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The introduction of phosphorus-containing moieties into -
conjugated thiophene materials has been found to provide
materials with strongly optimized and highly tunable opto-
electronic features compared to their native thiophene coun-
terparts. 2,5-Diaryl- and 2,5-bis(heteroaryl)phospholes as
well as fused tricyclic dithieno[3,2-b:2',3’-d]phospholes rep-
resent two very valuable building blocks for organic elec-
tronics as their intriguing features can be altered systemati-
cally by several, in part unique, methodologies. The potential
scope of these modifications has been determined by com-

prehensive investigations of their structure-property rela-
tionships via suitable molecular model compounds. On
several occasions, these observations could successfully be
transposed to corresponding polymers that are often difficult
to characterize independently. The same is true for the first
organic light-emitting diodes (OLEDs) based on a phosphole
scaffold, whose properties could also be predicted success-
fully.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

1. Introduction

Organic n-conjugated polymers and oligomers have com-
manded a significant amount of attention as a result of the
conducting (upon doping), or semiconducting properties
that they exhibit.!'! Consequently, these materials have great
potential for use in electronic devices such as organic or
polymer-based light-emitting diodes (OLEDs/PLEDs),!?!
photovoltaic cells,®! field-effect transistors (FETs),! non-
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linear optical (NLO) devices and polymeric sensors.’] The
development of these systems, and the optimization of their
optoelectronic properties often requires the use of model
systems. Well-defined model systems allow for the elucida-
tion of important structure—property relationships through
the systematic variation of the model’s chemical structure,
and supramolecular organization. By taking advantage of
established structure—property relationships, the properties
of materials may be engineered at the molecular level to suit
those required by specific applications.!]

Varying the composition of the n-conjugated backbone
in such materials has proven to be a particularly “fruitful”
approach to tailoring the properties of organic m-conju-
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gated materials. Heterocyclopentadienes (pyrrole, furan, sil-
ole, and thiophene) have been used extensively to this end.[!]
Poly- and oligothiophenes have proven to be particularly
useful, and consequently form one of the most studied
classes of m-conjugated polymers.[®! The ease with which
thiophenes can be functionalized allows entire families of
thiophene materials, displaying unique properties to be pre-
pared. These families may be used to establish important
structure-property relationships. Thiophene materials are
often light emitting in the red-orange region of the visible
spectrum, consistent with their ca. 2.0 eV bandgap.[! This
red emission is often difficult to obtain using other m-conju-
gated polymers, and implies that polythiophenes may be
highly useful in LED applications. Unfortunately, the emis-
sion of polythiophenes is often quenched due to their ten-
dency to form aggregates in the solid state, and the heavy-
atom effect of sulfur. As a result, polythiophene materials
display significantly lower emission efficiencies than those
based on other more established m-conjugated scaffolds
such as poly(fluorenes) (PFs), and poly(phenylenevinylenes)
(PPVs).[% The incorporation of other conjugated units into
oligo- and polythiophenes has proven to be a reliable
method to improve emission efficiency, and the perform-
ance of the light-emitting devices derived from these materi-
als.®

Theoretical studies have implied that the phosphorus an-
alog of pyrrole (phosphole) may be an excellent building
block for the construction of m-conjugated materials.[l Or-
ganophosphorus materials have received relatively little at-
tention despite the fact that the incorporation of o3A3-
phosphorus centers allows for a number of facile, nearly
quantitative chemical modifications to be performed. Tri-
valent phosphorus centers display a versatile reactivity, al-
lowing for the preparation of entire families of materials
exhibiting unique properties from a single precursor.®] Re-
action with oxidizing agents results in the formation of
o*,\>-phosphorus centers, while the Lewis basicity of the
o3\ -phosphorus center allows for complexation with
Lewis acids, and transition metals. The reaction of trivalent
phosphorus centers with methylating agents results in the
formation of a cationic A*-phosphorus species. Most im-
portantly, all of these facile chemical modifications result in
significant changes to the properties of the involved materi-
als. The use of chemical modifications to tune the proper-
ties of a material is not possible in this simplicity with genu-
ine organic systems.

The phosphole moiety A (Figure 1) in particular, displays
a high potential for use in m-conjugated organic materials.
Phosphorus centers do not readily form sp hybrids, there-
fore the phosphorus atom in phospholes is highly pyrami-
dalized, and the lone pair displays a high degree of s charac-
ter.’] This prevents an efficient endocyclic interaction be-
tween the phosphorus lone pair and the phosphole’s butadi-
ene moiety. In fact, the small degree of aromaticity dis-
played by phospholes (an NICS value of —5.3 has been de-
termined theoretically)!'”! is actually due to a hyperconjuga-
tive overlap of the compound’s butadiene system with the
exocyclic P-R ¢ bond, and not the phosphorus lone pair.['!]
3612
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This makes phosphole an ideal choice for the construction
of m-conjugated materials because exocyclic delocalization
along the polymer chain is favored in species exhibiting low
resonance energies.[’]
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Figure 1. Phosphole-containing oligomers and polymers.

Additionally, 6—r conjugation (“through-bond” delocal-
ization) is possible in 1,1’-biphospholes B, as a result of the
low o—-c* energy gap, and the high polarizability of the P—
P linkage.[! The interaction between the two phosphole =
systems through the P-P ¢ bond in B may result in fascinat-
ing electronic properties that may be exploited in materials
science. Although the chemistry of phospholes is well devel-
oped,”! the incorporation of these phosphacyclopentadi-
enes into n-conjugated materials has only been investigated
quite recently. Tetrameric phosphole oligomers C (n = 2)
and D have been prepared from o,a'-biphospholes C (n =
1),12131 however the first polymeric system to incorporate
phosphole moieties E, was not reported until 1997 (Fig-
ure 1).l'%13] X_ray structural analyses revealed that the rings
in compounds C were significantly twisted with respect to
one another, preventing an effective overlap of the conju-
gated m system.[!2:16]

Recently, phospholes have successfully been substituted
for thiophene moieties in several well-defined oligo- and
polythiophene systems. These systems display fascinating
optoelectronic properties, and in some cases, unprecedented
luminescence efficiencies. As a result, functional OLEDs
and sensory materials have already been developed using
these materials. Phosphaorganic materials have recently
been comprehensively reviewed,®! therefore the purpose of
this microreview will be to provide a more detailed overview
of the recent developments of the 2,5-dithienylphosphole,
and the dithieno[3,2-h:2",3'-d]phosphole systems. Related
2,5-diarylphosphole systems will also be discussed where
relevant. The substitution at both the thiophene, and the
phosphole moieties of these well-defined model systems
may be altered, in addition to the possibility of facile chemi-
cal modifications involving the trivalent phosphorus center.
Comparisons and contrasts between the properties of the
obtained materials are highly dependant on the nature of
the diarylphospholes or dithienophosphole based systems.
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Consequently, structure-property relationships have been
extensively investigated, and the properties of the systems
have been tuned to suit potential applications.

2. 2,5-Diaryl- and 2,5-Bis(heteroaryl)phospholes

The incorporation of heteroaryl substituents at the o po-
sitions (2,5-positions) of a phosphole moiety provides mate-
rials displaying promising optoelectronic properties, as a re-
sult of exocyclic m conjugation present between the phos-
phole and the a-substituted aryl groups. Theoretical calcu-
lations have demonstrated this exocyclic © conjugation, by
showing that the delocalization over the phosphole’s 1,3-
butadiene moiety increases [as determined using the Julg
Index (JI)] upon introduction of heteroaryl substituents at
the o positions of the phosphole ring.['”! This substitution
was also shown to result in a concurrent reduction of the
aromaticity (endocyclic m conjugation) of the phosphole
ring (as measured by its calculated NICS values), demon-
strating the fine balance between exocyclic and endocyclic
delocalization in m-conjugated materials.l”? The 2,5-diaryl-
phosphole system 1 developed by Réau and co-workers is a
versatile model system for the development of n-conjugated
materials (Figure 2).['81 It is possible to modify the chemical
structure of 1 in a number of different manners, allowing
for a full elucidation of the structure—property relationships
displayed by the model system. Possible structural varia-
tions include the nature of the exocyclic phosphorus sub-
stituent, the size of the fused carbocycle present on the
phosphole backbone, the aromatic groups present at the 2-
and 5-positions of the phosphole moiety, and functionaliza-
tion of the phosphorus center by facile chemical modifica-
tions (oxidation, complexation, methylation etc.). Struc-
ture—property relationships involving the 2,5-diarylphos-
phole system 1 have been established by examining the ef-
fects of these modifications on the system’s interesting op-
toelectronic, and electrochemical properties. Where neces-
sary, these effects have been rationalized theoretically.

size of the fused

carbocycle
nature of the
aromatic center ,\
§ § oxidation,
nature of the complexation,
P—substltuent *— methylation

1

Figure 2. The m-conjugated phosphole system developed by Réau
et al.

2.1 Modification of the n-Conjugated Framework

Compounds of type 1 are prepared using the Fagan—
Nugent route,'8] a versatile method for the preparation of
heteroles (Scheme 1).['1 They can be obtained by an intra-
molecular oxidative coupling between “zirconocene” and
diynes in which the alkyne moieties are linked by a (CH»)s
or a (CH,)4 spacer. This spacer is required to promote the
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desired 2,5-substitution pattern.['8¢] Subsequent reaction of
the zirconacyclopentadienes 3 with dihalophosphanes pro-
duces the desired 2,5-diarylphospholes 1 in nearly quantita-
tive yields. The use of different dihalophosphanes in the
synthesis described above allows for the introduction of dif-
ferent substituents at the phosphorus center of 2,5-diaryl-
phospholes 1.7 As a result of their stability in air, and their
more favorable optoelectronic properties, P-phenyl-substi-
tuted phospholes dominate this family of 2,5-diarylphos-
pholes, and the subsequent discussion of derivatives of 1
will focus on P-phenyl-substituted phospholes.

"CpyZt"
Ar—=—=—(CH,),——Ar 2
2(n=3,4)
n-2 n-2
RPX.
Ar /\ Ar 2 A /P\ Ar
C’ c '
L R

Scheme 1. Synthesis of 2,5-diaryl- and 2,5-diheteroarylphospholes.

The interaction between 1 chromophores in organic ma-
terials is not limited to assemblies connected by m-conju-
gated linkers. Indeed, the interaction of nearby m chromo-
phores through o linkers may occur with linkers that dis-
play high polarizabilities, and low c—c* gaps.”l The elec-
tronic properties of materials displaying this form of o-=n
hyperconjugation are often unique. The exocyclic P-R o
bond in phospholes is known to participate in a hypercon-
jugative interaction with the compound’s butadiene moi-
ety It has been suggested that P-P ¢ bonds display the
requisite features (high polarizability and low c-c* gaps) to
allow for an efficient interaction of the m-chromophores via
a P-P o bridge.’! The 1,1’-biphospholes B (Figure 1) are a
well-known family of compounds®! that display the poten-
tial for an interaction of the phosphole m systems through
the P-P o link. The extended biphospholes 4a,b were pre-
pared according to the classical route for the preparation
of 1,1’-biphospholes.?!l This route involves the reductive
cleavage of the P-Ph bond in P-phenyl phospholes to gener-
ate intermediate phospholyl anions. Subsequent oxidation
of the phospholyl anions results in the formation of the
targeted 1,1’-biphospholes. The targeted biphospholes can
also be prepared using an efficient “one-pot” synthesis
starting from the 1,7-diyne precursors 2 (Scheme 2).[181

The structural parameters of 4a suggest that the exocy-
clic conjugation observed between the composite heterocy-
cles in the P-phenylphosphole precursor, remains in the
1,1’-biphosphole product, and the two m chromophores
adopt a gauche conformation relative to one another (Fig-
ure 3).'81 The absorption properties of the 1,1’-biphos-
pholes, as determined by UV/Vis spectroscopy differ mark-
edly from those of the corresponding phospholes. The indi-
vidual 2,5-diarylphospholes display relatively simple ab-
3613
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Scheme 2. Preparation of conjugated P-P biphospholes.

sorption spectra with a single band in the 400 nm range
due to the mw—n* transition. On the other hand, the 1,1'-
biphospholes 4a,b display rather complex absorption spec-
tra, with multiple bands, including one remarkably red-
shifted absorption (broad shoulder between 440-560 nm for
4a). Quantum chemical calculations revealed that an inter-
action of the m chromophores through the P-P linkage re-
sults in the splitting of the HOMO and LUMO levels of
the parent phospholes.!'87 The optical properties, and the
presence of a P-P-mediated through-bond interaction sug-
gest that biphosphole materials, particularly those bearing
thienyl substituents, may be useful in the development of
novel materials. Additionally, it was demonstrated that the
optical properties of the biphospholes could still be tuned
by chemical functionalization (oxidation and coordination
to AuCl were investigated) of the phosphorus centers.[81]

Figure 3. Molecular structure of 4a in the solid state. Picture gener-
ated from the CSD-database file (code: BEWQAW).

Up until this point we have not been concerned with the
nature of the aromatic substituents at the o positions of
the phosphole moieties in Réau’s 2,5-diarylphospholes 1.
In fact, a variety of aryl and heteroaryl groups have been
incorporated into this system, and they display a profound
influence on the optoelectronic and electrochemical proper-
ties of the system.['® The nature of the aromatic groups can
3614
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be varied by using an appropriately substituted diyne 2 in
the first step of the Fagan—Nugent synthesis of the 2,5-di-
arylphospholes 5-7 (Figure 4).

7\ s /o \
v O
S pn Ph

6 7

Figure 4. Variations of the aryl-/heteroaryl substituent.

2-Pyridyl groups were originally incorporated into these
positions with the aim of preparing alternating electron-de-
ficient/-rich (with the phosphole ring being considered as
electron-rich heterocyclopentadiene)®?! species capable of
exhibiting charge-transfer structures.!'¥ It was anticipated
that these charge-transfer structures would result in a more
coplanar structure of the three heterocyclic rings, increasing
the potential for conjugation between their © electron sys-
tems, potentially reducing the bandgaps of the correspond-
ing materials.>’] Indeed, X-ray structural analysis of the
2,5-bis(2'-pyridyl)phosphole 5a revealed that the twist
angles between the heterocyclic rings were relatively small,
and that the C-C bond lengths between the heterocyclic
rings were intermediary between those expected of single
and double bonds, implying an extensive m conjugation be-
tween the 2-pyridyl substituents and the central phosphole
ring (Figure 5, top).['33 Moreover, the phosphorus center
in 5a is highly pyramidalized, and the structural data indi-
cate a rather small degree of endocyclic © conjugation, illus-
trating the balance between exocyclic, and endocyclic (aro-
matic) conjugation in these species. The oligothiophene an-
alog 6, in which a single thiophene ring is replaced by a
phosphole ring, was prepared by Réau and co-workers
shortly following their report of the preparation of 5a.l'8b]
In addition to allowing for a comparison between the ef-
fects of substitution with an electron-poor heteroaromatic
species (pyridine), and an electron-rich species (thiophene),
the preparation of the 2,5-bis(2’-thienyl)phosphole 6 also
provided an excellent model to study the effects resulting
from the replacement of the central heteroatom in polythio-
phene with a heteroatom displaying remarkably different
properties. As was observed with the 2,5-bis(2’-pyridyl)-
phosphole 5a, the structural features of 6 are consistent
with an extended delocalization path incorporating the di-
enic moiety of the phosphole ring, and the thienyl substitu-
ents (Figure 5, bottom).[!8¢]

Eur. J. Inorg. Chem. 2007, 3611-3628
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Figure 5. Molecular structures of the phospholes 5a (top), and 6
(bottom) in the solid state. Pictures generated from the CSD-datab-
ase files [codes: JOQFUQ (5a), MEKZEH (6)].

The absorbance properties of the 2,5-dithienylphosphole
6 display an even larger red shift relative to the 2,5-di-
phenylphosphole 7 (Admax = 58 nm, Aldgnee; = 38 nm) than
was observed with the 2,5-dipyridylphosphole 5a (Al =
45 nm, Aldgnser = 18 nm), indicating a significantly lowered
HOMO-LUMO (n-7n*) gap in the thienyl-substituted sys-
tem. As a result, the incorporation of phosphole moieties
into polythiophene materials may result in a significant op-
timization of the material’s bandgap. Moreover, the emis-
sion of the dithienylphosphole 6 (4., = 501 nm) is also sig-
nificantly red-shifted relative to that of both the diphenyl-
and the dipyridylphospholes which displayed emissions
at similar wavelengths (5a: Ao, = 463nm; 70 Ay =
466 nm).['8a-18 [t i5 important to note that the presence of
terminal thiophene units in these oligomers allows for the
potential preparation of dithienylphosphole polymers by
electropolymerization. Importantly, the electrochemical oxi-
dation potential of the diarylphosphole is related directly to
the electron-rich or -deficient nature of the aryl substitu-
ents.['82-18¢] In summary, the optoelectronic properties of
the 2,5-diarylphospholes display increasing red shifts upon
substitution of pyridyl groups for phenyl substituents, and
a further red shift upon introduction of thienyl substituents.

The valence m-MOs of these compounds are formed by
a combination of the n-MOs of the constituent heterocycles
(phosphole and either pyridine or thiophene).!”? The
HOMO of 2,5-bis(2’-thienyl)phospholes arises from an
antibonding combination of the thiophene, and the phos-
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phole HOMOs, which have very nearly the same energies
(the energy of the MOs differs by only 0.2 eV). In the case
of the 2,5-dipyridylphospholes, however, the HOMO of the
pyridine moiety is relatively high in energy. As a result, the
HOMO of the phosphole moiety experiences a more ef-
ficient interaction with the HOMO-1 of the pyridine ring
(the energies of these two MOs differ by 0.8 eV). Owing to
the greater energy difference between the pyridine HOMO-
1, and the phosphole HOMO, they experience a less-ef-
ficient interaction, and the resulting HOMO in the dipyr-
idylphosphole is only moderately raised. The near match of
the HOMO energies of thiophene and phosphole, on the
other hand, result in a very efficient interaction. The re-
sulting HOMO of the dithienylphosphole system is much
more significantly raised in energy than that of the dipyr-
idylphosphole. The same calculations predict that the
LUMOs of the 2,5-bis(2’-thienyl)phosphole, and the 2,5-
bis(2'-pyridyl)phosphole have very similar energies. Conse-
quently, the observed red shift in the absorption (nt—m* tran-
sition) spectrum of the dithienylphosphole relative to the
dipyridylphospholes may be rationalized on the basis of its
destabilized HOMO, and the resulting decreased HOMO-
LUMO gap. Comparison of the experimentally obtained
absorption values for the 2,5-bis(2’-thienyl)phosphole 6
(Amax = 412 nm)['8>-18¢] with that the analogous oligothi-
ophene (Amax = 353 nm)P>* reveals a significant optimiza-
tion of the HOMO-LUMO gap upon substitution of the
central heteroatom in the terthiophene by phosphorus.

2.2 Modification of the Phosphorus Center

As discussed earlier, the incorporation of phosphole moi-
eties into materials is desirable because it may allow for the
preparation of entire families of compounds from a single
precursor, by taking advantage of the versatile reactivity
displayed by the 63, A3-phosphorus center. Indeed, the phos-
phorus center in Réau’s 2,5-dipyridylphosphole 5a, 2,5-di-
thienylphosphole 6, and 2,5-diphenylphosphole 7 has been
functionalized in a number of different ways (oxidation,
complexation etc.) to yield new compounds displaying sig-
nificantly different optoelectronic and electrochemical
properties (Scheme 3).[18-2%

The bis(heteroaryl)phosphole oxides 8 can be prepared
by the quantitative reaction of the bis(heteroaryl)phosphole
with trimethylsilyl peroxide. Similarly, reaction of the phos-
phole species with other elemental chalcogens (sulfur and
selenium) results in the quantitative formation of the corre-
sponding bis(heteroaryl)phosphole sulfides 9, and selenides
10.1'8 This oxidative functionalization of the phosphorus
center in the 2,5-bis(2-thienyl)phosphole system results in a
significant red shift of both the absorption (Ady.x = 11—
22 nm) and emission wavelengths (Al., = 46-55nm) of
these compounds.[!82-18¢182.18h1 The oxidized compounds
all display a single peak in their absorption and emission
spectra in both solution, and the solid state.['3¢18d] Exami-
nation of the absorption and emission data of the chalcogen
series 8b, 9b, and 10b, reveals that the magnitude of the
3615
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Scheme 3. Chemical modifications of the o3,A3-phosphorus center
in 2,5-bis(heteroaryl)phospholes.

observed red shifts increases with the increasing electrone-
gativity (O >> S > Se) of the chalcogen used.['® This
trend has been rationalized formally on the basis of the sta-
bilities of the ylide forms of the P=E bond (<> P*-E").[2¢
The ylide forms, featuring a positively charged phosphorus
center, are of course more stabilized for more electronega-
tive chalcogens E. The introduction of a formal positive
charge at the phosphorus center of a phosphole ring results
in a shift in the aromaticity of the ring from slightly aro-
matic, to slightly antiaromatic. The increased antiaromatic
character of the o*phospholes results in a destabilization
of the compound’s bonding MOs, and a stabilization of the
compound’s antibonding MOs.[?% As a result the HOMO-
LUMO gap is decreased in the less aromatic o*-phosphole
species. DFT calculations!! 7! also revealed that oxidation of
the phosphorus center results in a stabilization of the en-
ergy levels of both the HOMO and the LUMO of the oxid-
ized bis(heteroaryl)phospholes, with the stabilization of the
LUMO being more significant.'8*!3¢ In summary, oxi-
dation may prove to be a reliable method to reduce the
bandgap of dithienylphosphole materials. It should be
noted that the fluorescence efficiency, and the decomposi-
tion temperature of the 2,5-bis(2-thienyl)phosphole sulfide
9b were reasonably high (¢pp = 4.6%, T4 = 254 °C),1¥ sug-
gesting that thioxo-2,5-dithienylphospholes may be well-
suited to incorporation into functional OLEDs.
Methylation of the trivalent phosphorus center in the bis-
(heteroaryl)phospholes to generate phospholium salts 11
proved to be another facile, and nearly quantitative means
of altering the properties of the bis(heteroaryl)phosphole
system (Scheme 3).[185-18¢] The functionalization resulted in
relatively small red shifts in the excitation wavelengths
3616
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(AAmax 112 = 4 nm; 11b = 30 nm), and significantly larger
red shifts in the emission wavelengths (Al.,, 11a = 47 nm;
11b = 92 nm) of the phospholium products. In fact, the red
shifts observed upon methylation of the dithienylphosphole
system are larger than those observed as a result of any
other functionalization (oxidation, coordination etc.) of the
phosphole’s phosphorus center.'8 As discussed earlier for
the dithienylphosphole chalcogenides, the presence of a
positive charge at the phosphorus center in the phosphole
ring reduces the aromatic stabilization of the compound,
resulting in decreased HOMO-LUMO gaps.*°! The ionic
nature, and the significant reduction of the HOMO-LUMO
gap of the obtained phospholium products makes this
modification potentially useful towards the development of
functional phospholium materials.

Trivalent 63,A3-phosphanes are among the most versatile
classes of organometallic ligands. Phospholes typically dis-
play similar coordination chemistry. Consequently, a large
family of complexes can be prepared from a single phos-
phole precursor. The coordination chemistry of the dithien-
ylphosphole ligand, however, has to this point been limited
to its inclusion in tungsten and gold complexes 12 and 13,
respectively (Scheme 3).[18¢:184:18¢] Coordination to the octa-
hedral tungsten unit seems to have relatively little effect on
the properties exhibited by the dithienylphosphole li-
gand.l'® In contrast, coordination to gold produces a com-
plex displaying dramatically different properties than those
reported for the free ligand.['3418¢] Significant red shifts in
the absorption (Aly.x = 16 nm), and the emission wave-
lengths (AZe,, = 43 nm) are observed upon coordination to
AuCl, and the fluorescence efficiency of 13b improves to
14.0% compared to 5.0% in the free ligand. The gold com-
plex displays a relatively high thermal decomposition tem-
perature (Ty = 218 °C), allowing thin films to be obtained
upon vacuum sublimation. While the excitation properties
of the complex are similar in solution and in the thin film
(a small red shift of 12 nm is observed in the thin film),
the emission properties of the thin film are unique,!!8d-18¢]
displaying two broad emission bands of similar intensity.
The first emission is only marginally red-shifted relative to
that observed in solution (Al., = 6 nm), however the sec-
ond is remarkably red-shifted (AA.,, = 146 nm). When the
gold complexes are dispersed in a polymethacrylate matrix,
the low-energy emission disappears.['8¢! This observation
suggests that the first emission is due to the metal-per-
turbed intraligand n—n* transition, while the second, re-
markably red-shifted emission, is probably due to the for-
mation of aggregates. The above observations suggest that
dithienylphosphole AuCl complexes are a promising mate-
rial for incorporation into OLEDs. In particular, materials
displaying broad emissions may be suitable for the develop-
ment of white organic light-emitting diodes (WOLEDs).?”]

2.3 Bis(thienyl)phosphole Oligomers and Polymers

The evolution of optoelectronic and electrochemical
properties with increasing chain length is of great interest
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in the chemistry of m-conjugated organic materials.['l The
effect of increasing chain length in the m-conjugated 2,5-
dithienylphospholes has been studied through the prepara-
tion of several well-defined oligomers.[!818¢.18¢] The mixed
oligomer 14 (Figure 6), containing alternating donor and
acceptor units, was prepared using an appropriately substi-
tuted diyne.l'8"] As with the 2,5-bis(2-pyridyl)phospholes Sb
prepared earlier, this oligomer was expected to display in-
creased conjugation as a result of intramolecular charge
transfers. Indeed, the observed wavelength of excitation
(Amax = 427 nm) is red-shifted relative to either the 2,5-di-
pyridylphosphole 5b or the 2,5-dithienylphosphole 6. The
emission of the mixed oligomer 15 is even more signifi-
cantly red-shifted (Ae, = 107 nm relative to the 2,5-dipyr-
idylphosphole 5b).

Figure 6. Well-defined 2,5-bis(heteroaryl)phosphole oligomers.

The oligo(a,a’-thiophene-phospholes) 15 (Figure 6) and
their derivatives were prepared by the Fagan—Nugent route,
using suitable bis- and tris(diynes).['®] The three reported
oligo(a,0’-thiophenephospholes) all display one broad
band in their absorption spectra, assignable to the m—m*
transitions of the thiophene-phosphole system. The exci-
tation wavelength of the thiophene-phosphole dimer 15a
(Amax = 490 nm) is significantly red-shifted relative to that
of the corresponding monomeric 2,5-dithienylphosphole 6
(Amax = 412 nm), demonstrating the successful extension of
the conjugated m system in this oligomer. Sulfurization of
the shorter oligomer leads to an additional red shift in the
excitation wavelength. The magnitude of the red shift that
occurs upon functionalization of the phosphorus centers
with sulfur is similar for both the monomeric 2,5-dithienyl-
phosphole 6, and the bis(a,a’-thiophenephosphole) 15a
(Admax = 20 nm). Red shifts of similar magnitude are ob-
served in the emission of both bis(a,o’-thiophenephos-
pholes) 15a and 15b, resulting in emission in the red-orange
region of the visible spectrum. Inspection of the UV/Vis
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spectrum of the larger tris(a,o’-thiophenephosphole) 15b
oligomer reveals an additional red shift relative to the bis-
(0,0’-thiophenephosphole) 15a (Ady., = 42 nm). This red
shift reveals a further extension of the conjugated © system
by the coherently smaller bandgap in the longer oligomer.
The bis(a,0’-thiophenephospholes) 15 were subjected to
further study by CV. This study supported the extended
conjugation upon chain extension, by demonstrating that
oxidation and reduction potentials were decreased, and in-
creased respectively in the longer oligomers.[!8¢]

Polythiophenes are often prepared by electropolymeri-
zation of thiophene monomers and oligomers.[) The pres-
ence of terminal thiophene functionalities in the 2,5-dithi-
enylphospholes, and their derivatives is thus interesting, be-
cause they may allow for the preparation of polymers from
this well-developed family of m-conjugated oligomers. It is
well known that a,0” coupling is the major route involved in
the electropolymerization of thiophenes,[®?8] therefore the
“dimer” 16 (Figure 6), the product of one such coupling
was prepared to examine the effects of a,0’ coupling in the
2,5-dithienylphosphole system 6. The “dimer” was prepared
using the Fagan—Nugent method with an appropriately sub-
stituted bis(diyne),*”! and was isolated as the sulfurized
phosphole derivative.l'81 Absorption spectroscopy of 16 re-
vealed significant red shifts in the excitation wavelengths
relative to those displayed by the corresponding monomer
9b (Almax = 100 nm, Aldgneer = 132 nm). These bathoch-
romic shifts suggest an effective extension of the conjugated
system, and imply that polymers generated electrochemi-
cally from 2,5-dithienylphosphole derivatives may display
highly favorable properties, particularly with respect to
bandgap.

During the electrochemical CV analyses of many of the
2,5-bis(2-thienyl)phosphole derivatives, the deposition of in-
soluble films was observed on the working electrode sur-
faces (Scheme 4).[18b-18¢.1311 Repeated cycling resulted in a
regular increase of the oxidation and reduction peak cur-
rents, consistent with the formation of an electroactive ma-
terial on the surface of the electrode. By this method, poly-
meric films were obtained for the parent o>-dithienylphos-
phole 6 (E = lone pair),l'®! the o3-dithienyl-1,1’-biphos-
phole 4a,['87 and a large number of o*-dithienylphospho-
les,['8218<] including oxidized (8, E = O), methylated (11, E
= Me"), and transition-metal-coordinated species 13 (E =
AuCl). The poor solubility of these films prevented the full
characterization of most of the obtained polymers, however
the optical properties of all the polymers were probed
through their thin-film absorption spectra. The film ob-
tained from the parent 2,5-bis(2-thienyl)phosphole poly(6)
(E = lone pair) displayed two unresolved absorptions, both
red-shifted relative to the corresponding monomer 6 (AAax
= 51 nm, 155 nm). The absorption spectra of the function-
alized dithienylphospholes all displayed red shifts relative
to the appropriate monomers as well, illustrating the exten-
sion of the conjugated n system upon polymerization. The
functionalized nature of the phosphorus centers in these
polymers often resulted in an additional red shift in their
Jmax Values relative to that of the parent 3-dithienylphos-
3617
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phole polymer poly(6). The general trends observed for the
monomers with respect to the red shift resulting from a spe-
cific functionalization of the phosphorus center were pre-
served in the polymers. For example, the largest red shift in
both the polymer and the monomer series is observed upon
methylation of the phosphorus center. Comparison between
the properties displayed by the well-defined a,0’-coupled di-
mer 16, and the analogous polymer suggest that the poly-
mers obtained are in fact, longer o,a’-coupled oligo-
mers.['%] In summary, these results demonstrate the utility
of incorporating a reactive heteroatom such as phosphorus
into electroactive polythiophene materials. In addition to
allowing the bandgaps of the resulting polythiophene-like
materials to be tuned via facile chemical modifications of
the monomeric precursors, the incorporation of the phos-
phorus center may result in a bandgap that is already opti-
mized relative to that displayed by analogous, purely thio-
phene-containing oligomers.['”)

cv

electro-
polymerization
- -

Scheme 4. Electropolymerization of 2,5-dithienylphospholes.

The presence of reactive, Lewis basic o3 A3-phosphorus
centers in polythiophene materials such as those described
above should allow for a variety of postfunctionalizations
to be performed with the polymeric materials such as
poly(6). Functionalized dithienylphosphole polymers have
been shown to display different properties than their non-
functionalized analogs, therefore postfunctionalization of
trivalent phosphorus-containing polythiophenes should al-
low them to be used as effective chemosensors.”™ In order
to investigate the utility of the phosphole-modified poly-
thiophenes as molecular sensors, the preparation of a corre-

sponding 2,5-dithienyl-o3,A3-phosphole polymer film was
required. This non-protonated polymer filmP% poly(6) was
obtained using a P-protection/electropolymerization/depro-
tection sequence (Scheme 5).'8" Protection of the phos-
phorus center by coordination to AuCl (13b), followed by
electropolymerization resulted in the formation of the insol-
uble AuCl-coordinated dithienylphosphole polymer film po-
Iy(13b). Deprotection was achieved in the presence of excess
triphenylphosphane, affording [AuCl(PPh;)] and the depro-
tected polymer poly(6). The o3-phosphole-containing poly-
mer displayed a blue shift in its absorption band (Adgpset =
41 nm), and a significant negative shift in its oxidation cur-
rent offset (AE,, = 0.26 V), consistent with the shifts ob-
served at the molecular level for this system.['8¢-1821 The
polymer poly(6) could be treated with a AuCl solution to
regenerate the protected polymer poly(13b). This result ef-
fectively demonstrated that the chemistry displayed by
phospholes at the molecular level could be extended to the
macromolecular level, a prerequisite for the development of
chemosensors from the phosphorus-modified polythio-
phenes. The possibility that further postfunctionalizations
of the deprotected polymer might result in property shifts
similar to those displayed at the molecular level, led to the
investigation of the o’-phosphorus-containing polythio-
phene’s reactions with chalcogens. Immersion of Pt elec-
trode, modified with a film of the deprotected polymer
poly(6) into a solution containing elemental sulfur resulted
in the nearly quantitative sulfurization of the polymer.!'8h!
The polymer poly(9b) displayed a red shift in its absorption
(AZonset = 38 nm), and an anodic shift in its oxidation cur-
rent (AE,, = 0.23 V) upon exposure to elemental sulfur.
The o3-phosphole-modified polythiophene also displayed
an anodic shift (AE,,, = 0.11 V) in the presence of elemental
selenium. When the anodic shifts of the o3-phosphole-
modified polythiophene poly(6) were monitored as a func-
tion of time in a sulfur-containing solution, a collective re-
sponse was observed, and the degree of sulfurization could
be monitored by observing the gradual shifts in the electro-

xs PPhg
S 7B\ S
H o H  PhgPAucy  H4 77\ T
|
PR AuCl  J, Ph n
poly(13b) poly(6)
T (tht)AuClI
E
electro-
polymerization
13b

Scheme 5. Postfunctionalization of poly(2,5-thienylphospholes).
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chemical properties of the material. This 63,A3-phosphorus-
containing polythiophene is the first reported conjugated
polymer capable of detecting chalcogens.

2.4 Phosphole-Based OLEDs

The development of functional OLEDs requires materi-
als displaying several requisite features.”! The materials
must display high thermal stabilities, so that homogeneous
thin films may be deposited upon vacuum sublimation.
Good luminescence efficiencies are also required if a mate-
rial is to be incorporated into OLEDs. Additionally, it is
essential that the materials display favorable hole and elec-
tron injection, and transportation properties. It has been
demonstrated that materials based on the 2,5-bis(2’-thienyl)-
phosphole 6 and its derivatives display remarkable proper-
ties, with the potential for tuning by simple chemical modi-
fications of the material’s phosphorus center.'8! It is pos-
sible to tune the emission properties, the ionization poten-
tials, and the electron affinities of these materials, allowing
the color of the emission to be varied, and a good match
to be obtained between the HOMO and LUMO levels of
the material, and the cathode and anode (respectively) of
the device. Moreover, a number of dithienylphosphole de-
rivatives display high thermal stabilities (the thioxo- and
AuCl-coordinated species 9b and 13b for example). These
characteristics suggest that dithienylphosphole materials
may be particularly well suited for incorporation into func-
tional OLEDs. Indeed the incorporation of thioxo-dithien-
ylphosphole, and AuCl-coordinated dithienylphosphole
into functional OLEDs represented the first examples of
OLEDs based on organophosphorus materials.[!8d-18¢]
These compounds were both incorporated into single-layer
OLEDs having an ITO/PEDOT:PSS/phosphole/Mg:Al/Ag
configuration [ITO = indium-tin oxide; PEDOT = poly(3,4-
ethylenedioxythiophene); PSS = polystyrene sulfonate]. The
OLEDs incorporating the AuCl-functionalized phospholes
displayed unique emission properties, similar to those ob-
served for the same materials in the solid state.'¢l The
long-wavelength emission of the AuCl-functionalized 2,5-
diphenylphosphole 13¢ was dominant, resulting in a satu-
rated red emission from the device. This is of interest be-
cause non-doped red-emitting OLEDs are relatively rare.[3!]
The emission of the AuCl-coordinated dithienylphosphole
13b on the other hand, uniformly covers a broad range (Agp
= 500-800 nm), suggesting its potential for use in WOLED
applications. The performance of a number of other single-
layer devices having the same configuration but incorporat-
ing other diarylphospholes were also evaluated.['®¢] Import-
antly, the electroluminescence of these devices matched
those displayed by the emissive materials in the solid state,
suggesting that the luminescence mechanisms involved are
similar. This result implies that the structure—property rela-
tionships established for the diarylphosphole materials, can
be extended to luminescent devices, offering a predictable
means of tuning the emission color of the devices. The de-
vice based on the thioxo-2,5-dithienylphosphole 9b out-
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shone the other devices (including those based on the AuCl-
coordinated diarylphospholes 13b) in all respects.['®¢] This
device displayed the lowest turn-on voltage (2.0 V), the
greatest brightness (3613 cdm2), and the best external elec-
troluminescence quantum efficiency (EEQE) (0.16%). Un-
fortunately, the EEQE values of the single-layer devices, in-
cluding that based on the thioxo-dithienylphosphole 9b
were rather modest. This often occurs in single-layer devices
as a result of unbalanced charge carrier injection and trans-
port. With the aim of improving device performances,
multilayer devices were prepared for all the emissive phos-
phole materials examined, by sandwiching the emissive
layer between a hole-transporting layer (HTL), N,N’-di-
phenyl-N,N'-bis(1-naphthyl)-1,1’-biphenyl-4,4"-diamine (o-
NPD), and an electron-transporting layer (ETL), tris(8-hy-
droxyquinoline)aluminum (Alq;). The resulting devices dis-
played turn-on voltages, and emissions similar to those ob-
served in the corresponding single-layer devices. It was
therefore concluded that the diarylphospholes remained the
source of emission, and not the newly introduced ETL or
HTLs. The performance of the multi-layer devices were dra-
matically improved with respect to brightness, and EEQE,
often displaying improvements of over one order of magni-
tude. Once again, the best performance in all aspects was
obtained with the thioxo-2,5-bis(2-thienyl)phosphole 9b
based device. This device displayed a low turn-on voltage
(2.2V), and  dramatically improved  brightness
(37830 cdm2), and EEQE (0.80%). As a result of the out-
standing performance of the thioxo-, and the intriguing
emission of the AuCl-functionalized dithienylphospholes 9b
and 13b, these materials were evaluated as potential hosts
for dopant fluorescent dyes. The problem of obtaining red
emission is often solved by incorporation of a dopant such
as 2-tert-butyl-4-(dicyanomethylene)-6-(1,1,7,7-tetramethyl-
julolidyl-9-enyl)-4 H-pyran (DCJTB) into an emissive host
matrix.’!l Both doped multilayer devices displayed red
emission arising from the DCJTB dopant (ig; = 617-
623 nm), and not the dithienylphosphole host. Moreover,
the performance of both devices was similarly exceptional.
Low turn-on voltages (2.2-2.4 V), and exceptional bright-
ness (36538 cdm 2), and EEQEs (1.22 and 1.83%) were ob-
served for the doped devices. These observations suggest an
efficient resonant energy transfer from the dithienylphos-
phole emissive matrices to the DCJTB dopant. These re-
sults demonstrate that efficient luminescent devices can be
prepared from phosphole-containing oligothiophenes, of-
fering the additional ability to fine-tune the properties of
the system by taking advantage of the reactive phosphorus
heteroatom.

3. Fused Tricyclic Dithieno|3,2-5:2',3'-d]-
phospholes

Open-chain organic n-conjugated materials consisting of
aromatic, or heteroaromatic rings often display a significant
degree of twisting between adjacent subunits in the solid
state. Because the orbital overlap of the conjugated m sys-
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tem varies approximately with the cosine of the twist angle,
this rotational disorder in open-chain systems results in a
significant decrease in the degree of © conjugation displayed
by oligomers and polymers of this type.[’! Annelated ring
systems have the advantage of forcing the constituent rings
to adopt a coplanar geometry, maximizing the overlap of
the m systems of the constituent subunits. Moreover, the
fused nature of the ring system in annelated materials limits
the possibility of non-radiative decay processes, potentially
allowing for extremely efficient emission from materials of
this type. Theoretical calculations have suggested that fused
polythiophene materials may display favorable bandgaps
relative to their open-chain analogs.l*?! Moreover, fused di-
thienothiophenes have recently been shown to display re-
markably efficient emission.[*3] Because emission is favored
relative to internal conversion in the fused polythiophene
system, the observed emissions of an annelated system were
found to be blue-shifted relative to those of its a-coupled,
open-chain polythiophene analogs. The 2,5-dithienylphos-
pholes 1 developed by Réau et al., demonstrated that the
incorporation of a phosphole moiety into the backbone of
an oligothiophene results in the formation of materials dis-
playing a number of highly favorable optoelectronic proper-
ties. Furthermore, the presence of a reactive heteroatom in
these systems allows their properties to be tuned in a pre-
dictable manner following the establishment of structure—
property relationships.'®2%)  These results prompted
Baumgartner and co-workers to develop the dithieno[3,2-
b:2',3'-dlphosphole system 17.34 As was seen in the 2,5-
dithienylphosphole system 1, it is possible to systematically
modify the structure of 17 in a number of different ways,
allowing for the establishment of structure—property rela-
tionships (Figure 7).3* Modification of the substitution at
both the phosphorus center, and the 2- and 6-positions of
the dithieno unit generates a wide variety of dithienophos-
pholes with unique properties. Moreover, the versatile reac-
tivity of the o A3-phosphorus center allows for a number
of chemically facile functionalizations (oxidation, complex-
ation etc.) to be performed. Specific attention will be paid
to the dithienophosphole’s optoelectronic properties since
their extraordinary nature makes this system a promising
candidate for the development of materials to be used in
optoelectronic applications (e.g. OLEDs, PLEDs, OFETs as
well as photovoltaic cells).

nature of
the thiophene
( substituents \
S S
R R
- \ 7 oxidation,
P

[ complexation,
" fih R' \—/ methylation
nature of the

P—substituent\_/ 17

Figure 7. The dithieno[3,2-h:2',3’-d|phosphole system developed by
Baumgartner et al.

3620

www.eurjic.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Many of the intriguing properties displayed by the dithi-
eno[3,2-b:2',3'-d]phosphole system can be rationalized by
examining the molecule’s frontier orbitals. Quantum chemi-
cal calculations revealed that both the HOMO and the
LUMO of the parent dithieno[3,2-b:2",3'-d]phosphole 17
can be easily derived from the frontier orbitals of the indi-
vidual composite heterocycles, providing evidence that the
n system is well-delocalized over the entire molecule (Fig-
ure 8).34°1 The HOMO of 17 is an antibonding combina-
tion of the HOMOs of the individual thiophene rings, re-
sembling the phosphole’s HOMO. The LUMO of 17 also
resembles the phosphole ring’s LUMO, and is comprised
mainly of a bonding combination of the thiophene rings’
LUMOs. It is important to note that the HOMO contains
a nodal plane at the phosphorus center, while the LUMO
contains a contribution from the o*p_ g MO. As a result,
chemical modifications of the phosphorus center will signif-
icantly affect the compound’s LUMO. This feature will
prove essential to the eventual tuning of the optoelectronic
properties of dithienophosphole materials through modifi-
cations of the compound’s phosphorus center.

&l
i('

i
L
e

Figure 8. Frontier orbitals of the dithieno[3,2-5:2",3"-d]phosphole
(B3LYP/6-31G* level): HOMO (left), LUMO (right); P (purple), S
(orange), C (black).

The dithieno[3,2-b:2',3"-d]phospholes 17 can be accessed
synthetically by lithiation of 3,3’-dibromo-2,2’-bithio-
phenes 18, followed by reaction with an appropriately sub-
stituted dichlorophosphane (Scheme 6).134 The resulting di-
thienophospholes display strong photoluminescence, typi-
cally in the blue region of the visible spectrum. The photo-
luminescence quantum yields are unprecedentedly high,
ranging from 47 to 88%,34 providing evidence that emis-
sion in these annelated systems is indeed favored relative to
internal conversion.

Br 1) nBuLi s s
R_s ) 2) RPCl, R Om® R
> i
S R |'
Br R
18 17

Scheme 6. Synthesis of dithieno[3,2-b:2",3'-d]phospholes 17.

The rigid tricyclic system of the P-phenyl compound 19a
is planar, and displays a high degree of m conjugation, as
evidenced by the shortened C—C single bonds, and the elon-
gated C=C double bonds present in the fused ring system
(Figure 9).13% The observed bond shortening/elongation is
significantly more pronounced in the fused tricyclic system
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than in Réau’s 2,5-dithienylphospholes. The phosphorus
center is significantly pyramidalized, and the endocyclic P-
C bonds are similar in length to the exocyclic P-C bond,
implying a minimal involvement of the phosphorus lone
pair in the molecule’s delocalized m system. These observa-
tions support the reduced aromatic character of the phos-
phole moiety in 19a, and the resulting increased exocyclic
7 conjugation within the molecule, once again illustrating
the balance between endocyclic (aromaticity), and exocyclic
conjugation. As a result of this feature, materials derived
from the dithieno[3,2-b:2",3'-d]phosphole scaffold display
highly desirable optoelectronic properties.[34

Figure 9. Molecular structure of 19a in the solid state. Picture gen-
erated from the CSD-database file (code: FEHQAL).

3.1 Modification of the Phosphorus Center

The use of different dichlorophosphanes allows for the
introduction of different substituents at the phosphorus
center. Aromatic substituents at the phosphorus center typi-
cally result in more stable compounds than alkyl substitu-
ents due to the propensity for oxidation displayed by the
latter.l>3*4 The subsequent discussion of derivatives of 17
will therefore focus on P-phenyl-substituted phospholes.
The presence of a reactive phosphorus heteroatom in the
dithieno[3,2-b:2",3"-d]phosphole system allows the system
to be tuned by taking advantage of these synthetically facile
chemical modifications (Scheme 7).4 The optoelectronic
properties of the dithienophospholes 19 are particularly
sensitive to such modifications as a result of the phosphorus
center’s contribution to the molecule’s LUMO. Reaction of
the Lewis basic phosphorus center in the dithieno[3,2-
b:2".3'-d|phosphole system with a Lewis acidic borane re-
sults in the formation of the phosphane-borane adducts 22
in almost quantitative yield.[34234b.34¢]

As observed with Réau’s system 1, the phosphorus center
in the dithieno[3,2-b:2",3’-d]phosphole system may also be
oxidized using a variety of oxidizing agents. The reactions
are very general, and proceed in almost quantitative yields
regardless of differences in the substitution at the thiophene
rings. Reaction with peroxides (H,O, or tBuOOH) results
in the formation of o*A°-dithienophosphole oxides 20,
while o*\°-dithienophosphole sulfides 21 may be prepared
by reaction with elemental sulfur.[342.34b.34d.34¢] Both the bo-
rane adducts, and the oxidized c*-dithienophospholes 22
and 20 display red-shifted excitation and emission wave-
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Scheme 7. Functionalization of the ¢3,A3-phosphorus center in di-
thienophospholes 19.

lengths. The magnitude of this red shift is greater for the
oxidized species than for the dithienophosphole-borane ad-
ducts (Admax = 8 nm, Ald.,, = 9 nm). The phosphole oxides
20 and sulfides 21 display identical red shifts as a result of
their similar nature, however the intensity in the observed
fluorescence is significantly stronger for the dithienophos-
phole oxide than for the sulfide as a result of sulfur’s in-
creased quenching ability.l’#?! These red shifts are larger in
both the excitation (Ald,., = 28 nm) and emission wave-
lengths (Alem, = 38 nm) than those observed for the corre-
sponding borane adducts 22 as a result of the oxidized
phosphorus center’s increased electron-accepting ability. It
should be noted that in the presence of electron-with-
drawing substituents on the thiophene rings (vide infra), a
cumulative effect is observed in both the excitation and
emission wavelengths, resulting in larger red shifts for both
the borane adducts 22, and the oxidized 6*,A>-dithienophos-
pholes 20, 21. Quantum chemical calculations show that
the oxidation of the phosphorus center in the dithieno[3,2-
b:2',3'-dlphosphole system results in a significant lowering
of the LUMO energy level.?4?! Because the HOMO of the
dithienophospholes 17 contains no contribution from the
phosphorus center, this lowering of the LUMO’s energy ac-
counts for the observed red shifts. The experimentally ob-
served band maxima are in good agreement with those cal-
culated by TD-DFT means, implying that such computa-
tions may be helpful in predicting the optoelectronic prop-
erties of yet unknown dithienophospholes.[34®]

Recently, cationic phospholium compounds 23, based on
the dithieno[3,2-5:2',3’-d]phosphole system have been pre-
pared by methylation of the phosphorus center (Fig-
ure 10).341 Treatment of the dithienophosphole with methyl
triflate resulted in the formation of the cationic phos-
pholium salt 23a (Scheme 7). The fluorescence of the cat-
ionic dithienophosphole exhibits a pronounced red shift,
emitting in the green region of the visible spectrum [A,(1—
n*) = 376 nm, Aoy = 467 nm].13*1 This is the largest red shift
observed, due exclusively to the functionalization of the
phosphorus center, and not due to a cumulative effect re-
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sulting from functionalization of both the phosphorus and
the thiophene rings in the dithieno[3,2-5:2',3"-d]phosphole
system (vide infra). The magnitude of this red shift high-
lights the potential utility of this simple chemical modifica-
tion in terms of significantly tuning the optoelectronic
properties of dithienophospholes. It should be noted in this
context that the methylation of the phosphorus center pro-
vides access to species that are also water soluble.?*!]

Figure 10. Molecular structure of 23a(OTf") in the solid state. Pic-
ture generated from the CIF-file.[3#1

Dibenzophospholes are known to coordinate to a variety
of metal centers, behaving similarly to diphenylphospha-
nes.’l The rigid tricyclic dithieno[3,2-5:2",3-d]phospholes
19 behave in a similar manner (Scheme 7).[34%-34l The coor-
dination of the dithieno-phospholes to transition metals re-
sults in an increase in the acceptor character of the dithien-
ophosphole’s phosphorus center. X-ray structure analyses
of several complexes based on Pd, Pt, W, and Au revealed
that the structural properties of the coordinated dithieno-
phosphole ligands are similar to those of the free ligands.
This result is in line with the poor delocalization of the
phosphorus lone pair in the dithienophosphole system 17.°
Similarly to the free ligands, the fluorescence observed in
the transition-metal complexes is due to intra-ligand n—n*
transitions. As a result of the increased acceptor capacity
of the phosphorus center however, red shifts in the absorp-
tion and emission wavelengths of the dithienophosphole—
metal complexes relative to the free ligands are typically
observed. The magnitude of these shifts is dependant on a
number of factors that are not always predictable, including
the nature of the metal, the substitution of the dithienopho-
sphole ligand, and the geometry of the resulting complex-
es.3* The earlier work of Réau and co-workers had dem-
onstrated that phosphole AuCl complexes display very
promising optoelectronic properties. In fact, the complexes
have been incorporated into functional OLEDs.[!8¢-18¢]
Consequently, the gold(I) complexes 29 of the dithieno[3,2-
b:2',3'-dlphosphole system were also prepared (Scheme 7).
Reaction of the dithienophospholes 19 with AuCl(tht) (tht
= tetrahydrothiophene) resulted in quantitative formation
of the desired AuCl complexes 29. The gold center displays
a linear geometry, and shows no evidence of aurophilic in-
teractions in the solid state (closest Au—Au distance ca.
3622
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5.639 A) as determined by X-ray crystallography.?* While
the optoelectronic properties of the transition metal-dithi-
enophosphole complexes examined earlier were relatively
insensitive to the nature of the metal (emission at ca.
460 nm for Pt, W, Fe, and Rh complexes 25, 26, 27, and
28), the AuCl complexes 29 display intriguing optoelec-
tronic properties, including unique absorption and emission
wavelengths.?*1 The gold complexes display two absorp-
tions. The red-shifted absorptions have been assigned to the
intraligand m—n* transition, whereas the blue-shifted ab-
sorptions observed (Ama.x 29b: 375 nm; 29¢: 405 nm) are
likely due to oa.p-—m* transitions, although a ligand-to-
metal charge transfer (LMCT) process cannot be ruled out.
Typically bands in the absorption spectra of dithienophos-
pholes are broad and poorly resolved. This is indeed the
case with gold complex 29b.34c] The absorption spectrum
of complex 29¢ however, displays relatively narrow, well-
resolved bands. This feature may arise as a result of poorer
intermolecular interactions between the complexes in solu-
tion due to the added steric bulk of the tert-butyl group
present in the silyl substituents on the thiophene rings of
29c¢. The AuCl complex 29¢ also displays a strong emission
at 445 nm in the solid state, identical to that observed in
solution, providing evidence that the complex does not ag-
gregate in the solid state. The unique absorbance properties
displayed by 29c¢ suggest that variation of the silyl function-
ality may allow the selective optoelectronic properties dis-
played by this system to be controlled. As a result, AuCl-
coordinated dithienophosholes may be well-suited for the
development of functional materials and devices.

3.2 Modification of the Dithieno-Framework

A number of different substituents may also be intro-
duced at the 2- and 6-positions of the thiophene rings in
dithieno[3,2-b:2",3"-d]phospholes. The introduction of elec-
tron-accepting groups on the thiophene rings results in red
shifts for both the excitation and emission wavelengths rela-
tive to those observed for the non-functionalized dithieno-
phosphole 19a.13% This observation is in line with the fur-
ther extension of the delocalized © system, and concurrent
reduction in the molecule’s optical HOMO-LUMO gap in-
duced by the electron-accepting centers. This extension of
the delocalized © system is further supported by spectro-
scopic data. Silyl groups have been used extensively to this
end,34a,34b.34¢.34¢] including trimethylsilyl (19b), fert-butyldi-
methylsilyl (19¢), and dimethylsilyl (19d) groups that have
been investigated systematically (Figure 11).

Me Me‘
R-gi S S._siR pR=Me
Me \ \ Me c: R=1Bu
Fl> dR=H
Ph
19b,c,d

Figure 11. Silyl-functionalized dithienophospholes.

All of these silyl-substituted dithienophospholes display
similar emission wavelengths (4., = 420-422 nm), however
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the nature of the silyl groups has a significant effect on the
excitation wavelengths.34%-34¢l The red shifts observed (R =
tBu: Admax = 20 nm; R = H: A« = 22 nm) are consistent
with the relative inductive effects expected for methyl, zert-
butyl, and hydrogen (Me < 7Bu < H) substituents at the
silyl centers. The fact that the emission wavelength in these
molecules is not significantly affected by the changes to the
silyl centers, while the excitation wavelength is sensitive to
them, allows the Stokes shifts of these dithienophospholes
to be tuned in a predictable manner. Additionally, the use
of the dimethylsilyl-substituted dithieno[3,2-5:2',3"-d]phos-
pholes 19d allowed access to polymeric systems through hy-
drosilation and dehydrogenative coupling reactions (vide in-
fra).

The introduction of bromo substituents at the 2- and 6-
positions, to provide the dithienophospholium salt 23e, can
be achieved by treatment of the dithienophospholium salt
23a with NBS in DMF (Scheme 8).3*1 As with other elec-
tron-accepting substituents, the presence of the bromo sub-
stituents results in a decrease in the compound’s optical
HOMO-LUMO gap. This feature becomes obvious when
examining the extraordinarily red-shifted values obtained
for both the absorption [Ap.(m—7*) = 411 nm] and the
emission (Je, = 495 nm) wavelengths of the dibrominated
dithienophosphole 23e.

S S NBS,DMF  Br-_-S S._Br
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Scheme 8. Introduction of bromo functionalities to the dithieno-
phosphole.

It should be noted that the large magnitude of the ob-
served red shift in this compound arises as the result of the
cumulative effect of the electron-accepting cationic phos-
phorus center, and the electron-accepting substituents on
the thiophene moieties. This observation highlights the fact
that considerable optimizations of the dithienophosphole
system’s optoelectronic properties are possible through
these simple chemical modifications, or combinations of
simple chemical modifications. This method has recently
been extended to provide access to 2,6-dibromo-dithieno-
phospholes oxides 20e (Scheme 8) as well.[3*e] Most import-
antly, in terms of the potential for the use of this system in
future optoelectronic materials, is the fact that the bromo
functionalities allowed for the incorporation of the dithi-
eno-phosphole system into polymeric materials,**1 and
well-defined oligomers through palladium-catalyzed cross-
coupling reactions (vide infra).l34¢]

The introduction of Lewis acidic boron centers to the
thiophene rings of the dithienophosphole system was pos-
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sible using a different strategy. Lithiation of the 2- and 6-
positions of the unsubstituted dithienophosphole 19a with
LDA, followed by addition of two equivalents of isoprop-
oxy(pinacol)borane resulted in the formation of the boryl-
functionalized dithienophosphole 19f (Scheme 9).3441 Simi-
larly to other dithienophospholes, boryl-substituted com-
pound 19f displays blue luminescence, and the emission
wavelength (Ao, = 419 nm) is not significantly different
from those displayed by dithienophospholes bearing elec-
tron-accepting silyl groups on the thiophene rings (Aey, =
420-422 nn,l).[34a1,34b,34e]

1) LDA,

s S,  2PoBpn)  (PiN)B—y S S.__B(pin)
AR 3) BUDOH NN
P LS
B PN O
19a 201
1) LDA,
2} iPrOB(pin) F‘l
A A
(pin)B— S S+_-Bi(pin) (pimBZ S S+ 2B(pin)
AR W N
P P
Ph PH O
19§ 30

Scheme 9. Boryl-functionalized dithienophospholes — sensory ma-
terials (bottom left: 20f - without fluoride, bottom right: 30 - with
fluoride).

As a result of the high affinity of Lewis acidic boron
centers for fluoride anions, the development of an effective
sensory material based on the dithienophosphole system
was possible.?*d The fluorescence spectrum of the oxidized,
air and moisture stable compound 20f displays the expected
red shifts in both the absorption and emission wavelengths
(Admax = 221nm, Aleyn = 33 nm) consistent with the in-
creased electron-acceptor character of the phosphorus cen-
ter upon oxidation. Treatment of 20f with BuyNF results in
the formation of the ionic borate-functionalized dithieno-
phosphole 30 (Scheme 9).13*dl The ionic borate species 30
displays significantly red-shifted absorption (Apa.x =
415 nm) and emission wavelengths (4., = 485 nm) relative
to its neutral borane-functionalized precursor 20f. In fact,
the emission of the compound now occurs in the blue-green
region of the visible spectrum, allowing for naked-eye detec-
tion of fluoride ions under UV light. These changes in the
fluorescence spectrum upon addition of fluoride can be de-
tected at the ppm scale. Addition of BuyNCIl, BuyNBr, or
BuyNI however, results in no change to the fluorescence
3623
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properties of the borane-functionalized dithienophosphole
20f, consistent with the high selectivity of the boron centers
for fluoride ions. As a result, the borane-functionalized di-
thienophospholes 19f and 20f function as useful, selective,
and potentially quantitative sensory materials for fluoride
ions.[34d]

3.3 Dithienophosphole Polymers

Polymeric materials based on the dithieno[3,2-b:2",3'-d]-
phosphole scaffold have been prepared with the aim of
combining the favorable optoelectronic properties displayed
by the monomers, with the desirable properties, such as pro-
cessability (e.g. as thin films) displayed by macromolecular
systems.['l Additionally, oligomers and polymers incorpo-
rating the dithienophosphole moiety directly into the conju-
gated backbone may display additional delocalization be-
tween m-conjugated subunits, resulting in optimization of
the material’s bandgap and further tuning of the material’s
optoelectronic properties.

The introduction of a 4-vinylphenyl substituent at the
phosphorus center of 31 allowed for the incorporation of
the dithienophosphole scaffold into a polymeric system as
a side-chain functionality.?43] Radical polymerization of 31
in the presence of styrene in varying ratios provided poly-
mers such as 32 as white amorphous solids (Scheme 10).
Gel permeation chromatography (GPC) revealed a high
molecular weight of M,, = 147650 gmol™', and a polydisper-
sity (PDI) of 2.46 for a copolymer with a 1:30 (31/styrene)
ratio. Differential scanning calorimetry (DSC) analysis of
the copolymer 32 revealed other favorable properties of the
material, such as a glass transition temperature 7, =
114.2 °C superior to that of polystyrene, and a high thermal
decomposition temperature of T3 = 428.2 °C. As expected
the favorable optoelectronic properties of the dithienophos-
phole monomers were preserved in the copolymer 33, which
displayed absorption and emission wavelengths (Apn.x =
352 nm, Ao, = 424 nm) nearly identical to those of the mo-
nomeric dithienophosphole 31 (4.« = 352nm, A, =
422 nm). Additionally, the exceptional photoluminescence
efficiency of the monomers was preserved with the copoly-
mer displaying a high photoluminescence quantum yield
(dp = 74.3%). Oxidation of the phosphorus centers is ac-
complished by reaction of 32 with H,O,. As was observed
with the dithienophosphole monomers, oxidation of the
phosphorus center results in a significant red shift in the
optical spectra of the air-stable oxidized polymer 33 (A4 ax
=22 nm, A, = 34 nm) relative to their o3-phosphole-con-
taining analogs 32. In order to probe the potential of the
obtained copolymers as PLED materials, thin films of the
copolymers were prepared. The thin film of the o \3-dithi-
enophosphole copolymer 32 displayed red shifts in both its
excitation and emission wavelengths (A,.x = 374 nm, Ay,
= 452 nm), while surprisingly the o*,\’-dithienophosphole
copolymer 33 displayed a slightly blue-shifted absorption
(Admax = —21nm), and a significantly blue-shifted emission
(Admax = —22 nm). Both the oxidized and the non-oxidized
3624
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copolymers displayed good light stability, with decreases in
emission intensity of less than 5% following two hours irra-
diation. As a result of these favorable properties, the incor-
poration of the obtained copolymer into functional opto-
electronic devices may be possible.

=
radical

polymerization
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31 (R = SiMezBu)
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Scheme 10. Incorporation of the dithienophosphole system into
polystyrene as a side-chain functionalization; right: thin film of the
polymer 32.

Recently, several copolymers containing the dithieno[3,2-
b:2',3"-d]phosphole moiety in the polymer backbone have
also been prepared (Scheme 11).1340:34¢.341 Consequently,
conjugation between monomers, or comonomers may be
possible, resulting in further optimization of the optoelec-
tronic properties of the resulting dithienophosphole materi-
als. The ability to introduce a variety of functionalities at
the 2- and 6-positions of the thiophene rings of the dithien-
ophosphole system has allowed for the preparation of a
variety of copolymers using different coupling protocols.
The incorporation of stannyl groups on the thiophene rings
allowed for the preparation of a copolymer using Stille
cross-coupling methods.?4?! Stille coupling of the oxidized
stannyl-substituted dithienophosphole 20g with 1,4-diiodo-
2,5-bis(octyloxy)benzene as the aryl halide component re-
sulted in the formation of a reddish-brown, poorly soluble
material 34. Suzuki-Miyaura coupling was used to obtain
a copolymer from dithienophospholium monomers bearing
bromo functionalities (23e) and a suitable fluorene-
bis(boronic) acid.*#1 The obtained yellow copolymer was
sufficiently soluble to allow for its analysis using GPC. This
analysis revealed a molecular weight M,, = 9800 gmol !,
and a PDI of 1.70. A dibromo-functionalized dithienophos-
phole oxide has recently been subjected to similar reaction
conditions, resulting in the formation of an insoluble dithi-
enophosphole-fluorene copolymer.3*¢ The insolubility of
this material prevented a full characterization, however, the
red shifts observed in its optoelectronic properties relative
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Scheme 11. Preparation of polymers containing the dithienophosphole system in the polymer backbone.

to those of the dibrominated precursor supported the suc-
cessful copolymerization. The introduction of borane ester
substituents in dithienophosphole 20f should also allow for
the copolymerization of this compound using Suzuki-Mi-
yaura protocols, however to date, attempts to do so have
resulted in the regeneration of the parent dithienophos-
phole 20a.[34¢]

Platinum-catalyzed hydrosilation has also been used to
obtain copolymers from an a,w-bis(alkyne) (1,7-octadiyne)
and oxidized dimethylsilyl-substituted dithienophospholes
20d.34I The use of PtDVDS (“Karstedt catalyst™) resulted
in conversion to the polymeric material 36. GPC analysis
of the obtained oily 36 revealed molecular weights up to
M, = 8000 gmol~!. When a similar hydrosilation reaction
was attempted using an alkene (cf. alkyne) substrate with
the same catalyst system, a surprising result was obtained.
Instead of the expected 1,2-addition of silicon and hydrogen
to the alkene, dehydrogenative homocoupling of the di-
methylsilyl groups was observed, producing a polymer 37
in which the dithienophosphole moieties are linked directly
by disilanylene groups.**! The formation of this product
was also observed in the absence of alkene substrates con-
firming that the alkenes were not involved in its generation.
The disappearance of the Si—H signal and the presence of
two sets of 2°Si satellites in the methyl proton signal
(*Jsiig = 25.4 Hz, 3Jsi gy = 17.2 Hz) of the product’s 'H
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NMR spectrum were particularly supportive of such a de-
hydrogenative Si—Si homocoupling. GPC analysis of the ob-
tained polymer 37 revealed molecular weights up to M,, =
10000 gmol!. This quantitative dehydrocoupling of a terti-
ary silane is unprecedented to date. The optoelectronic
properties of the copolymer 36 (Z,.x = 378 nm, Ao, =
460 nm) are not significantly different from those displayed
by the corresponding monomer 20d (4. = 383 nm, A,
= 457 nm), indicating that the conjugated m system of the
dithienophosphole is not significantly extended as a result
of copolymerization. Similarly, the emission of the homo-
polymer 37 (Ao, = 459 nm) is almost identical to that of the
monomer, while the absorption experiences a slight red shift
(AA = 10 nm) relative to the dithienophosphole monomer
20d. These observations are in line with the earlier observa-
tion that modification of the silyl substituents in dithieno-
phospholes results in slight changes to the compound’s ab-
sorption properties, but not to its emission wavelength.34®]
Both silicon-containing dithienophosphole polymers 36 and
37 display good emission intensities, and photolumines-
cence quantum yields of ca. 56%,34 in line with the preser-
vation of the favorable optoelectronic properties of the
monomers in the macromolecular systems.

In contrast to the silicon-containing dithienophosphole
polymers 36 and 37, those obtained through coupling reac-
tions of the dithienophospholes and suitable aryl copoly-
3625
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mers 34 and 35 display optoelectronic properties, with emis-
sions and absorptions that are significantly different from
those of the corresponding monomers.?*>-341 These poly-
mers contain an exclusively m-conjugated backbone, con-
taining the dithienophosphole moiety. As a result, nar-
rowing of the polymer’s optical HOMO-LUMO gap and
a corresponding red shift in the absorption and emission
wavelengths of the macromolecular systems relative to the
monomeric compounds was anticipated. Indeed, the emis-
sion of the polymer 35 obtained by Suzuki-Miyaura coup-
ling with a fluorene copolymer displays a visibly red-shifted
emission, now appearing in the yellow-green region (e, =
509 nm) of the visible spectrum (cf. the blue emission at
Jem = 467 nm of the corresponding monomer 23e).>*1 The
absorption wavelength of the polymer (4., = 485 nm) is
also significantly red-shifted relative to that of the mono-
mer (Amax = 376 nm). The photoluminescence quantum
yield of polymer 35 (¢pp. = 47.0%) is in the same range
as those reported for the dithienophosphole monomers.[34]
Although poor solubility prevented a full characterization
of the copolymer 34 obtained by Stille coupling of the stan-
nyl-functionalized dithienophosphole 20g with an aryl ha-
lide,13*"! the obtained product displayed significantly red-
shifted optoelectronic properties. The yellow emission of
compound 34 at l., = 555 nm is the most strongly red-
shifted emission reported to date for polymeric materials
derived from the dithieno[3,2-b:2,3-d]phosphole system. A
red shift of similar magnitude is also observed in the exci-
tation wavelength of polymer 34 (Al,.x = 123 nm). These
results are indicative of a strongly extended m conjugation
in both of the polymers discussed. As a result, dithienopho-
sphole polymers 34 and 35, containing exclusively m-conju-
gated backbones display highly intriguing optoelectronic
properties, making them promising materials for future op-
toelectronic applications. The ionic nature of the methylated
dithienophosphole fluorene copolymer 35 in particular,
makes this material appealing for potential applications as
a conjugated polyelectrolyte (CPE).[!]

3.4 Extended Dithienophosphole Molecules

To date, the emission of molecular dithieno[3,2-b:2",3'-d]-
phosphole systems has been largely limited to the blue re-
gion of the visible spectrum (Ao, = 408-495 nm).B4 As was
seen with Réau’s system, the extension of the conjugated ©
system in well-defined oligomers, allows for further optimi-
zation of the bandgaps in the resulting materials. In prin-
ciple, this strategy should allow access to well-defined spe-
cies capable of displaying emission over a much larger
range, depending on the m-conjugated system’s degree of
extension. Very recently, the use of 2,6-dibromodithieno-
phosphole oxide 20e, allowed for the incorporation of a
wide variety of aryl substituents at the 2- and 6-positions
of the dithienophosphole via palladium-catalyzed C-C
coupling processes (Scheme 12).34¢! Stille and Suzuki—Mi-
yaura cross-coupling protocols allowed for the preparation
of a number of 2,6-diaryl-substituted dithienophospholes
3626
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38a-g, displaying significantly extended m-conjugated sys-
tems (Scheme 12). Indeed the visible shift from blue-green
to yellow-orange fluorescence emission could be observed
in the cross-coupling reaction mixtures over the course of
the reactions. The complete results of this study will be pre-
sented in a forthcoming publication.[3*¢! The effect of ex-
tended m conjugation on the optoelectronic properties of
the resulting materials was investigated by incorporating
aryl substituents displaying increasing conjugated paths. In
line with the conclusion that extension of the conjugated
path results in decreased HOMO-LUMO gaps, increasing
red shifts in the optoelectronic properties of the products
were observed with increasing conjugated path length in the
aryl substituents. The effect of electron-rich, and electron-
deficient aryl and heteroaryl substitution was also exam-
ined. The incorporation of thienyl groups (38e) was once
again demonstrated to result in more favorable optoelec-
tronic properties in the resulting materials, in line with the
prediction that thienyl substituents are subject to a more
favorable orbital interaction with phosphole moieties, re-
sulting in decreased HOMO-LUMO gaps in the corre-
sponding materials.[!”]

Ar-SnBuj (Stille)

Br S S.__Br or o Ar—-S S.__Ar
XY AsoRheewy M)
P P
PH O PH O
20e 38a-g

Ar=a: Ph, b: 4-biphenyl, ¢ 2-naphthyl, d: 2-picolyl,
e: 2-thienyl, f: 4-F-phenyl, @: 4-diphenylanilino

Scheme 12. Synthesis of well-defined, extended dithienophospholes
with different emission colors.

The most significant red shift in the optoelectronic prop-
erties of the dithieno[3,2-b:2",3'-d]phosphole system ob-
served to date arises as a result of the incorporation of 4-
diphenylanilino substituents at the 2- and 6-positions of the
thiophene rings (38g). This compound displays a bright
orange emission (4., = 566 nm), and a remarkably red-
shifted absorption (A = 527 nm). When compared with
the blue emission of the parent dithienophosphole 19a (Lep,
= 415 nm), this observation illustrates the versatile nature
of the dithienophosphole system, and as a result the wide
range of properties accessible through this system.

4. Conclusions

The incorporation of phosphole moieties into m-conju-
gated oligo- and polythiophenes has resulted in the devel-
opment of new materials displaying fascinating properties.
Both the 2,5-bis(2'-thienyl)phosphole, and the dithieno[3,2-
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b:2',3'-dlphosphole systems have proven to be versatile scaf-
folds as a result of the various manners in which their
frameworks may be modified. Firstly, the nature of the exo-
cyclic phosphorus substituents has profound effects on the
stabilities of the obtained materials in both scaffolds. The
properties of the obtained materials were also shown to be
highly dependant on the nature of the 2,5-aryl substituents
in Réau’s diarylphosphole system, and the nature of the
substituents at the 2- and 6-positions of Baumgartner’s di-
thienophosphole system. In many respects diarylphos-
pholes bearing thienyl substituents displayed superior prop-
erties relative to phospholes bearing alternative aryl, or het-
eroaryl substituents. Well-defined oligomers displaying ad-
ditional © conjugation relative to the corresponding mono-
mers have been prepared for both systems, potentially serv-
ing as useful models for larger macromolecular systems.
Both families of compounds have been incorporated into
such macromolecular systems, either as side-chain function-
alities, or as subunits within the conjugated path. Of para-
mount importance in both scaffolds, the presence of a reac-
tive trivalent phosphorus center allows for a variety of fac-
ile, quantitative chemical modifications (oxidation, com-
plexation, methylation) to be performed. These modifica-
tions often result in significant changes to the properties of
the obtained materials. As a result, large families of com-
pounds, displaying novel properties may be prepared from
single precursors. These modifications have been extended
from the molecular level to the macromolecular level, al-
lowing for a variety of postfunctionalizations of the ob-
tained polymeric materials. Due to their intriguing proper-
ties, both phosphole-containing oligothiophene systems
serve various functions in different applications: chemosen-
sors for fluoride anions have been prepared using molecular
dithienophospholes, while polymeric 2,5-dithienylphos-
pholes were used in the development of the first polymeric
chalcogen sensor. Recently, the fascinating emissive proper-
ties of the 2,5-dithienylphosphole system allowed for its in-
corporation in the first functional OLEDs based on or-
ganophosphorus materials. Although it is acknowledged
that the study of organophosphorus n-conjugated materials
such as the 2,5-diarylphosphole, and the dithieno-phos-
phole systems examined remains in its infancy, these prom-
ising systems represent key developments towards maturity
in this field, and the development of new functional devices
based on organophosphorus m-conjugated materials.
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