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ABSTRACT

PI \Me oTf

Cationic dithieno[3,2- b:2',3"-d]phospholes are accessible very efficiently by methylation of the phosphorus center. Further functionalization
with bromo substituents in 2,6-positions affords a polymerizable monomer that can be copolymerized with a difunctionalized fluorene in a
Suzuki —Miyaura-type cross-coupling protocol. The monomers as well as the resulting conjugated polyelectrolyte based on the phospholium
units show very intriguing photoluminescence properties, even in the solid state.

Conjugated polyelectrolytes (CPESs) are currently the focus have been developed to date, most of them introducing the
of several research groups due to their intriguing featuresionic centers as pendent side chdifihie number of CPEs
that span a broad range of electrical, mechanical, solubility, containing ionic centers as part of the backbone, however,
and self-assembly properti€3hese features allow them to is fairly limited, likely due to the restricted synthetic
be considered for a variety of applications including sensing accessibility of these materials. The incorporation of organo-
of biomolecule¥d or inorganic ions! as well as organic  phosphorus building blocks such as phospholesanton-
electronicsl® e.g., as components in multilayer organic jugated materials, on the other hand, is an intriguing
devices Several methods toward conjugated polyelectrolytes perspective for organic electronics and optoelectronics due
o T to their unique electronic structure as well as the versatile
urrent address: University of Calgary.
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the efficient fine tuning of the electronic properties of the = The molecular structure & in the solid state (Figure 1)
materials by very simple chemical modifications. These can shows features similar to related dithienophospholes with
include oxidation or complexation reactions via Lewis acids

or transition-metal complexés® In the context of our | NGNS
research on phosphaorganic materials, we have recently
established the novel dithieno[3i22',3'-d]phosphole system
with very advantageous and readily tunable photophysical
properties that can be attributed to the nature of the bridging
phosphorus atorh.

Here, we report on the new modification of the phosphorus
center in dithieno[3,2-b:2',3'-d]phospholes through meth-
ylation to generate the corresponding cationic phospholium
compounds. Their functionalization toward polymerizable
monomers as well as the synthesis of the first CPE with
cationic phosphorus centers in the backbone are also
discussed. Furthermore, the photophysical properties of the
monomers and the polymer are presented in detail.

The methylated phospholium specisis accessible almost
quantitatively (isolated yield of 93%) by treatment of the Figure 1. Molecular structure of2 in the solid state (40%
dithienophospholé with methyl triflate in dichloromethane  probability level).
at 0°C and stirring the solution fo2 h atthat temperature
(Scheme 1). The progression of the reaction can be monitored

elongated €&C and shortened €C bonds of the planar

_ framework, indicating a high degree@fconjugation within

Scheme 1. Synthesis of Cationic the systenfa¢ Because of the cationic nature of the
Dithieno[3,2-b:2',3"-d]phospholes phosphonium center, the € bonds are significantly
S S Meg}é _C>Hr§°'z S S shortened (P—& = 1.778(4)—1.785(4) A; cfl, P-Ca =
w —— W\ 1.819(1)—1.837(1) A¥2 The P—Gye bond of 1.769(4) A is
p PO ot also slightly shorter than that of other structurally character-
Ph’ Ph" Me ized phospholium salts (1.775¢3}.787(5) A)? It is also
1 2 (93%) noteworthy that the two ions are well separated in the solid
state.
Br._ S S._Br NBS, DMF As already mentioned, the phospholium salshows a
W B . strong fluorescence intensity in solution (Table 1), similar
P OTf
PR

N\
e |
3 (85%) _ L

Table 1. Photoluminescence Data of the Dithienophosphales
3, and7 under Varying Conditions
by the fluorescence emission of the solution changing from compound Ay [nm]e e [nm]? .
blue to green. Thé&'P NMR spectrum of shows a single

resonance ab = 12.2 ppm that is significantly shifted ;Egﬁzgi;ea 2?2 376 ié? g'ggz
downfield from that of the starting ma_tgrlal(é =215 2 (H,0, pH 7) 273: 370 466 0.57¢
ppm)% The'H NMR spectrum of2 exhibits an additional, 2 (H,0, pH 0) 273, 365 465 0.56¢
characteristic signal for the methyl groupat= 2.7 ppm 2 (H20, pH 14) 296 410 o

with a2J(H,P) coupling constant of 15.3 H2We were able 3 (CH,Cly) 279, 411 495 0.71¢

to obtain single crystals ¢f that were suitable for an X-ray 5 (CH:Clp) 345, 485 509, 540 0.47¢
structure analysis from a concentrated chloroform/heptane 5 (solid state) 527 556 -

(4:1) solution at room temperatufe. aMaximum wavelength of absorptioA Maximum wavelength of emis-

sion. ¢ Relative to quinine sulfate (0.1 M 430, solution) + 10%?
d Relative to rhodamine101 (1&M in EtOH) + 10%210

(5) (@) Hay, C.; Hissler, M.; Fischmeister, C.; Rault-Berthelot, J.; Toupet,
L.; Nyulaszi, L.; Réau, RChem—Eur. J. 2001 7, 4222. (b) Fave, C.;
Hissler, M.; Karpati, T.; Rault-Berthelot, J.; Deborde, V.; Toupet, L.;
Nyulaszi, L.; Réau, RJ. Am. Chem. So004,126, 6058. (c) Su, H.-C.; P ;
Fadhel, O.; Yang, C.-J.; Cho, T.-Y.; Fave, C.; Hissler, M.; Wu, C.-C.; Réau, to ?‘” known d|th|enophospholéshowever, in the green
R.J. Am. Chem. So2006,128, 983. region of the optical spectrum {fr—x*) = 376 nm;Aem

(6) (a) Baumgartner, T., Neumann, T.; Wirges, Ahgew. Chem., Int. = 467 nm), with a significant photoluminescence (PL
Ed. 2004, 43, 6197. (b) Baumgartner, T.; Bergmans, W.; Karpati, T; .)’ .. 9 _ P " _( )
Neumann, T.; Nieger, M.; Nyulaszi, IChem.—Eur. J2005,11, 4687. (c) quantum yield efficiency opp. = 0.53 (cf.1, Aem—71*) =
gielpes,TY.; Eggggstlﬂghlvéa)l\,l\leumann, TT Iénglert. \L(J BBaumgarttner,TT. 338 NM;Aem = 415 nm;¢p. = 0.78)52 Because of the ionic

alton Trans. , . eumann, T.; Dienes, Y.; Baumgartner, T. o . . .
Org. Lett.2006,8, 495, (¢) Baumgartner. T.. Wilk, WDrg. Lett. 20068, nature of2, it is soluble in aqueous solutions allowing us to

503. also determine potential pH effects on the photophysical
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properties of the material. At neutral pH (7), the observed || NN

wavelengths for absorption and emission 2an water are Scheme 2. Synthesis of the Conjugated Phospholium

almost identical with the values obtained from £CHp Polyelectrolyte5

(Aex(m—7*) = 370 NM;dem = 466 NM;¢p. = 0.57, Table g, g S. Br

1). W + (HORB 0.0 B(OH),
The slight differences in the absorption values could be ;\ oTf

explained by solvation effects leading to a more separated Ph" Me CeHiz CeHis

ion pair for 2 in aqueous solution. Acidification of the 3 4

solution with HCI (pH 0) effects only minor changes in its toluene/water

optoelectronic propertied d(z—a*) = 365 NmM;lem = 465 Na,COjg, Pd(PPhs),

nm; ¢p. = 0.57) that could be connected to anion exchange reflux, 20 h

processes in solution. In a strongly basic environment (pH
14), however, the fluorescence intensity of the solution drops
significantly!! Because the almost complete disappearance
of the fluorescence is also accompanied by a significant blue
shift (lex = 296 NM;Aem = 410 nm), decomposition & is
very likely to occur. The observed fluorescence can be
attributed to a bithienyl group = 302 nm;Aem = 362

nm; ¢p. = 0.017)1? generated by a nucleophilic attack of

hydroxide at the phosphorus center, as reported for relatedNa,CO; and Pd(PPY), added as (co)catalysts. The reaction
phospholes, leading to the degeneration of the phospholemixture was refluxed for 20 h, upon which the fluorescence
ring4 of the solution noticeably changed from green to yellow and
To be able to incorporate the phospholium spegiego the product started to precipitate out of the mixture. The
pOlymerS, further functionalization with suitable groups was po]ye|ectr0|yte5 was purified by extraction of its C’J¢I2
necessary. According to an established procedure for dithieno-gg|ytion with NaHCG-containing water (yield of 69%). It
[3,20:2",3"-d]thiophene dioxides? dibromination of2could  should be mentioned in this context that the yellow polymer
be achieved by treatment with NBS in DMF in the dark at 5 js not soluble in water, likely due to the organic nature of
room temperature over 18 h affording the 2,6-dibrominated the hexyl-substituted fluorene comonomer. The material is,
phospholium salB in 85% isolated yield (Scheme 1). Its  however, soluble in polar solvents such as chloroform,
%P NMR resonance o = 15.7 ppm is shifted downfield  gichloromethane, and THF. TH&P NMR spectrum of5
compared to that o2, supporting the successful function-  shows a single, downfield shifted, but broad, resonanée at
alization. Dibromination also leads to a Significant red shift — 23.2 ppm Supporting its po|ymeric nature. The same is
of the absorption and emission maxima ®in dichloro- true for its *H and 33C NMR Spectra exh|b|t|ng all the
methane due to the acceptor character of the bromo funC'necessary, broadened signals. Analysis by gel permeation
tionalities, as expected, now showing a maximum wavelength chromatography (GPC) indicated a molecular weightigf
of absorption afle(7—7*) = 411 nm Alex=35nm) and = 9800 g/mol with a chain-length distribution (PDI) of 1.70
a maximum wavelength of emission/at, = 495 nm (A%m that is sufficient to allow for the formation of thin films of
= 28 nm). Furthermore, a significant increase of the PL 5 vija dropcasting from a concentrated dichloromethane
quantum yield efficiency t@p. = 0.71 can also be observed  gg|ytion.
for 3. The photophysical data of the polyelectrolyiein di-
The 2,6-dibrominated phospholium s8ltvas then suc-  chloromethane show strongly red-shifted values for absorp-
cessfully incorporated in the CPEby a Suzuki—Miyaura-  tijon and emission maxima compared to the monor@ensd
type protocol via copolymerization with a suitable fluorene- 3 (Table 1). This supports the extension of theonjugated
bis(boronic) acid4) (Scheme 2}**°The reaction conditions  system along the polymer backbone now showing greenish
further involved a biphasic medium (toluene/water) with yellow fluorescence, as already mentioned. The photolumi-
(7) Crystallographic data for the structure have been deposited in nescence spe_ctrum & (Figure 2) in CHCI, exhibits a
the Cambridge Crystallographic Data Centre (deposition number: ccpc feature that is commonly observed for fluorene-based

622319). Copies of these data can be obtained free of charge via the Internepo|ymers%6 a vibronic sideband/l@m = 540 nm), slightly

at www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge : oo ; —
Crystallographic Data Centre, 12 Union Road, Cambridge CB21EZ, U.K; red-shifted from the emission maximum/at, = 509 nm.

fax (+44) 1223—336-033; or deposit@ccdc.cam.ac.uk). Remarkably, the emission and absorptidg(t—a*) =

(8) Adkine, P.; Cantat, T.; Deschamps, E.; Ricard, L.; Mezailles, N.; Le ; _chi
Floch, P.- Geoffroy, MPhys. Chem. Cherm. Phy2006. 8, 862 485 nm) maxima of CPE are also strongly red-shifted from

(9) Demas, N. J.; Crosby, G. Al. Chem. Phys1971,75, 991. those of the corresponding 9,9-dihexyl-fluorene homopoly-
(10) Karstens, T.; Kobs, KJ. Phys. Chem1980,84, 1871. mer (/qex = 388 NM;Aem = 445 nm}ea and related fluorene

quéﬁ%&;hﬁefgjzﬁii%enn&e. emission is too weak to provide an accurate copolymers containing 2;dithienyl (Jox = 398 NM;Aem =

(12) Becker, R. S.; de Melo, J. S.; Macanita, A. L.; EliseiJFPhys. 483, 520 nrrﬁGb or dithieno[3,2b:2',3'-d]silole (4x = 386
Chem.1996,100, 18683. . — c At e il

(13) Sotgiu, G.; Zambianchi, M.; Barbarella, G.; Aruffo, F.; Cipriani, nMm; dem = 486, 515 nmif* moieties. This indicates a strong
F.; Ventola, A.J. Org. Chem2003,68, 1512.

(14) Metal-Catalyzed Cross-Coupling Reactio2sid ed.; de Meijere, (15) Handbook of Oligo- and Polythiophendsichou, D., Ed.; Wiley-
A., Diederich, F., Eds.; Wiley-VCH: Weinheim, 2004. VCH: Weinheim, 1998.
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Figure 2. Fluorescence spectra 6fin solution and in the solid
state.

impact by the dithienophospholium moiety on the electronic
structure of the polymes, most likely due to a significantly
lowered LUMO level, as derived from related dithienophos-
phole monomer%? It should also be mentioned that the
Stokes shift fors is exceptionally small amounting to only
15 nm, which indicates a fairly rigid molecular structure; in

particularly in the presence of these intermolecular interac-
tions. As observed for many “classic” polyelectrolytes, solid-
state interactions often lead to a complete quenching of the
fluorescence, a phenomenon that is also referred to as
“superquenching?®® The strikingly strong fluorescence bf

on the other hand, could be attributed to the steric bulk
around the cationic phosphorus atoms that reduces the
accessibility of these centers for potential quenchers in the
solid state.

In conclusion, we have efficiently synthesized newly
functionalized cationic dithieno[3,8=2',3"-d]phospholes that
can successfully be built into the backbone of a conjugated
polyelectrolyte. The photoluminescence properties of the
model compounds/monomers as well as the polymer are
remarkable in terms of emission intensities with high
guantum vyield efficienciesas typically observed for
dithienophospholes—suggesting a potential application in
polymer-based, multilayer optoelectronic devices. Current
investigations include the further modification of the comono-
mers to eventually access water-soluble polyelectrolytes as
well as their potential for optoelectronic PLED applications.
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