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Conjugated polyelectrolytes (CPEs) have been proposed as
energy and charge transporting materials for a number of potential
applications which include polymer light emitting diodes1 and
polymer photovoltaic cells.2 With their polyelectrolyte nature, CPEs
can be self-assembled by alternating adsorption of anionic and
cationic polyelectrolytes, or related dendritic macromolecules, at
interfaces.3,4 While dendrimers have been of wide interest because
of their highly controllable structures, hyperbranched polymers
(HBPs) provide an excellent alternative with the added advantage
of being easily synthesized in one reaction while showing compa-
rable properties.5 Compared to linear conjugated polymers, the
incorporation of hyperbranched structure is advantageous because
of low viscosity, high solubility, tunable emission color,6 and
disrupted inter- and intramolecular charge-transfer properties.7

Here, we report a new family of materials which combine the
properties of both CPEs and HBPs. This work demonstrates a first
example of the synthesis of hyperbranched conjugated polyelec-
trolytes (HB-CPEs), their self-assembly and application involving
ionic hyperbranched conjugated polymer sensitized TiO2 solar cells.
The self-assembly driven by ionic interactions of oppositely charged
HB-CPEs results in an increased chromophore concentration. This
allows enhanced optical density and efficient light harvesting and
possibly facilitates an enhanced energy and charge migration in
the hybrid cell. The structures of both anionic (PSO3

-) and cationic
(PNMe3

+) HB-CPEs are shown in the graphic.

The synthesis of these hyperbranched polymers was performed
using the A3 + B2 type approach based on Heck polycondensation.8

The monomer and polymer syntheses are detailed in the Supporting
Information (SI). The polymers are readily soluble in polar organic
solvents including MeOH, DMF, and DMSO and are partially
soluble in water and insoluble in acetone, THF, and chloroform.
The purpose of conjugating thiophene and triphenylamine vinylene
groups is to allow spectral broadening for enhanced visible light
absorption, thereby potentially increasing the amount of charge
injected into the TiO2. In addition to the electronic band gap, the
HB-CPEs can be self-assembled into bilayer structures to further
enhance the optical density allowing efficient excited-state charge
transfer to the TiO2 acceptor while ensuring that the photo-oxidized
polymer is easily reduced by the electrolyte.

The HB-CPEs were characterized using NMR, FTIR, and
viscometry techniques (SI). Pulsed gradient spin echo (PSGE) NMR

was used to estimate the HB-CPE molecular weights which yielded
M ) 3500 Da for the PNMe3+ andM ) 3200 Da for PSO3- (details
in SI), and these low values may account for their propensity to
penetrate into the TiO2. The molecular weights are within the range
as reported earlier for non-ionic HB polymers synthesized via Heck
coupling.8b It should be noted that this method does not provide
any information on polydispersity, and GPC was not carried out
owing to solvent incompatibility. The intrinsic viscosity [η] was
determined to be 0.15 and 0.11 for PSO3

- and PNMe3+, respectively
(SI Figure S3). It was found that even with the addition of salt the
HB-CPEs expand their hydrodynamic volumes, resulting in the
observed viscosity increase indicating a positive polyelectrolyte
effect.9

The photophysical results, summarized in Table 1, show both
PSO3

- and PNMe3+ to be fluorescent (SI Figure S4A) and have
similar photophysical properties. The normalized absorption and
fluorescence spectra of PSO3

- and PNMe3+ in methanol and water
are shown in SI Figure S4B. This pair of solvents was selected on
the basis of our previous work on linear conjugated polyelectrolytes,
which indicates that MeOH is a “good solvent” (i.e., the polymers
exist in an isolated state with minimal aggregation) and H2O is a
“poor solvent” (i.e., the polymers exist as aggregates).2a,10Compared
to MeOH, aqueous solutions of the polymers exhibit a broader
absorption spectrum with a blue-shifted band max, decreased molar
extinction coefficient, and a red-shifted fluorescence spectrum with
a much decreased quantum yield. The time-resolved fluorescence
was measured at wavelengths corresponding closely to the fluo-
rescence maximum, and the decay curves were sufficiently fitted
with two exponential terms. In all cases, the decays are characterized
by a large amplitude, short-lifetime component (∼90%,∼1.4 ns),
and a low-amplitude component (∼10%) with a lifetime of>10
ns. On the basis of these photophysical properties, it is reasonable
to speculate that both polymers are expanded (well solvated) in a
good solvent such as methanol and collapsed (poorly solvated) in
a poor solvent such as water.

The ground-state oxidation potentials of the PNMe3
+ and PSO3-

are 0.5 and 0.4 V versus saturated calomel electrode (SCE),
respectively [estimated by differential pulse voltammetry (DPV)
in conjunction with cyclic voltammetry (CV)], compared to that
of the oxidation potential (0.1 V versus SCE) of the redox pair
I-/I3

-.11 The excited-state oxidation potentials are-1.7 and-1.8
V versus SCE, as calculated byE(P*/P+) ) E(P/P+) - E(P*), where
E(P/P+) is the potential of the polymers andE(P*) is the energy of
the relaxed singlet sate as estimated from the fluorescenceλmax

values of HB-CPE films. The excited-state oxidation potentials of
PNMe3

+ and PSO3- are sufficiently negative of the TiO2 conduction
band (-0.42 V versus SCE), such that charge injection into the
semiconductor is anticipated to be efficient.12 This indicates that
there is an energetic driving force for the electron and hole
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separation within a TiO2/HB-CPE regenerative photochemical cell
in which the HB-CPE operates as the light absorbing material.

Nanostructured TiO2 solar cells with adsorbed layers of HB-
CPEs were fabricated as monolayers and self-assembled bilayers
with the latter shown schematically (details in SI) in Figure 1A.
For clarity we have only shown the comparison of incident photon
to electron conversion efficiencies (IPCE) and current density-
voltage (J-V) characteristics of monolayer PSO3

- and self-
assembled PSO3-/PNMe3

+ bilayer sensitized TiO2 cells in Figure
1B/C. It is immediately evident that the bilayer cell yields a higher
IPCE andJsc than the monolayer cell.

This is confirmed in SI Figure S5 for IPCE andJ-V for
monolayer PNMe3+ and self-assembled bilayer PNMe3

+/PSO3
-,

where PNMe3+ is the first layer monolayer deposited on the TiO2.
Table 2 details a comparative analysis of both monolayers and
bilayers.

The cells with only a monolayer of either HB-CPE have nearly
identical IPCE values, however PSO3

- results in a higherη due to
an enhanced FF andJsc when compared to PNMe3

+. This is likely
due to the sulfonate groups which can coordinate to TiO2 in a similar
manner to-COOH groups13 promoting forward interfacial electron
transfer and reducing the number of trap sites.11bThe same argument
can be made when forming the bilayer PSO3

-/PNMe3
+ cell, where

PSO3
- is the first layer as compared to the bilayer of PNMe3

+/
PSO3

-. Nevertheless, both bilayers show a superior response in

IPCE and overall efficiency compared to their respective mono-
layers owing to increased chromophore density causing more light
absorption in the bilayer as compared to either monolayer.

In conclusion, this study has led to the development of novel
anionic and cationically charged HB-CPEs which could be utilized
as polymer dyes coordinated to TiO2 and self-assembled into
bilayers for solar-cell applications. The details of hybrid film
structure using electron microscopy and atomic force microscopy
will be reported in the future. Although the performance in terms
of efficiency is lower compared to conventional cells, prospects
are high for rapid improvement. Thus, these polymers and their
self-assembly hold a viable promise for enhanced adhesion and
energy harvesting properties for future hybrid solar cells and further
investigation is underway.
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Table 1. Photophysical Studies of the HB-CPEs in MeOH and
Water

HB-CPEs

λmax [nm]
absorption

(ε)
M-1 cm-1

λmax

emission
nm

quantum
yield %

æ

lifetime
(τ)
ns

PNMe3
+ in MeOH 447, (2.4× 104) 555 6.0 1.3 (91%);

15.8 (9%)
PNMe3

+ in H2O 425, (1.9× 104) 590 0.5 1.5 (89%);
13.9 (11%)

PSO3
- in MeOH 405, (2.1× 104) 540 8 1.4 (92%);

15.7 (8%)
PSO3

- in H2O 403, (1.5× 104) 570 0.4 1.2 (89%);
11.0 (11%)

Figure 1. (A) HB-CPE bilayer TiO2 solar cell configuration; (B-C) HB-
CPE sensitized TiO2 cells comparing monolayer and self-assembled bilayer
HB-CPEs showing (B) IPCE spectral responses and (C)J-V studies under
AM 1.5 conditions.

Table 2. Photovoltaic Studies of the HB-CPE Sensitized TiO2
Cellsa

structure
Voc

V
Jsc

mA/cm2 FF η (%) IPCE

PSO3
- 0.42 2.7 0.51 0.57 37%

PSO3
-/PNMe3

+ 0.42 4.1 0.36 0.62 55%
PNMe3

+ 0.43 2.1 0.35 0.33 38%
PNMe3

+/ PSO3
- 0.48 3.2 0.36 0.55 44%

a IPCE @400 nm.
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