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A B S T R A C T

A series of cationic phosphonium-based conjugated polyelectrolytes (CPCPs, named as PFP-F, PFP-Cl, PFP-Br,
PFP-I) with different counteranion were developed as individual cathode interface material and ZnO dopant for
polymer solar cells (PSCs). The CPCPs are soluble in environmentally friendly polar solvents, which is beneficial
to fabricating multilayer organic optoelectronic devices. Besides, the CPCPs show better thermal stability than
traditional quaternary ammonium salt-based conjugated polyelectrolytes. The CPCPs perform efficiently as
electrode modifiers to lower the work function of metal electrode and possess capability to n-dope PC71BM, both
of which contribute to the improved performance of polymer solar cells. Significant enhancement in power
conversion efficiency from 6.3% to> 9.0% were achieved by employing a thin layer of CPCP between active
layer and Al electrode in polymer solar cells with conventional device structure. Moreover, the CPCPs can be
used as dopants to ZnO. The formed ZnO:CPCP hybrids can improve the interface contact between bottom
contacts and active layer in inverted solar cells, resulting in improved performance.

1. Introduction

Polymer solar cells (PSCs) have received extensive attention in the
past two decades owing to their light weight, low cost, and scalability
[1,2]. Substantial breakthrough has been made in the past few years
benefitting from the optimization of photon-harvesting, charge se-
paration, charge transport, and charge collection in PSC devices via
combined efforts including the development of high-performing semi-
conducting polymers, morphology control, interface and device en-
gineering [3–9]. Specifically, interface engineering is of significant
importance since it can improve charge transport and charge collection
in PSCs [10–18]. Therefore, lots of materials were tested for use as
interface layer to improve anode or cathode contacts. For example,
inorganic materials [11,19–23] fullerene derivatives [24–30] and or-
ganic materials were well studied as cathode modifier in PSCs
[10,12–18]. Among them, water/alcohol soluble conjugated polymers
(WSCPs) are one of the most successful families for cathode modifica-
tion due to their unique advantages including desirable processability
from orthogonal solvent [12,31] excellent ability to alternate the work

function of electrode [12] and favourable interface doping effect
[26,27].

Conjugated polyelectrolytes which bear ionic side chains are the
most important and most widely studied WSCPs. For example, con-
jugated polyelectrolytes with side-chains of quaternary ammonium salt
(such as PFN-Br [32]) has been studied by many groups due to their
superior properties to modify the metal and metal oxide electrodes,
which can lead to an appropriate energy level alignment for charge
transport and collection in organic optoelectronic devices [33–36].
Several other conjugated polyelectrolytes with different ammonium-
based side chains have also been developed [15,18,37–42]. For ex-
ample, zwitterionic conjugated polyelectrolytes have been successfully
utilized as interface materials for highly efficient organic light-emitting
diodes and PSCs [15,37–41]. Additionally, conjugated polyelectrolytes
with different aromatic cations (such as imidazolium, and pyridinium
cations) have also been explored and applied in organic optoelectronic
devices [43–46].

From a point of chemistry view, it is very interesting to see whether
there are any new cations which can replace traditional ammonium
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cations, and what new properties of the resulted conjugated polyelec-
trolytes will present. Phosphorus is a pnictogen element like nitrogen,
but possesses a bigger atom radius, smaller electronegativity and ioni-
zation potential than nitrogen [47,48]. However, phosphonium salts
based conjugated polyelectrolytes were rarely studied [49,50]. Similar
to ammonium salts, the phosphonium salts are also equipped with good
water/alcohol solubility as well as large dipole moments [51,52]. Be-
sides, phosphonium salts (such as triphenyl phosphonium salt) showed
higher thermal stability than ammonium salts [48,53]. Based on the
considerations mentioned above, we believe that conjugated polyelec-
trolytes bearing phosphonium salts will be excellent interface materials
for organic optoelectronic devices.

Herein, we report the design, synthesis, and characterization of a
series of cationic phosphonium-based conjugated polyelectrolytes
(CPCPs, named as PFP-F, PFP-Cl, PFP-Br, PFP-I) with different coun-
teranion. The CPCPs showed much higher thermal stability than tra-
ditional ammonium-based conjugated polyelectrolytes. The CPCPs can
be processed from environmental friendly alcohol solvents, and be able
to modify stable metal electrodes, leading to lowered work function.
The anions of these CPCPs also possess capability to n-dope the full-
erene derivate [26,27]. Benefitting from the combined advantages
mentioned above, PSCs with these CPCPs as cathode interface materials
showed much improved performance than the bare Al-based devices.
Moreover, the CPCPs can act as good dopants to ZnO, resulting in
ZnO:CPCPs hybrid interface layers which can form better contact with
the active layer and can improve the performance of PSCs with inverted
structure.

2. Results and discussion

2.1. Synthesis and characterization

A widely employed design principle toward WSCPs is to hang ionic
groups to the conjugated backbone. Such a design can endow the re-
sulting materials with semiconductivity and desirable solubility in al-
cohol/water simultaneously. In this study, a post-treatment to the
precursor neutral polymer was used to synthesize the target CPCPs. As
shown in Scheme 1, the first phosphonium salt polyelectrolyte PFP-Br
was prepared from its Br-terminated neutral conjugated polymer PFFBr.
Subsequently, the other CPCPs with different counteranion (F−, Cl−,
I−) were obtained by ion-exchange using anion exchange resin. As
expected, all CPCPs are readily soluble in environmentally friendly
solvents such as methanol, which is beneficial to fabricating multilayer
devices via solution processing [9,12].

1H NMR (shown in Fig. S1, SI) and 31P {1H} NMR were conducted
to characterize the structure of the target CPCPs. The degree of con-
version from PFFBr to PFP-Br was estimated by 1H NMR spectrum and
the results showed that almost all the terminated alkyl-Br was trans-
formed into quaternary phosphonium salts evidenced by the dis-
appearance of the signal of protons adjacent to alkyl-Br (3.34 ppm). The

31P NMR spectrum which can precisely describe the environment of P+

cations were obtained in deuterated dimethyl sulfoxide (DMSO-d6)
solution and the spectra are shown in Fig. 1. The 31P{1H} chemical
shifts of the CPCPs (PFP-F, PFP-Cl, PFP-Br and PFP-I) are 24.0, 23.8,
23.8, 23.8 ppm, respectively [54]. An X-ray photoelectronic spectro-
scopy (XPS) study (shown in Fig. S2 and Fig. S3, SI) of the four CPCPs
shows that the Br− was completely exchanged to the other three anions
(F−, Cl− and I−), implying the successful preparation of the target
CPCPs.

2.2. Thermal stability

The four CPCPs show higher thermal stability as compared to the
traditional quaternary ammonium salt based conjugated polyelec-
trolytes. Traditional conjugated polyelectrolytes (such as PFN-Br) with
similar backbones to that of CPCPs, start to decompose at about 180 °C
[55,56]. Here, As shown in Fig. 2, PFP-F and PFP-Cl start to decompose
at higher temperatures around 200 °C, while PFP-Br and PFP-I start to
decompose at significant higher temperatures around 250 °C, indicating
the higher stability of phosphonium conjugated polyelectrolytes than
that of traditional quaternary ammonium salt based conjugated poly-
electrolytes. The improved stability of the CPCPs is mainly attributable
to their less susceptibility to Hofmann elimination in the quaternary
phosphonium salt groups with respect to quaternary ammonium salt
groups [51,53,57]. The high thermal stability of the CPCPs makes them
more compatible with the fabrication of optoelectronic devices.

Scheme 1. The synthetic routes of the CPCPs.

Fig. 1. The 31P{1H} NMR spectra of CPCPs in DMSO-d6.

Fig. 2. Thermal gravimetric analysis of the CPCPs.
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