 122 2.1 25 37.0 14.0 25 2.6
2 87 122 1.9 25 38.2 14.3 25 2.7
3 81 123 2.0 20 33.5 13.0 23 2.6
4 77 120 2.4 51 83.1 252 44 33

“Purification by reprecipitation in methanol. ®Calculated over PS standard. ¢Calculated by extrapolation on fluorene-phenylene oligomers

calibration ¢ Calculated over M, values (unity 568.4 g/mol).

Scheme 2. Proposed Mechanism in the Polymerization Catalyzed by Two Active Species of Palladium
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influence on the chemical properties and molecular weights
of the obtained polymers. PFPBr, obtained in these tests had
quite similar glass transition temperatures, T, for 1,2, and 3
catalysts, (ca. 122 °C, due to close distribution found (DP =

23—25)) and also typical values of polydispersity with values
around 2. A slightly high and broader polydispersity
was obtained with catalyst 4, with lower 7, (120 °C) prob-
ably due to the 1ncrement of chain to 44 monomer units,

respectively.”’” 7> We also used the maximum peaks to com-
pare and determine the average degree of polymerization,
observing values from 23 (or 65) to 44 (or 146) based on
PF- (or PS-) calibrations. Finally, in Table 2, we show a new
parameter which defines the overestimation of the molecular
weight (OW), corresponding to the ratio between M, values
obtained from PS-calibration and PF-calibration curves.
This parameter may give an idea about the real interval of
overestimation (OW) from 2.6 to 3.3 in our model.

Conclusion

In conclusion, the results presented above showed that
a substantial reduction in the polymerization reaction time was
possible depending on the Pd-catalyst employed. The correct
selection of the catalyst results in a polymer with well-defined M,
and desired chain length. From all these results, the (Z)-[Pd(dppf)
Cl,] catalyst (4) showed the highest rate of polycondensation.

Moreover, two different mechanisms for the polymerization
are proposed depending on the nature of the palladium catalyst.
Besides the classic process (catalyst 1), here we propose a fast
growing of the chains that might be supported by the presence of
active palladium species, which may be responsible for the fast
growth of the oligomeric chain during reaction time (catalyst 4).

Finally, a new calibration method based on the correction of
the classically used PS standard is also proposed for polyfluorene
derivatives. This new calibration method, avoids overestimation
of the molecular weight of the polymers, which has proven to be
ca. 3 times for medium values.

Acknowledgment. This work was supported by Research
Projects MAT-2008-05670 and MAT-2005-1004 and we express
thanks to Ramon y Cajal and Juan de la Cierva programs

~@0+ — @00 — 0080 — 80000
\

(D7 B O p
_______ .... .. "’Polymer (n>7)
00000
@, O 0@

Oligomers (n<7)

Difunctional monomer, different reactivity after catalyzed

Difunctional monomer, identical reactivity

(MEC-FSE), also to Junta de Andalucia by project of Excellence
(PO7-FQM-02625) by technical and support help.

Supporting Information Available: Text giving a discussion
of the LC-MS analysis, MALDI—TOF mass spectra, evolution
of the peaks on polymerization with the catalysts, and experi-
mental details and figures showing mass spectra and plots of the
analysis of conversion during polymerization. This material is
available free of charge via the Internet at http://pubs.acs.org.

References and Notes

(1) Miyaura, N.; Yanagi, T.; Suzuki, A. Synth. Commun. 1981, 11,
513-519.

(2) Watanabe, T.; Miyaura, N.; Suzuki, A. Synlett 1992, No. 3,
207-210.

(3) Miyaura, N.; Suzuki, A. Chem. Rev. 1995, 95, 2457-2483.

(4) Goodson, F. E.; Cichowicz, M. B., In Encyclopedia of Inorganic
Chemistry, King, R. B., Ed. John Wiley & Sons, Inc.: Weinheim,
Germany, 2005; Vol. 6, pp 3750—3770, and references therein.

(5) Galbrecht, F.; Bunnagel, T. W.; Scherf, U.; Farrell, T. Macromol.
Rapid Commun. 2007, 28, 387-394.

(6) Tsami, A.; Yang, X. H.; Farrell, T.; Neher, D.; Holder, E. J. Polym.
Sci., Part A: Polym. Chem. 2008, 46, 7794-7808.

(7) Nehls, B. S.; Asawapirom, U.; Fuldner, S.; Preis, E.; Farrell, T.;
Scherf, U. Adv. Funct. Mater. 2004, 14, 352-356.

(8) Leadbeater, N. E.; Marco, M. Org. Lett. 2002, 4, 2973-2976.

(9) Suzuki, A.; Brown, H. C., Organic syntheses via boranes; Aldrich
Chem. Comp, Inc: Milwaukee, WI, 2003.

(10) Grimsdale, A. C.; Leok Chan, K.; Martin, R. E.; Jokisz, P. G.;
Holmes, A. B. Chem. Rev. 2009, 109, 897-1091.
(11) Scherf, U.; Gutacker, A.; Koenen, N. Acc. Chem. Res. 2008, 41,

1086-1097.

(12) Hoppe, H.; Sariciftci, N. S. Photoresponsive Polym. 11 2008, 214,
1-86.

(13) Abbel, R.; Schenning, A.; Meijer, E. W. Macromolecules 2008, 41,
7497-7504.

(14) So, F.; Krummacher, B.; Mathai, M. K.; Poplavskyy, D.; Choulis,
S. A.; Choong, V. E. J. Appl. Phys. 2007, 102.

(15) Bazan, G. C. J. Org. Chem. 2007, 72, 8615-8635.

(16) Thomas, S. W.; Joly, G. D.; Swager, T. M. Chem Rev 2007, 107,
1339.

(17) Bundgaard, E.; Krebs, F. C. Sol. Energy Mater. Sol. Cells 2007, 91,
954-985.

(18) de Oliveira, H. P. M.; Cossiello, R. F.; Atvars, T. D. Z.; Akcelrud,
L. Quim. Nova 2006, 29 (2), 277-286.



Article

(19) Liu, B.; Bazan, G. C. Chemistry of electroluminiscent conjugated
polymers. In Organic electroluminescence; Kafafi,Z. H., Ed.; CRC
Press Taylor & Francis: Boca Raton, FL, 2005; p 228 and references
therein

(20) Akcelrud, L. Prog. Polym. Sci. 2003, 28 (6), PII S0079—6700(02)
00140-5.

(21) Winokur, M. J.; Chunwachirasiri, W. J. Polym. Sci., Part B:
Polym. Phys. 2003, 41, 2630-2648.

(22) Schluter, A. D. J. Polym. Sci., Part A: Polym. Chem. 2001, 39 (10),
1533-1556.

(23) McQuade, D. T.; Pullen, A. E.; Swager, T. M. Chem. Rev. 2000,
100, 2537.

(24) Kraft, A.; Grimsdale, A. C.; Holmes, A. B. Angew. Chem., Int. Ed.
1998, 37, 402.

(25) Dong, C. G.; Hu, Q. S. J. Am. Chem. Soc. 2005, 127, 10006-10007.

(26) Weber, S. K.; Galbrecht, F.; Scherf, U. Org. Lett. 2006, 8, 4039-4041.

(27) Yokoyama, A.; Suzuki, H.; Kubota, Y.; Ohuchi, K.; Higashimura,
H.; Yokozawa, T. J. Am. Chem. Soc. 2007, 129, 7236.

(28) Suzuki, A. In Cross-coupling reactions via organoboranes, Inter-
national Symposium on 30 Years of the Cross-Coupling Reaction;
Kyoto, Japan, Jul 27—29, 2001; Elsevier Science SA: Kyoto, Japan,
2001; pp 83—90.

(29) Rehahn, M.; Schluter, A. D.; Wegner, G. Makromol. Chem.—
Macromol. Chem. Phys. 1990, 191, 1991-2003.

(30) Tour, J. M. Chem. Rev. 1996, 96, 537-553.

(31) Tour, J. M. Acc. Chem. Res. 2000, 33, 791-804.

(32) Knaapila, M.; Lyons, B. P.; Hase, T. P. A.; Pearson, C.; Petty, M.
C.; Bouchenoire, L.; Thompson, P.; Serimaa, R.; Torkkeli, M.;
Monkman, A. P. Adv. Funct. Mater. 2005, 15, 1517-1522.

(33) Knaapila, M.; Stepanyan, R.; Torkkeli, M.; Lyons, B. P.; Ikonen,
T.P.; Almasy, L.; Foreman, J. P.; Serimaa, R.; Guntner, R.; Scherf,
U.; Monkman, A. P. Phys. Rev. E 2005, 71, 13.

(34) Chang, J. F.; Clark, J.; Zhao, N.; Sirringhaus, H.; Breiby, D. W.;
Andreasen, J. W.; Nielsen, M. M.; Giles, M.; Heeney, M.; McCul-
loch, 1. Phys. Rev. B 2006, 74, 12.

(35) Zhao, X. Y.; Jiang, H.; Schanze, K. S. Macromolecules 2008, 41,
3422-3428.

(36) Murage, J.; Eddy, J. W.; Zimbalist, J. R.; McIntyre, T. B.; Wagner,
Z. R.; Goodson, F. E. Macromolecules 2008, 41, 7330-7338.

(37) Becker, K.; Scherf, U.; Neher, D., Polyfluorenes; Springer: Berlin,
2008; p vi, 322 p.

(38) Scherf, U.; List, E. J. W. Adv. Mater. 2002, 14, 477.

(39) Leclerc, M. J. Polym. Sci., Part A: Polym. Chem.2001, 39, 2867-2873.

(40) Neher, D. Macromol. Rapid Commun. 2001, 22, 1366—1385.

(41) Bernius, M. T.; Inbasekaran, M.; O’Brien, J.; Wu, W. S. Adv.
Mater. 2000, 12 (23), 1737-1750.

(42) Inbasekaran, M.; Woo, E.; Wu, W. S.; Bernius, M.; Wujkowski, L.
In  Fluorene homopolymers and copolymers, 2nd International
Conference on Electroluminescene of Molecular Materials and
Related Phenomena (ICEL-2), Sheffield, England, May 15—18,
1999; Elsevier Science SA: Sheffield, England, 1999; pp 397—401.

(43) Rehahn, M.; Schluter, A. D.; Wegner, G.; Feast, W. J. Polymer
1989, 30, 1060-1062.

(44) Burrows, H. D.; Lobo, V. M. M.; Pina, J.; Ramos, M. L.; de Melo,
J. S.; Valente, A. J. M.; Tapia, M. J.; Pradhan, S.; Scherf, U.
Macromolecules 2004, 37, 7425-7427.

Macromolecules, Vol. 42, No. 15, 2009 5477

(45) Huang, F.; Wu, H. B.; Wang, D.; Yang, W.; Cao, Y. Chem. Mater.
2004, 16, 708-716.

(46) Liu, B.; Wang, S.; Bazan, G. C.; Mikhailovsky, A. J. Am. Chem.
Soc. 2003, 125, 13306-13307.

(47) Liu, B.; Bazan, G. C. J. Am. Chem. Soc. 2004, 126, 1942-1943.

(48) Mallavia, R.; Martinez-Perez, D.; Chmelka, B. F.; Bazan, G. C.
Bol. Soc. Esp. Ceram. Vidrio 2004, 43, 327.

(49) Mallavia, R.; Montilla, F.; Pastor, I.; Velasquez, P.; Arredondo,
B.; Alvarez, A. L.; Mateo, C. R. Macromolecules 2005, 38, 3185.

(50) Molina, R.; Ramos, M.; Montilla, F.; Mateo, C. R.; Mallavia, R.
Macromolecules 2007, 40, 3042.

(51) Klaerner, G.; Miller, R. D. Macromolecules 1998, 31, 2007-2009.

(52) Wang, S.; Liu, B.; Gaylord, B. S.; Bazan, G. C. Adv. Funct. Mater.
2003, /3, 463-467.

(53) Jo,J. H.; Chi, C. Y.; Hoger, S.; Wegner, G.; Yoon, D. Y. Chem.—
Eur. J. 2004, 10, 2681-2688.

(54) Grell, M.; Bradley, D. D. C.; Long, X.; Chamberlain, T.; Inbase-
karan, M.; Woo, E. P.; Soliman, M. Acta Polym. 1998, 49,439-444.

(55) La Groia, A.; Ricci, A.; Bassetti, M.; Masi, D.; Bianchini, C.; Lo
Sterzo, C. J. Organomet. Chem. 2003, 683, 406—420.

(56) Pearson, D. L.; Schumm, J. S.; Tour, J. M. Macromolecules 1994,
27, 2348-2350.

(57) Braga, A. A. C.; Morgon, N. H.; Ujaque, G.; Maseras, F. J. Am.
Chem. Soc. 2005, 127, 9298-9307.

(58) Braga, A. A.C.;Ujaque, G.; Maseras, F. Organometallics 2006, 25,
3647-3658.

(59) Perez-Rodriguez, M.; Braga, A. A. C.; Garcia-Melchor, M..; Perez-
Temprano, M. H.; Casares, J. A.; Ujaque, G.; de Lera, A. R;
Alvarez, R.; Maseras, F.; Espinet, P. J. Am. Chem. Soc. 2009, 131,
3650-7.

(60) Gao, H. Y.; Zhang, J. K.; Chen, Y.; Zhu, F. M.; Wu, Q. J. Mol.
Catal A: Chem. 2005, 240 (1-2), 178-185.

(61) Huang, J.; Rempel, G. L. Prog. Polym. Sci. 1995, 20, 459-526.

(62) Togni, A.; Hayashi, T. Ferrocenes: homogeneous catalysis, organic
synthesis, materials science; VCH Publishers: Weinheim, Germany,
and New York, 1995; p xix, 540 p.

(63) Ogasawara, M.; Yoshida, K.; Hayashi, T. Organometallics 2000,
19, 1567-1571.

(64) Bandgar, B. P.; Bettigeri, S. V.; Phopase, J. Tetrahedron Lett. 2004,
45, 6959-6962.

(65) Li,J.J.; Gribble, G. W. Palladium in heterocyclic chemistry: a guide
for the synthetic chemist, 1st ed.; Pergamon: Amsterdam ; New
York, 2000; p xviii, 413 p.

(66) Roy, A.H.;Hartwig,J. F.J. Am. Chem. Soc.2001, 123,1232-1233.

(67) Goossen, L.J.;Koley, D.; Hermann, H.; Thiel, W. Chem. Commun.
2004, 19, 2141-2143.

(68) Odian, G. G., Principles of polymerization, 4th ed.; Wiley-Interscience:
Hoboken, NJ, 2004; p 812, see Chapter 2.

(69) Flory, P.J. Chem. Rev. 1946, 39, 137-197.

(70) Wallace, J. U.; Chen, S. H., Fluorene-based conjugated oligomers
for organic photonics and electronics. In Polyfluorenes; Springer-
Verlag Berlin: Berlin, 2008; Vol. 212, pp 145—186.

(71) Papadopoulos, P.; Floudas, G.; Chi, C.; Wegner, G. J. Chem. Phys.
2004, 120, 2368-2374.

(72) Jayakannan, M.; van Dongen, J. L. J.; Janssen, R. A. J. Macro-
molecules 2001, 34, 5386-5393.



