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The field of conjugated polymers is multidisciplinary and
highly competitive given the potential for application in
optoelectronic devices including transistors, light emitting
diodes, and solar cells'! From a chemistry perspective,
polythiophenes and thiophene-containing copolymers are
arguably the most successful classes of conjugated polymers
and have been the focus of the majority of research in this
field.”! Thiophene polymers, however, do face certain limi-
tations and intense research is taking place to develop new
polymers with improved properties. In recent years, poly-
selenophenes have been developed that have narrow
HOMO-LUMO gaps,”! high ambipolar charge transport
characteristics,! and can be designed to undergo phase
separation into nanostructures in the solid state.’ All of
these properties are desirable for optoelectronics, and
although these studies are early and limited in number, they
highlight the opportunities that arise when conjugated
polymers are synthesized from heavier group 16 heterocycles.

Tellurophene, the heaviest known group 16 heterocycle,
should prove even more useful for improving and tailoring
optoelectronic properties. Specifically, tellurophene has a
narrow HOMO-LUMO gap and thus polytellurophenes are
predicted to have desirable light-absorption properties.
Tellurium is a metalloid with relatively large spin-orbit
coupling, therefore polytellurophenes should have easily
populated triplet excited states.”’ Indeed, there are some
excellent examples of transition metal containing polymers
that have these favorable properties.’! Due to its metalloid
nature, tellurium forms hypervalent coordination com-
plexes,””) which should enable supramolecular interactions
that offer a means to further control structure and properties.
Despite this promise and decades of conjugated polymer
research, the solid state optoelectronic properties of well-
defined polytellurophenes have not been described or inves-
tigated.

Polytellurophenes have only been reported in the liter-
ature a handful of times, and with very limited character-
ization data. Insoluble black powders formed from the
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oxidative polymerization of tellurophene were first described
by Tsukagoshi and co-workers in 1985."! Similar results were
reported in two papers by Ogura and co-workers in the mid
1990s using higher homologues of tellurophene as mono-
mers,'1? as well as by Otsubo in 2000.% In 1995 the Wittig-
condensation polymerization of tellurophene dialdehyde with
a phenyl diphosphonium salt was reported by Kubo and co-
workers.™ In 1999 the synthesis and oxidative polymerization
of  3-butylthiophene-tellurophene-3-butylthiophene  was
reported by Chan and co-workers.'”! The syntheses of Kubo
and Chan are distinct because they are the only reports where
soluble products were isolated. Most recently, in 2009, the
synthesis and electrochemical polymerization of 3,4-dime-
thoxytellurophene was reported by Bendikov and co-work-
ers.®! This promising polytellurophene had markedly differ-
ent properties than its selenium analog, however the authors
noted that its identity was difficult to determine.

The fact that there are only a few reports in the 25-year
history of polytellurophenes indicates that there are serious
challenges associated with the synthesis of these potentially
useful organic electronic materials. Palladium-catalyzed con-
densation polymerizations, which have proven to be one of
the best methods for synthesizing well-defined conjugated
polymers, have not been developed or described for tellur-
ophenes. One significant obstacle is a lack of suitable
monomers to carry out these syntheses. Herein we describe
the synthesis of a novel, bifunctional tellurophene monomer,
and a study that determines the conditions required to
prepare polytellurophenes by solution-based palladium-cata-
lyzed polymerization of this monomer. This synthesis pre-
pares well-defined polytellurophenes that are stable, process-
able materials with distinct optoelectronic properties that can
be controlled by coordination chemistry at their tellurium
centers.

We first designed and carried out a synthetic route to
prepare a dihalogenated bitellurophene monomer that is
suitable for condensation polymerization reactions. Telluro-
phene was prepared by the method of Stephens and co-
workers,'”) and converted to bitellurophene by treatment
with rBuLi and copper(II) chloride at —78°C by following a
modified literature method (Figure 1).'Y To prepare the
desired monomer for polymerization, bitellurophene must be
halogenated at the 5 and 5" positions. However, dihalotellur-
ophenes are to our knowledge unknown compounds, likely
due to difficulties associated with halogenating tellurophene
heterocycles. Indeed, while several conditions for aromatic
halogenation exist, most of these are not suitable for
tellurophene. Specifically, tellurophene forms complexes
with Br,, and therefore conditions that require elemental
bromine must be avoided. Acids must also be avoided
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Figure 1. Top: Synthesis of 5,5'-diiodo-2,2-bitellurophene and a general
polymerization scheme. NIS = N-iodosuccinimide. Bottom: Absorb-
ance spectra of the fluorene (1) and bitellurophene (2) monomers,
and polymer solution and film.

because they are anticipated to lead to decomposition of the
heterocycle. Based on these criteria, we selected N-iodosuc-
cinimide (NIS) as the halogenating reagent because it does
not require heating or the use of acids and is not a source of
bromine. With some minor optimization of conditions, we
could readily prepare the desired diiodobitellurophene mo-
nomer in 60 % yield. Our initial attempts to brominate with
N-bromosuccinimide (NBS) or iodinate with I,/HIO; were
unsuccessful, and show that the conditions for halogenating
tellurophene are distinct from other heterocycles.

With the monomer in hand, we investigated a variety of
commonly employed methods and conditions to prepare
poly(bitellurophene-alt-9,9'-dihexylfluorene) copolymers
using solution-based palladium-catalyzed polymerization
(Table 1). This structure was chosen because the 9,9-dihexyl-
fluorene comonomer was expected to improve processability.
Because these polymerizations proceed by condensation, our
main criterion for success was the percent conversion of the
product. After each reaction, the polymers were isolated by

Table 1: Palladium-catalyzed polymerization conditions, product yields
and molecular weights.

Fluorene Solvent Base Yield M,
functionality (Y)® (%] [kgmol '
Sn(CH,); toluene none trace n.d.M
B(OH), THF K,CO, 52 3.87
B(OH), toluene K,CO; 6.5 n.d.d
B(OR), THF/MeOH Bu,N'OH 18 270
B(OR), toluene K,CO, 32 3.14

[a] See Figure 1 for structures. [b] Yield after precipitation and extraction.
[c] Measured in THF at room temperature. [d] Not determined.
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precipitation and purified by successive Soxhlet extraction in
acetone and chloroform. All chloroform fractions were
analyzed by NMR and absorbance spectroscopy (see Sup-
porting Information). While all the tested conditions have
been shown to yield thiophene copolymers in high yield, we
found that the conditions required to polymerize telluro-
phene were much more specific. A Stille-type polymerization
with a trimethylstannane-functionalized fluorene unit in
toluene gave mainly starting material and very little polymer,
indicating that iodinated tellurophenes react relatively poorly
under Stille-type conditions. Suzuki polymerization in THF
and 2™ aqueous K,CO;, with a boronic acid-functionalized
fluorene unit, resulted in a slightly improved 5.2 % yield after
extraction. A Suzuki coupling with the same fluorene unit in
toluene and 2M aqueous K,COj; using a phase-transfer agent
also gave a similarly low yield (6.5%). At this point, it was
assumed that the bitellurophene monomer could be sensitive
to the boronic acid functionality and we switched to a boronic
ester-functionalized fluorine monomer. Suzuki polymeri-
zation of the boronic ester fluorene in THF/MeOH with
tetrabutylammonium hydroxide gave an improved 18%
yield, however, the solubility of the diiodobitellurophene
monomer in THF/MeOH is visibly poor, even at polymeri-
zation temperatures. The very best method for palladium-
catalyzed condensation of 5,5'-diiodo-2,2-bitellurophene is a
biphasic Suzuki reaction with a boronic ester-functionalized
fluorene unit carried out in toluene and 2m aqueous K,CO;
using a phase-transfer agent (Aliquat 336). This is likely due
to functional group tolerance and improved solubility of the
reactants. Polymer yield after precipitation, washing, and
extraction is 32 % under optimized conditions.

The obtained polymers have desirable properties with
respect to solubility and processability, which is a major
concern for polytellurophenes. The chemical structure of
poly(bitellurophene-alt-9,9'-dihexylfluorene) was verified by
'HNMR spectroscopy. The number-average molecular
weight (M,) of the highest yielding synthesis was
3.1 kgmol™' (M,/M,=12), determined by gel permeation
chromatography (GPC) in THF compared with polystyrene
standards. Poly(bitellurophene-alt-9,9'-dihexylfluorene) is
soluble in common organic solvents such as THF, chloroform,
and chlorobenzene, giving brightly colored solutions. The
optical properties of the polymer have large bathochromic
shifts relative to the monomer starting materials, indicating
intra-chain electronic delocalization (Figure 1). The absorp-
tion maximum of the polymer in chloroform is 488 nm,
compared to 385 nm for the bitellurophene monomer, which
shows the electronic delocalization between the metalloid
bitellurophene unit and carbon-based fluorene unit. Impor-
tantly, all obtained polymers have a nearly identical absorp-
tion profile, indicating this profile is characteristic of their
chromophore (Supporting Information).

Solutions of the polymer can be cast into stable films for
solid-state optical characterization. The absorption maximum
of the film is red-shifted to 506 nm. The red-shift that is
observed when going from solution to film is indicative of
increased order in the solid state. Additionally, the absorption
profile of the film possesses shoulders at 540 and 610 nm
suggesting further organization and m-stacking in the solid
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state. This observation is important because it provides
evidence that inter-chain electronic delocalization is occur-
ring in these polymers.

We next set out to test whether the metalloid nature of
tellurophene leads to new ways of controlling optoelectronic
properties. Other groups have shown the utility of controlling
the properties of conjugated polyelectrolytes by the choice of
their counter-ions,™®! and controlling the properties of elec-
tron-deficient conjugated polymers by the addition of Lewis
acids." In the case of tellurophene, reports in the literature
have indicated that it forms a coordination complex with
molecular bromine where one equivalent of Br, adds to Te.”
Intrigued by the possibility of using Te-coordination to
control properties, we set out to study the changes in optical
absorption when the polymer is treated with molecular
bromine. Solutions of polymer (ca. 0.01 mgmL~' in CHCI,)
were titrated with a solution of molecular bromine in
chloroform. After the addition of only 0.1 equivalent of Br,
(per Te, based on the GPC molecular weight) the onset of
absorption shifts significantly from 624 to 727 nm (Figure 2 a).
After the addition of approximately 0.4 equivalents of Br,,
the reaction appears to reach an end-point, where the
polymer A, reaches 552 nm and a visible color change
from orange to purple is observed (Figure 2c¢). For reference,
Br, has a 4,,, at 410nm and no appreciable absorption
beyond 575 nm (Supporting Information). The observation
that the end-point is reached before one equivalent of Br, is
consumed is likely due to systematic error associated with
polymer molecular weight determination rather than incom-
plete bromine coordination of the polymer. In general, GPC
tends to overestimate the molecular weight of rigid-rod
polymers.”!! Evidence for complete bromination after addi-
tion is supported by GPC measurements. The GPC-deter-
mined M, of the brominated polymer is 4.7 kgmol ™!, corre-
sponding to a weight increase of 46% or the addition of
approximately 2 Br, per repeat unit. The specificity of the
coordination reaction was supported by control experiments
performed using poly(bitellurophene-alt-9,9'-dihexylfluor-
ene) and I, or poly(bithiophene-al#-9,9'-dioctylfluorene) and
Br, under analogous conditions which did not lead to an
observable change in the absorbance spectra, confirming
selectivity for Te and Br, (Supporting Information).

The polymer-bromine adduct is a stable material that can
be isolated as a solid. Bromine treatment, however, could lead

(a) before (b)
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(dotted line)
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parent polymer (1)

to polymer degradation and that could cause the observed
changes in the optical properties. To test for polymer
degradation we examined the reversibility of Br, addition.
For this experiment, the bromine adduct was prepared and
isolated by concentration, then redissolved and cast into a
film. Films of the bromine adduct have significantly red-
shifted optical properties (Figure 2b, curve 2) relative to the
parent polytellurophene film (Figure 2b, curve 1). Interest-
ingly, the absorption profile of these films lacks the shoulders
that are observed in the parent polymer, possibly indicating
less order in the film. This is likely due to the inclusion of
bromine, which disrupts the molecular packing that is
observed in the parent polymer. Remarkably, upon annealing
at 150°C, the absorption profile of the film returns to the
identical spectrum of the non-brominated polymer (Fig-
ure 2b, curve 3). This observed reversibility of bromine
addition provides support that the polymer is not degraded
after bromine treatment, and provides evidence that a
coordination species is formed.

In addition to the observed changes in solid-state optical
properties, we also observe a significant change in the HOMO
and LUMO positions. Here, the polymer HOMO level was
estimated based on the onset of the first oxidation peak
(Supporting Information) and the LUMO level was estimated
from the HOMO level and the optical band-gap. Accordingly,
the HOMO level of the parent polytellurophene is positioned
at —5.28 eV and shifts to —5.40 eV upon bromine addition.
The LUMO level of the parent polytellurophene is positioned
at —3.50 eV and shifts to —3.78 eV upon bromine addition.
Overall, bromine coordination appears to shift the polymer
molecular orbitals (MOs) to more low-lying levels. This
indicates that these classes of polymers not only have
coordination-tunable absorption properties, but that the
relative MO energy positions can be controlled by changing
the coordination state at their Te centers.

Based on what is known about the supramolecular
chemistry of tellurophene, bromine coordination in the
polymer was anticipated. It is not obvious, however, why
coordination leads to a red-shift in polymer optical properties,
and why the relative positions of the frontier orbitals shift to
more low-lying levels. To understand how tellurium—bromine
interactions lead to the observed changes in optical and
electronic properties we performed a series of density func-
tional theory calculations (B3LYP-LANL2DZ). In all calcu-
lations we used the basic
polymer repeat units,
which are useful for pre-
dicting trends in the MO
energy levels of conju-
gated copolymers.’2l We
will first discuss the calcu-
lated geometry of the
repeat units. For the
parent tellurophene poly-

brominated as (€)
« cast (2)

_ brominated
annealed (3)

400 C 600 T 800 400
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Figure 2. a) Solution absorbance spectra before and after addition of bromine. b) Solid state absorption spectra
of parent polymer film, brominated polymer film, and brominated polymer film after annealing. c) Photographs

of solutions and films of polymer before and after bromine addition.
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mer, the calculated geom-
etry optimizes to one that
is similar to the sulfur
analog (Supporting Infor-
mation). For the bromine
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adduct (which contains one equivalent of Br, per telluro-
phene heterocycle) the calculated geometry optimizes to a
conformation with bromines in a pseudo-axial geometry
relative to the tellurophene ring. While this geometry appears
unusual, it is consistent with crystallographic data for
tellurium-containing heterocycles that are bonded to two
halogen atoms.”” Our attempts to grow crystals of bromi-
nated bitellurophene were all unsuccessful due to the very low
solubility of this model compound. However, vibronic energy
calculations performed on optimized geometries give real (as
opposed to imaginary) values for these bond types and
provide additional confidence in the calculations (Supporting
Information).

Once the optimized geometries were found, frontier
molecular orbital calculations were used to estimate the
spacing and position of the HOMOs and LUMOs (Figure 3).
For the repeat unit of the parent polymer, the calculated
HOMO-LUMO gap is 3.18 eV. For the bromine adduct, the

LUMO Q%‘}i}":}’ f}f{ :f?\g:l
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Figure 3. Calculated energies of the frontier orbitals (LUMO and
HOMO) and electron distribution of the tellurophene polymer repeat
unit and its brominated adduct. A representative image of the
optimized geometry is positioned between the two frontier orbitals.
Gray C, white H, orange Te, red Br.

gap narrows by approximately 1eV to 2.19 eV, which is
consistent with the observed red-shift in optical properties.
Interestingly, the predicted MO levels of the bromine adduct
are much more low-lying than the parent polymer repeat unit,
and support the trends observed in the electrochemical
measurements. The LUMO energy surface of the bromine
adduct is strongly associated with the heterocyclic fragment,
and the HOMO is strongly associated with the fluorene unit.
On the other hand, the parent polymer repeat unit has a
relatively symmetric energy distribution in the HOMO and
LUMO. Overall, these energy surface calculations show that
bromine coordination leads to an intramolecular charge-
transfer complex, which is not present in the parent polymer.
Charge-transfer complexes are known to lead to both narrow
HOMO-LUMO gaps and low-lying energy levels.”***! The
fact that a charge-transfer complex can be switched on and off
through coordination chemistry is a distinct and previously
unknown property for these polytellurophenes.

In conclusion, we have synthesized a novel dihalogenated
tellurophene monomer, and used this monomer to prepare
well-defined polytellurophenes under palladium-catalyzed
condensation conditions. This is the first report where
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polytellurophenes have been prepared by these methods.
Using biphasic Suzuki-type chemistry, we can isolate these
previously unreported polytellurophenes in greater than 30 %
yield. We believe that our monomer and polymer synthesis
are significant advances that will open the door for research
on well-defined conjugated polymers that incorporate tellur-
ophene. The general lack of characterization on these types of
polymers cannot be overstated. In the case of the polymers
reported here, we have found that they are stable compounds
with clearly defined optical properties. Evidence for both
intra-chain and inter-chain electronic delocalization is
observed. Importantly, due to their metalloid nature, the
properties of these polymers can be reversibly controlled by
treatment with a coordinating species, which appears to act on
their Te centers and changes the electronic distribution within
their m-conjugated system. This feature is not only new and
interesting, but potentially very useful. It indicates that a
single class of polytellurophene can be used for applications
that require different HOMO-LUMO gaps and/or positions,
such as both n-type and p-type semiconductors, or as both
donor-type and acceptor-type materials. This will lead to new
opportunities in polymer optoelectronics that are based on
the distinct chemistry of tellurophene.
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