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A new phosphaﬂuorene (PF) based monomer, featuring a phosphine oxide substituted with a dodecyl chain, was
synthesized. PF was copolymerized with benzodithiophene (BDTT) to form the copolymer PPF-BDTT which has a
donor (BDTT)–acceptor (PF) structure. For the ﬁrst time, direct post-polymerization modiﬁcations were performed on the phosphorus center of phosphaﬂuorene-containing conjugated polymers. With Lawesson's Reagent,
PPF-BDTT was transformed from a phosphine oxide to a phosphine sulﬁde. Reduction of the phosphine oxide of
PPF-BDTT with HSiCl3, followed by reaction with AuCl∙SMe2, produced PPF-BDTT-Au, which contains AuCl
coordinated to the phosphaﬂuorene moiety. PPF-BDTT, PPF-BDTT-S, and PPF-BDTT-Au were characterized
optically and electrochemically and the results compared to related BDTT containing copolymers. PPF-BDTT and
its derivatives were found to have high LUMO and HOMO levels and larger bandgaps compared to common
donor-acceptor copolymers. Organic solar cells were fabricated from PPF-BDTT, PPF-BDTT-S, and PPF-BDTT-Au,
although the performances of these devices were poor with power conversion eﬃciencies ranging from 0.13% to
0.60%.

1. Introduction
Conjugated polymers (CPs) have been researched intensively for
their applications in photovoltaic cells (PVCs) [1–6], organic ﬁeld eﬀect
transistors (OFETs) [7–10], organic light-emitting diodes (OLEDs)
[11,12], and sensors [13–15]. Due to its ease of synthesis, ﬂuorene is
one of the most commonly used moieties in CPs. However, ﬂuorene
based CPs tend to have large bandgaps and high HOMO energy levels
which limits their use in situations where lower lying HOMOs and
narrow bandgaps are desirable [16–18]. A common strategy to modify
the properties of conjugated materials is to embed inorganic elements
into the conjugated systems [19–22]. Using ﬂuorene as an example, this
can be accomplished by the replacement of the 9-carbon on ﬂuorene.
Many inorganic-element containing ﬂuorenes and their resulting polymers (Fig. 1) have been developed, including silaﬂuorene [23,24],
carbazole [25,26], and germaﬂuorene [27–29]. These have been used
as eﬀective electron donors in high-performance PVCs [25,30], OFETs
[24], and as in-vivo bio-imaging agents [23]. Boraﬂuorene possesses
strong electron-withdrawing properties [20,31–34], and its homopolymer showed reversible ﬂuorescence sensing of NH3 vapor [35].
Gallaﬂuorene was reported by Chujo and coworkers and its
⁎
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corresponding polymers exhibit controllable emission color by changing the co-monomer units [36,37].
Phosphorus containing conjugated systems are particularly interesting due to their high versatility and tunability [38–41]. In addition
to the possibility of two diﬀerent oxidation states (phosphorus(III) and
phosphorus(V)), the lone pair of electrons of phosphorus(III) are accessible for functionalization with transition metals and other Lewis
acids (Fig. 2) [42–44]. The Réau group has reported on small molecule
phospholes, including phosphine, phosphine sulﬁde, and gold(I) coordinated derivatives, and their resulting use in OLEDs [45,46]. However, to our best knowledge, the modiﬁcations of the phosphorus center
have mostly been performed in conjugated small molecules, and only
few in conjugated polymers reported [47,48]. Recently, Park and Kim
designed a series of dithienophosphole oxide (DTP) containing polymers and showed these to have power conversion eﬃciencies (PCEs)
greater than 6.5% when incorporated into solar cells [49,50]. These
high eﬃciencies were hypothesized to occur because of improved
charge separation due to the large dipole moment of the phosphole
oxide present in these polymers.
Phosphaﬂuorene (PF), the phosphorus substituted ﬂuorene, has received less attention in the literature relative to other heteroﬂuorenes
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Fig. 1. Fluorene and selected heteroﬂuorenes.

of Bu4NClO4 in acetonitrile.
All manipulations were carried out under an anhydrous N2 atmosphere using standard Schlenk line and glove box techniques. Solvents
were dried by passing through an alumina column and then stored over
4 Å molecular sieves. 4,4′-dibromo-6,6′-diiodo-3,3′-dimethoxybiphenyl
[55],
2,6-bis(trimethylstannyl)-4,8-bis(5-decylthiophen-2-yl)benzo
[1,2-b:4,5b′]dithiophene (BDTT) [63] were synthesized according to
known literature procedures. The synthesis of 1 was based on reports
for similar dicholoro(alkyl)phosphanes) [64]. All other reagents were
purchased commercially and used without further puriﬁcation.

Fig. 2. Tunable phosphorus center.

[51–54]. The synthesis of PF is most often achieved through lithiation
of a biphenyl precursor [55], although alternative methods are known
[56,57]. Reported applications of PF include an iridium complex that
was used to create high external quantum eﬃciency OLEDs [53]. To the
best of our knowledge, only two PF containing polymers are known,
which were described by the Huang and Masato groups [51,58]. These
polymers showed white or blue electrolumininescence with diﬀerent
substituents on the phosphorus centers [51,58].
Herein, we report on a series of novel phosphaﬂuorene-based conjugated polymers. We examined a donor-acceptor (D-A) copolymer
structure, with the phosphaﬂuorene as an acceptor moiety and benzodithiophene (BDTT) as the donor moiety [59–62]. Direct post-polymerization modiﬁcation of the phosphorus atoms within the polymers
was performed, which demonstrated a new synthetic method to tune
phosphorus containing conjugated polymers. The properties of the resulting polymers were measured, and their performance in polymeric
organic solar cells was investigated.

2.2. Materials synthesis
2.2.1. Synthesis of 1-dodecylphosphonic dichloride (1)
1-dodecylphosphonic acid (2.5 g, 10 mmol) and DCM (30 mL) were
combined. The mixture was heated to reﬂux for 30 mins, and a catalytic
amount of DMF (2–3 drops) was added. Then excess oxalyl chloride
(45 mmol, 4.0 mL) was added slowly into the mixture, and the resulting
solution was reﬂuxed for 12 h. The volatiles were removed by vacuum
and a yellow oil was obtained with good purity (based on 31P NMR) and
was used directly in the next step. 1H NMR (360 MHz, 298 K, CDCl3): δ
0.86 (t, J = 7.2 Hz, 3H), 1.17–1.37 (m, 16H), 1.41–1.49 (m, 2H),
1.75–1.88 (m, 2H), 2.50–2.59 (m, 2H); 13C NMR (125.7 MHz, 298 K,
CDCl3): δ 43.77, 42.70, 32.12, 29.96, 29.80, 29.72, 29.55, 29.44, 29.14,
29.13, 23.18, 23.11, 22.91, 14.34, 1.24; 31P NMR (202.5 MHz, 298 K,
CDCl3): δ 51.23 (See Fig. S3–S5 in the Supporting Information for NMR
spectra).

2. Experiment
2.1. Instrument and materials

2.2.2. Synthesis of 2,7-dibromo-3,6-dimethoxy-9-dodecyl-9-phosphaﬂuorene
oxide (PF)
Butyl lithium (1.6 M in hexane, 2.0 mmol, 1.25 mL) was added
dropwise to 4,4′-dibromo-6,6′-diiodo-3,3′-dimethoxybiphenyl (1.25 g,
2.0 mmol) dissolved in 50 mL of THF at −98 °C. The solution was
stirred at −98 °C for 30 mins before 1-dodecylphosphonic dichloride
(0.60 g, 2.1 mmol) in 10 mL of THF was added over 5 min. After 1 h, the
solution was allowed to warm to room temperature and was then
stirred for 15 h. The mixture was extracted by Et2O three times. The
organic layers were combined, dried with magnesium sulfate, and then
removed under vacuum leaving an orange oil. The crude product was
puriﬁed by chromatography on silica gel with hexane/ethyl acetate
(1:1) to give the title compound as a yellow solid (0.34 g, 30% yield).
1
H NMR (360 MHz, 298 K, CDCl3): δ 0.85 (t, J = 7.2 Hz, 3H), 1.15–1.34
(m, 18H), 1.40–1.49 (m, 2H), 2.02–2.04 (m, 2H), 4.04 (s, 6H), 7.15 (d,

Gel permeation chromatography (GPC) was performed using a
Malvern Viscotek VE 2001 Gel Permeation Chromatograph equipped
with an automatic sampler, a pump, an injector, an inline degasser, a
column oven (30 °C), and two in-series Malvern T6000M SEC columns.
Reported molecular weights are versus a polystyrene standard.
Detection was conducted by means of a photodiode array detector
operating between 190 nm and 500 nm. Cyclic voltammograms (CVs)
were acquired using a CHI760 potentiostat with a Pt wire quasi reference electrode and an Ag wire counter electrode. Scanning rates
were kept at 0.1 V/s with a minimum 3 s quiet period before each scan.
Ferrocene standards were added to the CV solution after measurements
had been completed to avoid overlap of signals. Polymer CVs were
measured by casting a ﬁlm on the working electrode in a 0.1 M solution
158
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J = 3.6 Hz, 2H), 7.91 (d, J = 7.2 Hz, 2H); 13C NMR (125.7 MHz, 298 K,
CDCl3): δ 160.38, 160.36, 142.24, 142.08, 134.51, 134.42, 126.32,
125.50, 113.90, 113.79, 104.76, 104.67, 57.07, 32.37, 31.32, 31.20,
31.02, 30.45, 30.06, 29.98, 29.81, 29.79. 29.42, 23.14, 22.71, 22.68,
14.56; 31P NMR (202.5 MHz, 298 K, CDCl3): δ 40.56 (see Fig. S6–S8 in
the Supporting Information for the NMR spectra); HRMS (EI, [M+],
C12H20Br2O2Si2): calcd, 584.0691; found, 584.0685. EA (%): Calculated
for C26H35Br2O3P: C 53.26, H 6.02; found: C 53.49, H 6.17.

improved charge mobilities, and current popularity in CP research
[65,66]. A Stille coupling between PF and benzodithiophene monomers
was used to form the co-polymer PPF-BDTT. The 1H NMR spectrum of
PPF-BDTT (Fig. S9) was consistent with its proposed structure and 31P
NMR of the polymer (Fig. S10) showed a single broad peak at 42 ppm,
which is characteristic of a phosphine oxide. Analysis by GPC revealed
that PPF-BDTT had a modest molecular weight of Mn = 11.0 kDa vs. a
polystyrene standard. Attempts to increase the polymer molecular
weight through the use of diﬀerent conditions were not successful likely
because of poor solubility at higher molecular weights.
A signiﬁcant advantage of including phosphorus within a conjugate
system is the potential to modify and tune the phosphorus center. This
can lead to signiﬁcant changes in the electronic properties of the conjugated material and also impact solubility [43,67–69]. In this work, we
looked at three diﬀerent modiﬁcations to the phosphorus center:
transformation from the phosphine oxide to the phosphine sulﬁde, reduction to phosphorus(III), and coordination of AuCl to the phosphorus
(III) center.
Attempts to reduce the phosphorus center in PPF-BDTT with HSiCl3
were successful, although the resulting polymer rapidly re-oxidized
back to the phosphine oxide in open air. However, subsequent coordination of AuCl∙SMe2 to the reduced polymer formed PPF-BDTT-Au,
which is stable towards atmospheric oxygen. Reaction of PPF-BDTT
with Lawesson's Reagent produced the phosphine sulﬁde PPF-BDTT-S.
Unsurprisingly, the 1H NMR spectra of PPF-BDTT (Fig. S9), PPF-BDTT-S
(Fig. S11), and PPF-BDTT-Au (Fig. S13) are nearly identical; fortunately, the 31P NMR spectra are distinct and conﬁrmed quantitative
functionalization of the phosphorus center (Fig. 3). The 31P NMR
spectrum of PPF-BDTT-S (Fig. S12) showed a single signal at 45 ppm,
which is consistent with a phosphine sulﬁde. The gold functionalized
PPF-BDTT-Au exhibited a 31P NMR (Fig. S14) chemical shift of 20 ppm,
which is indicative of a phosphole gold chloride. All three polymers are
modestly soluble in common organic solvents such as chloroform, dichlorobenzene, tetrachloroethane, and THF.

2.2.3. Synthesis of PPF-BDTT
The 2,6-Bis(trimethylstannyl)-4,8-bis(5-decylthiophen-2-yl)benzo
[1,2-b:4,5b′]dithiophene monomer (0.1000 mmol, 101.7 mg), and PF
(0.10 mmol, 58.6 mg), and Pd(PPh3)4 (0.0043 mmol, 5.0 mg,) were
combined in 5 mL of dry toluene. The reaction mixture was stirred and
heated to reﬂux for 24 h. Then the reaction mixture was cooled to room
temperature, and the polymer was precipitated into 100 mL methanol,
collected by ﬁltration, and then puriﬁed via Soxhlet extraction with
methanol and hexane, each for 12 h. Finally, the polymer was redissolved in chloroform and precipitated into methanol and the solid was
collected and dried under vacuum overnight. The product was isolated
as a dark red solid, 88 mg (79% yield). 31P NMR (202.5 MHz, 298 K,
CDCl3): δ 42; GPC Data (vs PS standard): Mn = 11.0 kDa; Ð = 2.4; See
Fig. S9 and S10 in the Supporting Information for NMR spectra.
2.2.4. Synthesis of PPF-BDTT-S
A dry toluene solution (20 mL) of PPF-BDTT (30 mg, 0.029 mmol)
and Lawesson's Reagent (40 mg, 0.10 mmol) was heated to 110 °C
overnight and stirred for 12 h. The reaction mixture was then cooled to
room temperature and poured into methanol, resulting in the formation
of an orange precipitate. The precipitate was collected and placed in a
Soxhlet extractor. The precipitate was extracted with methanol and
hexane, each for 12 h, and then dissolved in chloroform. Finally, the
chloroform solution was precipitated in methanol and the solid was
collected and dried under vacuum overnight to yield a brown-orange
solid, 13.5 mg (45.0% yield). 31P NMR (202.5 MHz, 298 K, CDCl3): δ 45.
See Fig. S11 and S12 in the Supporting Information for NMR spectra.

3.2. Optical properties
The UV–Vis absorption spectra of the polymers in dichloromethane
(DCM) solution are shown in Fig. 4 and listed in Table 1. PPF-BDTT
exhibited absorption bands centered at 425 nm in the UV which are
attributed to the π-π* transitions and an absorption band at longer
wavelength (centered at 465 nm), thought to originate from intra-molecular charge transfer. The absorption spectra of PPF-BDTT-S is very
similar to that of PPF-BDTT. Conversely, PPF-BDTT-Au has a unique
triple peak absorption pattern and redshift of ca. 65 nm. The emission
spectra of PPF-BDTT and PPF-BDTT-S are similar, while PPF-BDTT-Au
is distinctly redshifted (Fig. 4 and Table 1).

2.2.5. Synthesis of PPF-BDTT-Au
A toluene solution (15 mL) of PPF-BDTT (69 mg, 0.066 mmol); and
trichlorosilane (0.10 mL, 1.0 mmol) was heated to 110 °C and stirred for
12 h. The reaction mixture was then cooled to room temperature and
the solvents were removed by vacuum. The residue was then dissolved
in dry DCM (20 mL) and chloro(dimethylsulﬁde)gold(I) (60 mg,
0.20 mmol) was added, and stirred for 3 h. The reaction mixture was
poured into methanol, resulting in the formation of dark red precipitate. The precipitate was collected and placed in a Soxhlet extractor.
The precipitate was extracted with methanol and hexane each for 12 h,
and then dissolved in chloroform. Finally, the chloroform solution was
precipitated in methanol, the solid was collected and dried under vacuum overnight to yield a red orange solid, 48.6 mg (59% yield). 31P
NMR (202.5 MHz, 298 K, CDCl3): δ 20. See Figs. S13 and S14 in the
Supporting Information for NMR spectra.

3.3. Electrochemical properties
The electrochemical properties of polymer ﬁlms were evaluated by
cyclic voltammetry (Table 1 and Fig. S1). PPF-BDTT and PPF-BDTT-S
had quasi-reversible oxidations and reductions. In the case of PPFBDTT-Au, the oxidation was quasi-reversible, while the reduction was
irreversible (Fig. S1). The HOMO and LUMO energy levels of these
polymers were estimated from the CV oxidation and reduction onsets
[70]. For PPF-BDTT, a LUMO of −2.99 eV and HOMO of −5.56 eV was
determined. In comparison with PPF-BDTT, PPF-BDTT-S has a slightly
lower LUMO level of −3.03 eV. For PPF-BDTT-Au, it showed a higher
lying HOMO level of −5.23 eV and lower LUMO level of −3.43 eV.
Comparison of the band gaps (Eg,cv) show that PPF-BDTT-Au has by far
the smallest Eg,cv at 1.80 eV, whereas PPF-BDTT and PPF-BDTT-S are
2.56 eV and 2.43 eV, respectively.
Since there are many BDTT containing D-A copolymers in the literature and comparison to the PPF-BDTT copolymers described in this
work can be made to provide insights into the inﬂuence of PF on

3. Results and discussion
3.1. Synthesis and characterization
The synthetic route of the phosphaﬂuorene monomer (PF) is depicted in Scheme 1 and is based on a modiﬁed literature procedure
[55]. The structure of PF is similar to previously reported ﬂuorene
monomers, except that the phosphorus is substituted with a dodecyl
chain instead of the typically used phenyl moiety [51]. The dodecyl
chain was chosen in an eﬀort to increase the solubility of the resulting
polymer.
Benzo[1,2-b:4,5-b′]dithiophene (BDTT) was selected as a comonomer due to its planar structure, enhanced electron delocalization,
159
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Scheme 1. Synthesis of PPF-BDTT, PPF-BDTT-S, and PPF-BDTT-Au.

3.4. Device fabrication

conjugated systems [49,63,70–72]. Fig. 5 depicts the HOMO and LUMO
levels for a series of BDTT-containing copolymers, including the phosphaﬂourene containing copolymers reported in this work. Fig. 5 clearly
shows that the LUMO and HOMO levels of PPF-BDTT, PPF-BDTT-S, and
PPF-BDTT-Au are higher in energy than those of the other BDTT containing copolymers, suggesting that PF is signiﬁcantly less electron
withdrawing compared to other common acceptor moieties. We were
especially surprised that the LUMO of PPF-BDTT is ca 0.97 eV higher
than the phosphole containing copolymer PDTP-BDTT [49], in spite of
the fact that the DTP group has two electron-rich thiophene moieties.
We believe that the decreased accepting properties of PF likely arises
due to the presence of the methoxy groups at the 3 and 6 positions, as
well as the fact that the phosphorus center is substituted with an alkyl
chain rather than the more electron withdrawing phenyl group found in
DTP.

To further explore the potential applications of these polymers, we
fabricated organic solar cells using PPF-BDTT, PPF-BDTT-S, and PPFBDTT-Au as electron donors with phenyl-C71-butyric acid methyl ester
(PC71BM) as the electron acceptor. The performance details of these
devices are summarized in Table S1, and the current density versus
voltage (J–V) characteristics of representative devices are shown in Fig.
S2. Among these three polymers devices, PPF-BDTT-S exhibited the best
performance with an average power-conversion eﬃciency (PCE) of
0.60%, while PPF-BDTT-Au had a PCE of 0.26% and PPF-BDTT had a
PCE of 0.13%, which demonstrated that small changes on the phosphorus center can impact device performance. Encouragingly, PPFBDTT-S showed a relatively high Voc of 0.90 V and a better PCE than
PPF-BDTT. Although the exact reason for the improved performance is

Fig. 3. Comparison of PPF-BDTT, PPF-BDTT-S, and PPF-BDTT-Au
160
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Fig. 4. Normalized UV-vis absorption spectra (solid lines) and emission spectra (dashed lines) of PPF-BDTT, PPF-BDTT-Au and PPF-BDTT-S measured in DCM.

such as reduction, thiolation, and metal coordination produced the
phosphine sulﬁde polymer PPF-BDTT-S and phosphine gold chloride
polymer PPF-BDTT-Au, which demonstrated a powerful and eﬃcient
pathway to functionalize organophosphorus polymers.
The optical and electrochemical properties of these polymers were
studied, showing the eﬀect of diﬀerent substituents on the phosphorus
atom on the properties of the polymers. The absorption spectra of PPFBDTT and PPF-BDTT-S are very similar, while PPF-BDTT-Au showed a
unique triple peak absorption pattern with a redshift of 65 nm.
Compared with other BDTT containing copolymers with diﬀerent
electron-acceptor moieties, these PPF-BDTT and its derivative polymers
show higher energy levels and wider bandgaps. To further explore the
applications of these polymers, solar cell devices comprising of PPFBDTT, PPF-BDTT-S, and PPF-BDTT-Au were fabricated, and average
PCEs of 0.13%, 0.60%, and 0.26% were obtained, respectively. Despite
the relatively low performance, we demonstrated that small changes on
phosphorus could aﬀect materials properties and examined, for the ﬁrst
time, the potential abilities of phosphaﬂuorene based polymers as
electron donors for application in organic solar cells.

not immediately clear, similar substitutions of sulfur atoms for oxygen
atoms in conjugated dimides was observed to improve charge mobility
in OFETS [67,68].
In comparison, a solar cell based on the structurally related PDTPBDTT (DTP = dithienophosphole oxide), was reported to have a PCE of
5.98% [49], which is much higher than that of PPF-BDTT (0.13%).
Many factors could contribute to the poor performance of PPF-BDTT
compared to PDTP-BDTT. For example, PPF-BDTT has a lower molecular weight of 11.0 kDa (22.0 kDa for PDTP-BDTT); usually polymers
with higher molecular weight show better device performance [73,74].
In addition, the wide optical band gap of PPF-BDTT results in absorption to 538 nm and poor utilization of the solar spectrum, while PDTPBDTT has a narrower optical band gap and absorbs out to 656 nm [49].

4. Conclusion
A new polymerizable phosphaﬂuorene and its copolymer with
benzodithiophene PPF-BDTT were synthesized and studied. Post-polymerization modiﬁcation of PPF-BDTT using easily accessible methods

Table 1
Photophysical and Electrochemical Data.
Compound

λaba (nm)

λema (nm)

logε

λonset (nm)

LUMOb (eV)

HOMOb (eV)

Eg,cvb (eV)

PPF-BDTT
PPF-BDTT-S
PPF-BDTT-Au

465
466
530

521
520
550

4.38
4.57
4.55

538
534
555

−2.99
−3.03
−3.43

−5.56
−5.46
−5.23

2.57
2.43
1.80

In DCM (10−5 M).
Polymers were measured by casting a ﬁlm on a working electrode in a 0.1 M solution of Bu4NClO4 in acetonitrile at a scan rate of 0.1 V s−1, Eox (Ered) estimated
from oxidation(reduction) onset potentials vs ferrocene/ferrocenium, HOMO/LUMO = −(Eox/Ered + 5.1 eV).
a

b
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Fig. 5. Energy gap diagram of BDTT-containing copolymers with various electron acceptors. All HOMO and LUMO values were measured or recalculated using the
equation LUMO/HOMO = −(Ered/Eox + 5.1 eV) [70].
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