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A new class of polyphospholes bearing alkanesulfonylimino moieties on the phosphorus(V) centers was prepared by the Pd—Cul-promoted Stille
coupling reaction to investigate the charge-carrier transport properties of the sz-networks of polyphospholes. Time-of-flight measurements have revealed
that the poly(phosphole P-imide)s possess ambipolar charge-carrier mobilities of up 0 tteiectron =6 x 1073 em? V=" s~ and sipge =4 x 103 em? V"5,

Conjugated polymers consisting of heterocyclopenta-
dienes are one of the most intensively studied polymer
materials because of their intriguing optical and semicon-
ducting properties derived from the heteroatom-bridged
polyacetylene s-networks. In particular, polythiophene
derivatives such as poly(3-hexylthiophene) (P3HT) have
been frequently used as p-type semiconductors in organic
electronics.' Considering the large demand for further
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extension of the wet-process fabrication of organic electron-
ics, it is also necessary to explore polymer-based n-type
semiconductors in terms of materials supply. For example,
a naphthalenediimide— bithiophene-based conjugated poly-
mer, P(NDI20OD-T2),> has recently emerged as a viable
candidate for high-mobility organic electron-transport
material.® To our knowledge, however, little attention
has been paid to heterole-based conjugated polymers with
high electron mobility.

Among several approaches to improve the electron
affinity of conjugated m-systems, incorporation of phos-
phacyclopentadiene (phosphole) is highly promising.* This
is partly because phosphole has an intrinsically low-lying
LUMO as a result of the effective op—x*—mc=c* orbital

(3) Blakesley, J. C.; Schubert, M.; Steyrleuthner, R.; Chen, Z.;
Facchetti, A.; Neher, D. Appl. Phys. Lett. 2011, 99, 183310.
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Ramsden, C. A., Scriven, E. F. V., Taylor, R. J. K., Eds.; Elsvier: Oxford,
2008; Chapter 3.15, pp 1029—1048. (f) Matano, Y.; Imahori, H. Org.
Biomol. Chem. 2009, 7, 1258. (g) Ren, Y.; Baumgartner, T. Dalton Trans.
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interaction. More importantly, the electron-accepting abil-
ity of the phosphole-based s-systems can be largely en-
hanced by the oxidation of the phosphorus center from P!
to PY. Indeed, precisely designed arene-fused phosphole
P-oxides and P-sulfides have evolved as a new class of low-
molecular-weight n-type semiconductors.>® The solubility
and polarity of phosphole-based 7z-systems can also be
tuned by the substituents at P-sites.
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Figure 1. Tuning sites of ¢*-P polyphospholes 1 and 2.

The electronic features of phosphole could be useful in
the m-networks of conjugated polymers (Figure 1), and
there have been some theoretical studies on unsubstituted
polyphosphole.” However, the experimental research on
polyphosphole derivatives has been left untouched until
recently.® In 2010, we reported the first example of poly-
(phosphole P-oxide) (1, R = p-C,H,50C¢Hy; Figure 1),
which has been proven to possess a high electron affinity
and a narrow HOMO-LUMO gap compared with
P3HT.’ These findings motivated us to develop poly-
phospholes bearing ¢*-phosphorus(V) centers as a new
class of polymer-based n-type semiconductors. We report
herein the first synthesis and charge-carrier transport proper-
ties of poly(phosphole P-alkanesulfonylimide)s 2 (Figure 1).

Scheme 1 depicts the syntheses of phosphole monomers
bearing iminophosphoryl (¢*-PY=N) moieties, which in-
clude the Staudinger reaction as a key step for the intro-
duction of solubilizing alkyl chains onto the phosphorus
centers. One of the advantages of this protocol is that a series
of monomers with different alkyl chains are available from
the common phosphole synthons. 2,5-Bis(tributylstannyl)-
phosphole 3, generated in situ from 1,7-bis(tributylstannyl)-
hepta-1,6-diyne according to the reported procedure,’ re-
acted with four kinds of alkane-1-sulfonyl azides 4a—d to
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Scheme 1. Synthesis of Phosphole Monomers 5a—d, 6b, and 9a—c.
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give the corresponding 2,5-bis(tributylstannyl)phosphole
P-sulfonimides Sa—d accompanied by the evolution of nitro-
gen gas. lodolysis of the C—Sn bonds of 5b with I, afforded
2,5-diiodophosphole P-imide 6b. To obtain the polyphosp-
hole, we conducted a Stille coupling reaction between Sh and
6b in the presence of a palladium catalyst and Cul;® how-
ever, the expected polymerization did not proceed smoothly
even after prolonged heating. This may be partly attribu-
table to the steric congestion induced by the P- and
[-substituents on the phosphole ring. We therefore decided
to use B-unsubstituted phospholes as a part of monomers.
Reaction of 2,5-bis(trimethylsilyl)phosphole 7'° with 4a—c
afforded S-unsubstituted phosphole P-sulfonimides 8a—c,
which were subsequently transformed to 2,5-dibromophosp-
holes 9a—c by treatment with N-bromosuccinimide (NBS).

As expected, Stille coupling between 5b and 9b under the
Pd—Cul catalysis conditions proceeded smoothly at rt to
give the target poly(phosphole P-octylsulfonimide) 2b with-
in a few hours (Scheme 2). The polymer 2b was isolated as a
deep blue solid by repeated precipitations from CH,Cl,—
MeOH and CH,Cl,—hexane. The number-average molecu-
lar weight (M},) and polydispersity index (PDI) of 2b were
determined by gel permeation chromatography as 24 000
and 1.8, respectively, relative to polystyrene standards
(Figure S1 in the Supporting Information, SI). With the
same catalysis system, poly(phosphole P-imide)s 2a (M, =
24000, PDI = 1.6) and 2¢ (M,, = 24000, PDI = 1.9)
were prepared from the corresponding monomers 5a/9a and
5¢/9¢ (Scheme 2). The polymers 2a—c¢ showed two branches
of broad *'P NMR peaks at dp 2—6 and 23—28 ppm
in CD,Cl,, which were assignable to the 3P nuclei of
S-unsubstituted and S-substituted phosphole units, respec-
tively. In the IR spectra, 2a—c displayed P=N stretching
vibration bands at ¥, 1261—1266 cm™ .

The P-imide monomer 10 (Figure 2) was prepared by
Stille coupling of 5a with iodobenzene, and its structure

(10) Nief, F.; de Borms, T. B.; Ricard, L.; Carmichael, D. Eur. J.
Inorg. Chem. 2005, 637.

(11) C36H24NO,PS, MW = 44549, 040 x 0.15 x 0.10 mm?>,
orthorhombic, Pbca, a = 11.060(3) A, b = 18.268(5) A, ¢ = 21.576(6)
A,V =4359.1(19) A®, Z = 8, pearea = 1.358 gcm™>, u = 246 cm ™,
collected 30 161, independent 4912, parameters 280, R,, = 0.1424, R =
0.0568 (I > 2.00(I)), GOF = 1.044.
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Scheme 2. Synthesis of Poly(phosphole P-imide)s 2a—c.
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Figure 2. Phosphole monomers and dimers.

was elucidated by X-ray analysis.'' Asshown in Figure S2,
the P-center in 10 adopts a distorted tetrahedral geometry
and is weakly coordinated by one of the sulfonyl O-atoms,
O1. Due to the intramolecular O1-to-P coordination, the
methyl group on the S-atom is oriented diagonally against the
P—N bond with the P—NN—S—C torsion angle of 115.4(2)°.

Figure 3 shows the UV/vis absorption spectra of the
polymers (1 and 2a—c) and the monomers (10 and 11) in
CH,Cl,. The red-shifted absorptions upon substituting
P=0 (1, M, = 13000, PDI = 2.3; A,,.x = 655 nm) for
P=NSO,R (2a—c¢; Aax = 674—684 nm) imply that the
P=NSO,R bridges relative to the P=O bridge narrow the
band gap of the s-network of polyacetylene more effec-
tively. Indeed, both absorption and emission maxima of
the P-imide monomer 10 (1,1, = 395 nm, Ao, = 510 nm)
are red-shifted relative to those of the P-oxide monomer 11
(Figure 2; Aups = 386 nm, Aem = 491 nm).? It is worth
noting that 2a—c can absorb a wide range of vis/NIR light
reaching 1000 nm. In this regard, poly(phosphole P-imide)s
fulfill a prerequisite for low band gap polymer materials.
The reduction potential (E..q) of 10 (—1.85 V vs ferrocene/
ferrocenium, determined by cyclic voltammetry in CH,Cl,
with BuyNPFg; Figure S3) is shifted to the positive side
compared with the E..4 value of 11 (—2.02 V), indicating
that the P=NSO,R group enhances the electron-accepting
ability of the P-bridged sr-system more significantly than the
P=0 group. In our hands, redox potentials of 2a—c could
not be determined accurately by cyclic voltammetry prob-
ably due to the low effective concentration of the polymer on
the electrode surface.

To complement the electronic structures and geometries
of 1 and 2, density functional theory (DFT) calculations
on monomers (10 and 11) and monomer/dimer models
(Figure 2; 12-m and 13-m) were performed at the
B3LYP/6-31G* level (Figures S4 and S5). In each com-
pound, the HOMO is spread over the entire zz-system,
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Figure 3. UV/vis absorption spectra of 1, 2, 10, and 11 in CH,Cl,.

whereas the LUMO displays typical o*—z* interaction in
the phosphole rings. The LUMO level of 10 (—2.16 eV) is
lower than that of 11 (—1.93 eV), which is in good accordance
with the observed E.q values. The dimerization from 10/12-m
to 13-m lowers the LUMO level, raises the HOMO level, and,
as a result, significantly narrows the HOMO—LUMO gap of
the -system from 3.43/3.41 to 2.64 ¢V. The two phosphole
rings in anti-13-m are coplanar with the P—C—C—P torsion
angle of 180°, which suggests that the sm-network is highly
conjugated through the inter-ring C—C bond.

To evaluate the charge transport abilities of poly-
(phosphole P-imide)s, we measured the electron mobility
() and hole mobility (uy,) of thin films of 2a,b at rt using a
time-of-flight (TOF) method (for details, see SI). As shown
in Figure 4a,b, the TOF current transients observed at the
positive and negative biases showed similar decay profiles,
indicating that 2a,b possess ambipolar charge-transport
character. As shown in Figure 4c,d, the charge carrier
mobilities displayed negative dependence on the electric
field strength (E). It seems that the carrier trapping occurs
with a larger probability as the applied voltage increases.
This is reasonable, considering that 2a,b exhibit intra- and
interchain hopping events of their polymer s-networks.
Table 1 summarizes the y. and uy, values observed at £ =
1.8 x 10* V ecm ™' as well as those at E = 0, obtained by
extrapolation of plots of the logarithm values of u. and uy,
as a function of E'. The alkyl chains on the sulfonimide
moieties affect the charge-carrier transport properties; the
Ue and uy, values of the octyl derivative 2b are larger than
the respective values of the butyl derivative 2a. This might
reflect the difference in the intermolecular segregation of
the polymer chains between 2a and 2b. The TOF electron
mobilities of 2a,b are lower than that of P(NDI20D-T2)
(6 x 1072 cm? V= s7"). It should be noted, however, the
present poly(phosphole P-imide)s transport not only elec-
trons but also holes with almost the same efficiency (u. =
6x 102 cm?> V™! s*];,uh =4x103cm? V- 's™"). These
ambipolar TOF mobilities are considerably higher than the
respective values reported for P3HT (4, = 1.5 x 107*
em*V'stand uy = 3 x 10*em? Vs tat E > 10°
Vem )12

(12) Choulis, S. A.; Kim, Y.; Nelson, J.; Bradley, D. D. C.; Giles, M.;
Shkunov, M.; McCulloch, 1. Appl. Phys. Lett. 2004, 85, 3890.
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Figure 4. (a) TOF current transients observed for 2a at electric
field strengths (E) of 1.1 x 10* V ecm™' (I, positive bias mode)
and 1.6 x 10* V cm™! (I1, negative bias mode). (b) TOF current
transients observed for 2bat £ = 1.8 x 10* V.em™! (I, 1I). The
log—log plots of TOF current transients vs time are also
depicted as insets in (a) and (b). (c) Electron mobilities () of
2a,b vs E'/2. (d) Hole mobilities (un) of 2a,b vs E'2.

To determine the effects of P-substituents on the short-
range charge transport properties of polyphospholes, we
next measured the charge carrier mobilities of 2a,b by using
a flash-photolysis time-resolved microwave conductivity
(TRMC"?) method (Table 1; Figure S6). This electrodeless
method allows the conductivities of conjugated polymers
to be investigated.'* The flash photolysis of drop-cast films
of 2a,b with a 355-nm laser pulse promptly increased
transient conductivity (¢Xu), in which ¢ is the quantum
efficiency of charge separation and Zu is the sum of mobi-
lities of all the transient charge carriers, reaching the max-
imum transient conductivities of 3.5 x 107> cm? V' s~
In the present study, the ¢ values were independently
determined from the transient absorption spectroscopy
(TAS) of 2a,b, where the upper limits of the amounts of
charge carriers were estimated from differences in absor-
bance (bleaching due to consumption of the neutral
species) at 620 nm. TAS allowed the lower limit of Zu values
to be determined. The Zu values of 2a and 2b thus estimated

(13) For example, see: (a) Warman, J. M.; Gelinck, G. H.; de Haas,
M. P. J. Phys.: Condens. Mater 2002, 14, 9935. (b) Grozema, F. C,;
Siebbeles, L. D. A.; Warman, J. M.; Seki, S.; Tagawa, S.; Scherf, U. Adv.
Mater. 2002, 14, 228. (c) Saeki, A.; Koizumi, Y.; Aida, T.; Seki, S. Acc.
Chem. Res. 2012, 45, 1193.

(14) Forexample, see: (a) Saeki, A.; Seki, S.; Koizumi, Y.; Sunagawa,
T.; Ushida, K.; Tagawa, S. J. Phys. Chem. B2005, 109, 10015. (b) Saeki,
A.; Seki, S.; Sunagawa, T.; Uchida, K.; Tagawa, S. Philos. Mag. 2006,
86, 1261. (c) Saeki, A.; Seki, S.; Koizumi, Y.; Tagawa, S. J. Photochem.
Photobiol. A 2007, 186, 158.

(15) Saeki, A.; Ohsaki, S.; Seki, S.; Tagawa, S. J. Phys. Chem. C 2008,
112,16643.
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Table 1. Charge Mobilities of Poly(phosphole P-imide)s 2a,b

TOF* TOF® TRMC®
compd  pp/em?V-lgs7? uJsem? V-1t Tulem® V1!
2a 1x102@2x107% 1x103@2x107% >5x10°
2b 4x103(7Tx107% 6x10°%(1x1072) >3x1072

“Hole/electron mobilities (uy/u.) measured by the TOF method at
E=18x 104ch’1.The;4h/‘uevalues inParentheses areat E=0Vem ™,
obtained by extrapolation from log u—E"? plots. ” Sum of charge carrier

mobilities (Xu) measured by the TRMC method.

are >5x 1072 and >3 x 102 cm? V- !'s7, respectively.
Although the exact u. and uy, values cannot be deduced
from the present TRMC—TAS data, the charge carrier
transport abilities of the poly(phosphole P-imide)s are com-
parable to those reported for P3HT (0.12 cm® V~' s7! for
regioregular P3HT and 6 x 10~ cm? V' s~ for regioran-
dom P3HT, determined by the TRMC-TAS method),"
representative of the fact that the phosphorus(V)-bridges
provide highly conjugated polyacetylene s-networks for
charge carriers.

In summary, we have established a divergent method for
introducing solubilizing alkyl chains to the common
phosphole synthons through PY=N bond formation
and successfully converted the monomers to the poly-
(phosphole P-imide)s. The new PV-bridged 7-conjugated
polymers displayed extremely narrow HOMO—-LUMO
gaps due to the effectively conjugated m-networks. In
addition, we have determined charge-carrier mobilities of
the polyphospholes for the first time. It is noteworthy that
poly(phosphole P-imide)s exhibited long-range charge-
carrier mobilities of up to 6 x 1073/4 x 10 em* V' 57!
(for electron/hole) by the TOF method. The present study
exemplifies poly(phosphole P-imide)s as potential candi-
dates for both n-type and p-type semiconducting materials.
The small values of the long-range mobilities (TOF) com-
pared to the short-range mobilities (TAS-TRMC) demon-
strate how the intrachain s-networks intrinsically govern the
bulk charge carrier transport property. In this context, the
reduction of intermolecular segregation of the polymer
chains of polyphospholes is the next subject of focus, and
further studies on the synthesis of new phosphole-containing
conjugated polymers are in progress.
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