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3
Conjugated Polyions Enable
Organic Photovoltaics
Processed from Green
Solvents
This chapter describes the design, synthesis, and optical and electronic properties of two conjugated polymers CPIZ-B and CPIZ-T that incorporate closedshell cations into their conjugated backbones, balanced by anionic pendant
groups. The zwitterionic nature of the polymers renders them soluble in and
processable from polar, protic solvents to form semiconducting films that are
not doped. These unique properties are confirmed by absorption and electron paramagnetic resonance spectroscopy. The energies of the unoccupied
states respond to the tritylium moieties in the conjugated backbone, while
the occupied states respond to the electron-donating ability of the uncharged,
aromatic units in the backbone. Films cast from 80:20 HCOOH:H2 O by volume show good electron-mobilities, enabling a photovoltaic effect in proof-ofconcept, bilayer solar cells.

I would like to thank Nutifafa Y. Doumon and Sylvia Rousseva for help in devices measurement, Yuru Liu
for help in calculation and Mustapha Abdu-Aguye in PL measurement. This chapter have been published
in ACS Applied Energy Material, 2019, DOI:10.1021/acsaem.8b02226.
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3.1. Introduction
onjugated polymers are solution-processible semiconductors, enabling the fab-

C rication of thin-film devices such as field-effect transistors and organic solar cells
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(OSCs).[1–6] Although there is typically trade-off in performance compared to rigid,
inorganic analogs, it is offset by the potential for inexpensive, large-scale device production, parituclarly from non-toxic, renewable or otherwise green solvents.[7–10]
However, these solvents tend to be polar and protic e.g., water/ethanol mixtures
and conjugated polymers tend to comprise rigid, non-polar aromatic rings. Although installing polar, ionic pendant groups can increases processibility in these
solvents,[11–13] the combination of non-polar backbones with polar/ionic pendant
groups to form so-called conjugated polyelectroyltes (CPEs) drives aggregation and
self-assembly in solution (akin to the folding of polypeptides in water) that negatively impacts their semiconducting properties; the polymer chains are not directly
solubilized as, for example, a polysaccharide is in water. Thus, CPEs are generally
more useful as ultra-thin[14–19] interlayer materials to facilitate hole/electron extraction at the electrodes,[9, 14, 15, 17, 20–22] rather than in the active layer of
OSCs.[23, 24] Thicker films tend to translate solution-phase aggregation into poor
morphology, leading to low charge-carrier mobility.[25] Using doped CPEs, mitigates some of these problems,[26–31] but puts the polymers in the metallic state,
precluding their use in OSCs.[32]
We are developing an alternative to CPEs in which “spinless doping” introduces
formal charges into the backbones of conjugated polymers without the requisite
spin to induce the transition to the metallic state.[33] These conjugated polyions
(CPIs) are intrinsic semiconductors that are completely soluble in and processible
from polar, protic solvents.[34–36] However, their redox potentials and bandgaps
were not suitable for use in OSCs. In this work, we report two CPIs, CPIZ-B and
CPIZ-T, synthesized using a three components random Suzuki-Miyaura copolymerization to control the electronic structure while retaining sufficient ionic character
for processing from polar, protic solvents.BothCPIZ-B and CPIZ-T contain triarylmethane dyes in the leuco and the salt forms as components in the backbone, as
has been reported previously.[37] The inclusion of these types of chromophores in
the backbones of polymers leads to broad absorption in the visible spectrum and
large extinction coefficients, which is beneficial for solar cells applications.[38] We
verified the spinless doping process of our CPIs using ultraviolet-visible near infrared
(UV-Vis-NIR) and electron paramagnetic resonance (EPR) spectroscopy. We prepared the OSCs by casting films of CPIZ-B and CPIZ-T from mixtures of water and
formic acid (HCOOH), acidic solutions being necessary to prevent the cations from
being quenched by water. Formic acid is naturally occurring and is widely used for
industrial and agricultural applications and as a food additive. Although pure formic
acid is corrosive and flammable, it is miscible with water and is non-flammable below 85 % weight-percent (wt%), making 80:20 v% HCOOH:H2 O solutions a viable
green solvent for processing organic semiconductors. We prove the utility of CPIs
cast from these solvents by preparing bilayer OSCs.

3.2. Results and Discussion
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3.2.1. Synthesis and Characterization
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Figure 3.1: Synthesis of conjugated polyions via three-component random Suzuki-Miyaura copolymerization. The zwitterionic form is favored in the solid-state by the loss of H2 O.

In our previous work, we synthesized CPIs from aromatic polyketones by FriedelCrafts (F-C) polymerization followed by nucleophilic addition to for a polyol. Subsequent treatment with a strong (Lewis) acid or dehydrating agent effected spinless doping, however, F-C conditions limited the choice of polar/ionic pendant
groups.[34, 36] Instead, we used a three-component palladium-catalyzed SuzukiMiyaura polymerization in wet DMF to avoid the F-C polymerization and intermediate
polyketone entirely. Using this approach, we can also control the relative amounts
of cationic units and electron donating/withdrawing groups by separating them into
different monoers; Monomer 1 provides the ionic pendant groups, Monomer 2 is
a carbocation precursor and Monomer 3 is a diboronic acid decorated with aromatic units. The general synthetic route and corresponding chemical structures of
CPIZ-B and CPIZ-T are shown in Figure 3.1.
As synthesized, both polymers are insoluble in non-polar solvents and only sparingly soluble in polar solvents, however, impurities and low-molecular-weight fraction are can be removed by dialysis in water. After dialysis CPIZ-B spontenously
–
undergoes spinless doping via loss of OH , which is apparent from the red colour
that forms, while CPIZ-T remains yellow. Both polymers are stable in pure HCO2 H
and stronger acids in which they both become deeply colored. The solubility of
CPIZ-B in pure HCO2 H is 10 mg mL−1 and 5 mg mL−1 in 80:20 v% HCO2 H:H2 O
and 20 mg mL−1 and 14 mg mL−1 , respectively, for CPIZ-T. Their low solubility in
common solvents made it difficult to determine their molecular weights accurately
by gel permeation chromatography (GPC), but we verified the structures by NMR in
CF3 COOD and followed the spinless doping process by FT-IR. See the experimental
section for full characterization.

3.2.2. Photophysical Properties
The formation of cations in the backbone of a CPI converts 𝑠𝑝3 carbons to 𝑠𝑝2,
increasing the degree of conjugation and decreasing the bandgap,[34] which can
be seen in the UV-Vis absorption spectra of CPIZ-B and CPIZ-T in acidic and
basic solutions shown Figure 3.2a. Basic solutions colorless and yellow, respecitvely,
becoming deeply colored in pure HCO2 H. The mono-cation formed from Monomer 2
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is significantly blue-shifted compared to the polymers (Figure 3.2b), demonstrating
the effect of conjugation. The 𝜋 − 𝜋∗ transition at 300 nm to 400 nm is present in
Monomer 2 and the polymers, but the band at 468 nm in the monomer is replaced by
an intraband transition at 500 nm to 700 nm that can be ascribed to charge-transfer
between the electron-rich aromatic units and the electron-withdrawing tritylium
unit (i.e., they function as donor/acceptor units). The shift in 𝜆
from 515 nm to
568 nm from CPIZ-B to CPIZ-T stronger donor character of thiophene compared
to benzene.

3

Figure 3.2: a) Absorption spectra of conjugated polyzwitterions in base and acid conditions. In base
condition, CPIZ-B and CPIZ-T only absorbed high energy light, when CPIZ-B and CPIZ-T dissolved in
pure HCOOH, the tritylium are formed inside the conjugated polymers backbones, and the conjugation
is extended, resulting huge absorption red shift and leading to decrease in the band gap. b) Absorption
spectra of CPIZ-B, CPIZ-T and Monocation (monomer 2) in pure HCOOH, in this acid all they present
the ionic state. The red-shift in the maximum absorption of the low-energy bands in the CPIZ-B, CPIZT compared that of mono-cation, implies that the closed-shell cations are delocalized over the backbone
of the polymer of CPIZ-B, CPIZ-T and are not isolated chromaphores.

Figure 3.3 shows the UV-Vis-NIR spectra of CPIZ-B and CPIZ-T in HCO2 H
and in thin-films. The spectra are featureless above ∼800 nm, indicating the absence of polarons or bipolarons, which is further confirmed by EPR and the lack of
fluorescence-quenching (See experimental section). In thin-films, 𝜆
to 532 nm
and 612 nm, which is typical for conjugated polymers. The larger shift for CPIZT (44 nm compared to 17 nm) is likely do to better packing from the increased
planarity of thiophene rings compared to benzene. The onsets in absorption correspond to bandgaps of 1.82 eV and 1.57 eV for CPIZ-B and CPIZ-T, respectively.

3.2.3. Electrochemical Properties
For further insight into the electrochemical properties of CPIZ-B and CPIZ-T, we
performed cyclic voltammetry (CV) under an inert atmosphere with a glassy carbon working electrode, a platinum wire counter electrode and an Ag/AgCl pseudoreference electrode calibrated with ferrocene in 0.1 mol L−1 tetra-n-butylammoniumhexafluorophosphate (n-Bu4 NPF6 ) in CH3 CN as the supporting electrolyte. Spectra
of films of CPIZ-B and CPIZ-T drop-cast from pure HCOOH onto the working
electrode are shown in Figure 3.4. Both polymers exhibit fully reversible reduction
waves corresponding to n-doping (reduction), which counterintuitively produces
formally p-doped polymers due to their cationic nature in the pristine state. The

3.2. Results and Discussion
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Figure 3.3: Absorption spectra of conjugated polyzwitterions CPIZ-B a) and CPIZ-T b) in HCOOH
solution and thin film state as cast from HCOOH. No polaron and bipolaron absorption were observed
in NIR region. The higher red shift of CPIZ-T than that of CPIZ-B indicate that CPIZ-T have better
packing state.

half-wave reduction potentials (𝐸 / ) and the estimated valence and conduction
band energies of CPIZ-B and CPIZ-T are listed in Table 3.1. We assigned an absolute energy of −4.8 eV to the ferrocene oxidation wave to reference 𝐸 / to vacuum.
The respective half-wave reduction peaks of CPIZ-B and CPIZ-T of −0.69 V and
−0.65 V correspond to conduction band energies of −4.11 eV and −4.15 eV. These
low-lying bands are the result of the positive charges introduced into the band
structure by the tritylium residues. We calculated the valence bands by subtracting
𝐸 from the absorption spectra from the valence band energies, giving −5.93 eV
and −5.72 eV for CPIZ-B and CPIZ-T, respectively. The larger difference in the
valence band energies compared to the conduction bands is due to the electrondonating ability of thiophene. The absolute energies of the conduction bands of
both polymers are close to the LUMO of the well-known fullerene acceptor PCBM,
indicating that CPIZ-B and CPIZ-T are acceptor materials.

Figure 3.4: Cyclic voltammograms of a thin film of CPIZ-B a) and CPIZ-T b) versus Fc/Fc on a
glassy carbon working electrode immersed in 0.1 mol L−1 n-Bu4 NPF6 acetonitrile solution at 100 mV s−1 .
The fully reversible reduction waves are indicative of traditional redox doping/de-doping of the band
structure of a semiconducting state conjugated polymer. In this case, CPIZ-B and CPIZ-T is being
n-doped (reduced) and produce the p-doped (radical cationic) state due to semiconducting state of
CPIZ-B and CPIZ-T have closed-shell cationic charges.
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3.2.4. Density Functional Theory Calculation

3

To gain insight into the donor/acceptor character of CPIZ-B and CPIZ-T, we carried out density functional theory (DFT) calculations at the B3LYP/6-31G(d,p) level
using Gaussian 09.[39] To simplify the calculations and because we determined the
band energies experimentally, we considered only one repeat-unit comprising two
cations. As can be seen in Figure 3.5, the HOMOs (which form the valence bands)
are localized on the neutral fluorene moieties, while the LUMOs (which form the
conduction bands) are localized on the cationic tritylium moieties. The structures
without isoplots are shown in Figure 3.16. While neither structure is completely
planar, the energy-minimized dihedral angles between the plane of the benzene
bridge unit with neighboring plane of arene units are 39° for the fluorene block and
32° for tritylium block in CPIZ-B. In CPIZ-T, the dihedral angles between thiophene bridge unit with neighboring plane of arene units are 24° for the fluorene
block and 8° for tritylium block. The smaller dihedral angles for the latter support
the hypothesis that the smaller 𝐸 of CPIZ-T in solution and in thin films is due
both to the electron-donating ability of thiophene pushing the conduction band up
and the increased planarity. The latter should lead to better packing in the solid
state and explains the higher electron mobility of CPIZ-T (Table 3.1).

Figure 3.5: DFT-optimized molecular orbitals of CPIZ-B and CPIZ-T.

3.2.5. Device Characteristic
Film Morphology
One of the major impediments to fabricating OSCs with CPEs as the active layer is
that the mismatch between the non-polar main-chain and the ionic pendant groups
in CPEs tends to result in poor morphologies when cast from solution. The inverse
situation—CPIs with non-polar pendant groups—creates the same problem.[36] The
zwitterionic nature of CPIZ-B and CPIZ-T eliminates this problem by matching
ionic backbones to ionic pendant groups. Figure 3.6 shows atomic force microscopy
(AFM) images of CPIZ-B and CPIZ-T on bare glass substrates. Both polymers form
smooth films when spin-coated from 5 mg mL−1 in HCOOH for CPIZ-B (RMS roughness 1.82 nm) and 10 mg mL−1 in HCOOH for CPIZ-T (RMS roughness 0.69 nm).

3.2. Results and Discussion
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When spun from more concentrated solutions, films of CPIZ-B became rough (RMS
roughness 4.68 nm, Figure 3.17).

3
Figure 3.6: Surface topographic AFM image of a) CPIZ-B and b) CPIZ-T on bare glass surface (25
m ). The RMS value are 1.82 nm and 0.69 nm for CPIZ-B and CPIZ-T.

Table 3.1: Summary of the photophysical properties, electrochemical properties and electron mobilities
of CPIZ-B and CPIZ-T.

Physical Property
solution (nm)
film (nm)
film (nm)
optical (eV)
/ (V)
Conduction Band from CV (eV)
Valence Band from CV/UV-Vis (eV)
Electron mobility (cm2 V−1 s)
Electron mobility (cm2 V−1 s)
Calculated from thin film absorption onset:
Cast from pure HCOOH
Cast from 80:20 v% HCOOH:H2 O

/

CPIZ-B

CPIZ-T

.

.

.
.
.
3.7 × 10−7
2.3 × 10−7

.
.
.
2.0 × 10−4
2.5 × 10−4

.

Electron mobility
We used the space-charge-limited-current (SCLC) method to extract the electron
mobilities of single carrier electron-only devices made from the thin films of CPIZB and CPIZ-T cast from pure HCOOH and HCOOH with 20 v% of water. Electron
mobilities were derived by fitting the measured room temperature current densityvoltage characteristics of the fabricated electron-only devices to the modified MottGurney equation:

𝐽=

9
𝜀 𝜀 𝜇
8

𝑉 𝑉
exp (0.89𝛾(𝑇)√ )
𝐿 𝐿

(3.1)
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where J is the electron current density, 𝜀 and 𝜀 are the permittivity of free space
and relative dielectric constant of the active layer respectively, 𝜇 is the zero-field
charge carrier mobility, 𝐿 is the thickness of the device, 𝛾(𝑇) is the temperature
dependent electric field-activation factor, and 𝑉 is the (applied) internal voltage
corrected for 𝑉 , the built-in voltage and 𝑉 , the voltage drop due to the series
resistance of the contacts.
The 𝐽/𝑉 curves of CPIZ-B and CPIZ-T, corrected for the built-in voltage of
𝑉 , are shown in Figure 3.7. All of the 𝐽/𝑉 curves of CPIZ-B and CPIZ-T show a
quadratic dependence of 𝐽 on 𝑉, which is a characteristic of SCLC measurements.
The mobility values are summarized in the table 3.1. Both polymers exhibited similar
electron mobilities in films cast from pure HCOOH and from 80:20 v% HCOOH:H2 O
which, as discussed above, is non-toxic and non-flammable. However, the mobility
of CPIZ-T is three orders of magnitude higher than CPIZ-B, which we ascribe to
the influence of the thiophene.

Figure 3.7: Current-voltage characteristics of electron-only devices for thin films of a) CPIZ-B cast from
pure HCOOH (70 nm-thick; red circles) and from 80:20 v% HCOOH:H2 O (50 nm-thick; blue circles) and
b) CPIZ-T cast from pure HCOOH (90 nm-thick; red circles) and from 80:20 v% HCOOH:H2 O (70 nmthick; blue circles). Experimental data (circles) are fitted with SCLC current using Eq. ?? (solid lines).

As is depicted in Figure 3.1, treatment of the as-prepared CPIs with acid leads to
the stoichiometric loss of H2 O, resulting in a zwitterionic polymer, however, in solu–
tion there will be an equillibrium concentration of HCOO and protonated pendant
RCOOH groups. Both H2 O and HCOOH are sufficiently volatile that they should be
driven from the film in the solid-state, leaving the polymer in the purely zwitterionic
form. To verify that significant amounts of mobile ions do not indeed remain in the
films, we verified the lack of hysteresis in the trace-retrace 𝐽/𝑉 plots (Figure 3.19)
and measured the impedance of CPIZ-T (Figure 3.20). Impedance spectroscopy
provides a comprehensive insight into the basic mechanism of charge-transport.
Any significant contributions from ion-conduction to the total conductivity of the
film would manifest as a change in the phase shift in the low frequency range
of the Bode plot and additional semicircles in the Nyquist impedance plot and/or
give rise to a capacitive tail at low frequencies.[23, 40] We observed no evidence of
ionic conductivity in the Bode plot and Nyquist plot in the complex impedance plane
of ITO/CPIZ-T/Al devices (Figure 3.21). The latter results in only one semicircle,
which can be attributed to an equivalent circuit with a resistor parallel to a capacitor
and is typical of ordinary semiconducting materials.

3.2. Results and Discussion
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Bi-layer solar cells

3
Figure 3.8: a) Energy levels of P3HT and CPIZ-T, b) Illustration of the device structure, and c) J/V
curves.

The properties of CPIZ-B and CPIZ-T elucidated thus far suggest that they
should function as acceptors in OSCs with poly(3-hexylthiophene) [P3HT] as a
donor (Figure 3.8a). Ideally, we would test the performance of CPIZ-T in bulkheterojunction OSCs, but that would require a donor material that could be cast from
HCOOH. Thus, we fabricated inverted bi-layer ITO/ZnO/CPIZ-T/P3HT/MoO3 /Al
OSCs in the configuration shown in Figure 3.8b, in which ZnO and MoO3 act as electron and hole transporting layers, respectively. Figure 3.8c shows the 𝐽/𝑉 curves
for the devices under dark and AM 1.5G illumination at 100 mW/cm2 and Table 3.2
summarizes the device characteristics. Control devices with only a layer of CPIZ-T
produced no measureable open-circuit voltage (𝑉 ), fill-factor (FF) or power conversion efficiency (PCE). Bilayer solar cells devices in which CPIZ-T was cast from
HCOOH or 80:20 v% HCOOH:H2 O yielded PCEs of 0.02 % and 0.01 %, respectively.
The low 𝑉 is likely due to the non-ideal match between the conduction bands
of P3HT and CPIZ-T. The low FF is as a consequence of the bi-layer architecture.
As a proof-of-concept, however, the results unambiguously demonstrate that CPIs
cast from green solvents are viable active-layer materials for OSCs. To contextualize
these results, the first bi-layer OSCs that used conjugated polymers as donors gave
PCEs of 0.04 %,[41] which increased to 2.9 % by blending the materials in a bulkheterojunction.[42]
Table 3.2: Photovoltaic parameters of the bilayers devices based on CPIZ-T and P3HT.

Active Layer
P3HT
CPIZ-T
CPIZ-T/P3HT
CPIZ-T/P3HT

Solvent
C6 H5 Cl
HCOOH
HCOOH
80:20 v% HCOOH:H2 O

[mA/cm2 ]
.
.
.
.

[V]

FF [%]

PCE [%]
.

.
.

.
.

.
.
.

To demonstrate that CPIZ-T actively contributes to a photovoltaic effect at the
interface between the donor and acceptor films, we additionally prepared ITO/ZnO/
P3HT/MoO3 /Al devices. These P3HT-only devices give a comparable PCE of the
bilayer (0.03 %), which is primarily the result of the higher mobility of ZnO compared
to CPIZ-T leading to a higher 𝐽 . The 𝑉 of the P3HT-only device is only 0.197 V
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compared to 0.548 V for the P3HT/CPIZ-T bilayer device. This significant difference
in 𝑉 is unambiguous evidence that the PCE in the bilayer devices is driven by a
photovoltaic effect at the P3HT/CPIZ-T interface.

3.3. Conclusion

3

Processing OSCs from non-renewable organic solvents does not preclude their technological or commercial viability. However processing from non-toxic, non-flammable
renewable solvents will, in principle, bring down the costs and carbon payback of
future OSC technology. We present CPIs as a viable pathway towards that end via
proof-of-concept bi-layer OSCs in which the CPI acceptor layer is cast from 80:20
v% HCOOH:H2 O. The zwitterionic nature of the CPIs, in which opposing charges
exist in the backbone and pendant groups, impart not just processability, but also
solubility in polar, protic solvents. Although they bear charges in the band structure,
CPIs are intrinsic semiconductors, as evidenced by the dependence of the bandgap
on the degree of charge in the backbone and the lack of unpaired spins determined
by ESR spectroscopy. Although the absolute efficiencies of the bi-layer OSC devices is low by modern standards, they are similar to those of bi-layer OSCs that
use conventional conjugated polymers processed from standard organic solvents.
We are working to develop CPIs that function as donors, which would allow the
processing of bulk heterojunction blends from green solvents that will, in principle,
produce technologically relevant efficiencies from active layers processed entirely
from green solvents.

3.4. Experimental
Synthesis and Characterization
Measurement and characterization
All reagents and solvents were commercial and were used without further purification unless otherwise indicated. HNMR and CNMR were performed on a Varian
Unity Plus (400 MHz) instrument at 25 ∘ C, using tetramethylsilane (TMS) as an internal standard. NMR shifts are reported in ppm, relative to the residual protonated
solvent signals of CDCl3 (𝛿 = 7.26 ppm) or at the carbon absorption in CDCl3 (𝛿
= 77.23 ppm). Multiplicities are denoted as: singlet (s), doublet (d), triplet (t)
and multiplet (m). High Resolution Mass Spectroscopy (HRMS) was performed on
a JEOL JMS 600 spectrometer. FT-IR spectra were recorded on a Nicolet Nexus
FT-IR fitted with a Thermo Scientific Smart iTR sampler. Thermal properties of the
polymers were determined on a TA Instruments DSC Q20 and a TGA Q50. DSC
measurements were executed with two heating-cooling cycles with a scan rate of
10 ∘ C min , and from each scan, the second heating cycle was selected. TGA measurements were done from 20 to 800 ∘ C with a heating rate of 20 ∘ C min under N2
flow. EPR spectra were recorded on a Magnettech MiniScope MS400 using a quartz
capillary at a concentration of 5-10 mg mL in HCOOH. UV-vis-NIR measurements
were carried out on a Shimadzu UV 3600 spectrometer in 1 cm fused quartz cuvettes
with concentrations of 0.01 mg mL . Photoluminescence measurements were carried out on solutions contained in quartz cuvettes. The samples were excited by the

3.4. Experimental
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second harmonic (approximately 400 nm) of a mode-locked Mira 900 Ti:Sapphire
laser delivering 150 ps pulses at a repetition rate of 76 MHz. The laser power was
adjusted using neutral density filters; and the excitation beam was spatially limited
by an iris. The beam was focused with a 150 mm focal length in reflection geometry.
Steady state spectra were collected by a spectrometer with a 50lines/mm grating
and recorded with a Hamamatsu em-CCD array. For time resolved measurements,
the same pulsed excitation source was used. Spectra were in this case collected
on a Hamamatsu streak camera working in Synchroscan mode (time resolution 2
ps) with a cathode sensitive in the visible. All plotted spectra were corrected for
the spectral response of the setup using a calibrated lamp. Cyclic voltammetry (CV)
was carried out with a Autolab PGSTAT100 potentiostat in a three-electrode configuration where the working electrode was platinum electrode, the counter electrode
was a platinum wire, and the pseudo-reference was an Ag wire that was calibrated
against ferrocene (Fc/Fc ).
Device Fabrication
Electron-only devices The electron only devices were made similar to our previous work[43]. Glass substrates were cleaned in warm soap solution and rinsed
successively in water, acetone and isopropanol and then spin dried and baked at
140 ∘ C for about 10 min. The clean glass substrates were transferred into the evaporator kept at high vacuum (around 10 mbar) where a 20 nm thick aluminum (Al)
film was deposited atop the glass substrates after which they were exposed to air
for about 10 min. The prepatterned Al glass were then transferred into a nitrogen
filled glovebox. The active layer films were spin coated from 10 mg mL−1 solutions
of CPIZs in HCOOH and HCOOH with 20 v% of water, yielding 70 nm and 90 nm
respectively for CPIZ-B and CPIZ-T in HCOOH with about 20 nm reduction in
thickness for the films spin coated from solutions with 20 v% of water. Finally, the
devices were completed by thermal evaporation of a 1 nm thick LiF and a 100 nm
thick Al top electrodes under vacuum (around 10 mbar) in a glovebox. The final
device structure is Al/CPIZ-B or CPIZ-T/LiF/Al. The 𝐽/𝑉 characteristics of the devices were measured in dark mode at room temperature in nitrogen filled glovebox
with O2 and H2 O levels kept below 0.1 ppm. A Keithley 2400 source meter was
used to acquire the current-voltage data by applying a bias in the range of -3 to 3
V while recording the corresponding currents.
Solar cells The cleaning steps for the solar cells are as described above except that
the substrates are pre-patterned ITO glasses. A 30 nm layer of ZnO was spin coated
from sol gel solution and annealed at 170 ∘ C for 30 min. The zinc oxide solution
was prepared by dissolving 109.67 mg of zinc acetate in 1 mL of 2-methoxyethanol
and 0.0302 mL of ethanolamine. Then the solution was stirred at room temperature
for few hours. Then a layer of CPIZ-T was spin coated atop the ZnO layer from
10 mg mL−1 solution of CPIZ-T in HCOOH and HCOOH with 20 v% of water. The
CPIZ-T layer processed from HCOOH with 20 v% of water was annealed at 100
∘
C for 10 mins. Atop the CPIZ-T layer, a second layer from 20 mg mL−1 solution of
P3HT in chlorobenzene was spin coated. To complete the device the samples were
transferred into an evaporator kept under vacuum (around 10 mbar) overnight
and finished with thermal evaporation of a 10 nm thick MoOx and a 100 nm thick Al.

3

54

3. Conjugated Polyions Enable Organic Photovoltaics Processed from
Green Solvents

The final structure is ITO/ZnO/CPIZ-T/P3HT/MoOx/Al. The cells were annealed at
150 ∘ C for 30 mins. The J/V characteristics were similarly taken as described above
under 1 sun illumination.
Synthesis of Monomers

3

Figure 3.9: Synthetic route for monomers.

2,7-Dibromo-9H-fluorene
Bromine (63 g, 392 mmol, 20.2 mL) in 40 mL of chloroform was added dropwise into a suspension solution containing fluorene (30.0 g, 180 mmol), iron powder (160 mg, 2.86 mmol) in a catalytic amount and 200 mL of chloroform. The flask
was cooled in ice water, and the temperature was controlled under 5°. This is
anexothermic reaction, and any rapid addition of the bromine should be avoided.
After completion adding bromine, The reaction was allowed to warm to room temperature and stirred overnight at room temperature in darkness. After quenched
with saturated aqueous Na2 S2 O3 , the product was filtered and recrystallized with
chloroform, to afford white solid (52.5 g, 91 % yield). HNMR (400 MHz, CDCl3 ): 𝛿:
7.66 (s, 2H), 7.60 (d, J = 8.1 Hz, 2H), 7.50 (d, J = 8.1 Hz, 2H), 3.86 (s, 2H).
Monomer (1), 2,2’-(2,7-dibromo-9H-fluorene-9,9-diyl)diacetic acid[44]
Ethyl bromoacetate (10.2 g, 60 mmol) was diluted with DMSO (25 mL) and added
dropwise to a solution of 2,7-dibromofluorene (6.44 g, 20 mmol) and sodium hydroxide (50 % w/w) aqueous solution (15 mL) in DMSO (150 mL) under nitrogen
at 0°. After completion addition, the resulting solution was allowed to warm to
room temperature and stirred for overnight at room temperature. Then 10N HCl
(34 mmol) was added drop-wise to the reaction mixture in ice-water bath. The resulting mixture was kept stirring for 30 min to form precipitate. then precipitate
was collected by filtration, followed by washing with water for three times, then
the crude product was dissolved into 1N NaOH. the aqueous solution was acidified
by addition 1N HCl. A precipitate was collected by filtration and dried in vacuum
at 50° overnight and was recrystallized from ethanol and CH2 Cl2 mixture to give
white solid product (4.3 g, 49 %). HNMR (400 MHz, DMSO – d6 ): 𝛿 : 11.89 (s, 2H,
COOH), 7.85(d, 2H, J = 1.8 Hz, Ar-H), 7.78 (d, 2H, J = 8.1 Hz, Ar-H), 7.52 (dd,
2H, J = 8.1 Hz, 1.7 Hz, Ar-H), 3.08 (s, 4H, CH2). CNMR (100 MHz, DMSO – d6 ) 𝛿:
170.93, 151.36, 138.64, 130.32, 126.71, 122.02, 120.46, 56.03, 41.73.
bis(4-bromophenyl)methanone[45]
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To a nitrogen-purged 3-neck flask containing a solution of 4-bromobenzoyl chloride (4.4 g, 20 mmol) in 20 mL bromobenzene, AlCl3 (5.48 g, 40 mmol) was added
at 0°. The resulting mixture was allowed to warm to room temperature and stirred
overnight, then heated at 90° for 3 h, cooled to room temperature. The mixture
was quenched by pouring it over 1 N HCl/ice and extracted with CH2 Cl2 , the combined organic layers were washed with water and brine, and dried over Na2 SO4 .
The solvents were removed by rotary evaporation. Finally the crude product was
recrystallized from MeOH to give a colorless crystal product (3.67 g, 54 %). HNMR
(400 MHz, CDCl3 ): 𝛿: 7.64 (s, Ar-H, 8H).
Monomer (2), bis(4-bromophenyl)(4-(dimethylamino)phenyl)methanol[37]
To a solution of bis(4-bromophenyl)methanone (182 mg, 1 mmol) in 10 mL anhydrous THF under an atmosphere of N2 , Gringard reagent (4-(dimethylamino)phenyl)
magnesium bromide (0.45 M, 2 mL, 0.9 mmol) was added drop-wise at −78°. The
solution was stirred for 3 h in the cold bath. Saturated ammonium chloride aqueous solution was added to quench the reaction, andand extracted with CH2 Cl2 . The
organic phase was dried over Na2 SO4 and the solvents removed by rotary evaporation. The crude solid was purified by column chromatography to give product
(190 mg, 42 %). HNMR (400 MHz, CDCl3 ): 𝛿: 7.46 (d, J = 8.6 Hz, 4H), 7.21 (d,
J = 8.6 Hz, 4H), 7.03 (d, J = 8.9 Hz, 2H), 6.67 (d, J = 8.9 Hz, 2H), 3.01 (s, OH,
1H), 2.95 (s, N – CH3 , 6H). HNMR (100 MHz, CDCl3 ): 𝛿: 149.98, 146.23, 133.59,
130.87, 129.64, 128.67, 121.10, 111.77, 81.06, 40.25.
Synthesis of Polymer and Characterization
General synthetic procedures for polymer
To a dry three-neck flask, Monomer 1 (1 eq), Monomer 2 (2 eq) and Diboronic acid
derivatives (3 eq) were added under N2 followed by Tetrakis(triphenylphosphine)palladium(0) Pd(PPh3 )4 (30 mg). The flask and its contents were subjected to 3
pump/purge cycles with N2 followed by addition of oxygen-free aqueous solution
of 2M Na2 CO3 (5 mL) and anhydrous, oxygen-free DMF (10 mL) via syringe. The
reaction mixture was vigorously stirred at 95° for three days. After cooling to room
temperature, the reaction mixture was poured into 200 mL vigorously stirred acetone. The precipitated solid was collected by filtration. The solid polymers were
suspended in milipore water, and transferred into a dialysis tube (MWCO:3500).
The dialysis tube was placed in a large beaker with water (2 L) stirring for 3 days,
and the water was changed every 12 hours. After the dialysis, the solid was collected and dried under vacuum overnight.
CPIZ-B: Synthesis according to the general polymerization procedure: monomer 1
(110 mg, 0.25 mmol), monomer 2 (230 mg, 0.5 mmol) and 1,4-phenylenediboronic
acid (125 mg, 0.75 mmol). The polymer was obtained as a red solid (240 mg, 88 %).
HNMR (400 MHz, TFA – d): 𝛿: 8.6−6.7 (m, Ar-H, 42H), 4.4−2.5 (m, N – CH3 +
CH2 , 16H). HNMR (400 MHz, D2 SO4 +DMSO – d6 ): 𝛿: 8.25−7.05 (m, Ar-H, 42H),
3.56−2.40 (br, CH2 , 4H), 3.26−2.98 (m, N – CH3 , 12H). IR (cm ): 695, 745, 810,
907, 947, 1003, 1153, 1188, 1351, 1396, 1463, 1487, 1518, 1608, 3027.
CPIZ-T: Synthesis according to the general polymerization procedure: monomer 1
(110 mg, 0.25 mmol ), monomer 2 (230 mg, 0.5 mmol) and thiophene-2,5-diyldiboronic
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acid (130 mg, 0.75 mmol). The polymer was obtained as a yellow solid (50 mg,
17 %). HNMR (400 MHz, TFA – d): 𝛿: 8.4−6.7 (m, Ar-H, 36H), 4.5−2.7 (m, N – CH3
+ CH2 , 16H). IR (cm ): 695, 741, 759, 798, 905, 946, 973, 1016, 1153, 1187,
1350, 1405, 1443, 1495, 1518, 1563, 1607, 3356.
The polymers were synthesized by palladium-catalysted Suzuki coupling polymerization of dibromo-monomers with diboronic acid-monomers in a DMF/H2 O solvent
mixture. Polymers were obtained under refluxing the polymerization mixture three
days. Impurities and low-molecular-weight fraction were removed by dialysis in
water. The molecular weight cut off of the dialysis membrane is 3500. After the
dialysis, CPIZ-B become the red colour due to a little bit carbocation formed during
the ionic exchange, while CPIZ-T remain yellow colour. After drying under vacuum, our target polymers product was obtained in precursor state. Their chemical
structures were characterized by nuclear magnetic resonance (NMR) and fouriertransform infrared (FT-IR). For the NMR measurement, the data were collected in
CF3 COOD due to both polymers show good solubility in organic acids. The proton ratio of aromatic region and aliphatic region is 42:16 for CPIZ-B and 36:16 for
CPIZ-T, respectively. In the acid condition, both CPIZ-B and CPIZ-T showed ionic
state. However, it is hard to check HNMR of the polymers as prepared state due to
poor solubility in common deuterated solvent such as CDCl3 and DMSO – d6 . FT-IR
spectra were carried out to check the chemical structure of the polymers changing from as prepared state to the protonation state. As shown in the Figrue 3.11,
both polymers have no typical carboxylic acid C=O stretching mode around 1700
cm in as prepared state, indicate the carboxylic acid were coordinated with the
sodium salt.[44] This also was confirmed in our model conjugated polyelectrolyte
P1. After protonation, the peak around 1700 cm enhanced, which indicates that
carboxylic acid was dissociated with sodium by the protonation and peak around
1185 cm which belongs to the C-O-C stretching mode enhanced,[46] indicating
that there exist the Coulomb interaction between the anion in the side and cation
in the backbone. Thus, both appeared and enhanced peaks in IR spectra after
treating with acid, suggested both polymers exhibited polyzwitterions in solid state
after protonation.
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a

3
b

c

Figure 3.10: a) HNMR spectrum of CPIZ-B in D2 SO4 and DMSO – d6 . b) HNMR spectrum of CPIZ-B in
TFA – d. c) HNMR spectrum of CPIZ-T in TFA – d.
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Figure 3.11: FT-IR spectra of showing a) CPIZ-B, b) CPIZ-T and c) model polymers P1 before and after
treating with HCOOH. d) IR spectra for CPIZ-B, CPIZ-T and P1 after treating with acid. Both appeared
peaks in 1700 cm and enhanced peaks in 1185 cm spectra after treating with acid, suggested both
polymers exhibited polyzwitterions in solid state after protonation.
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Thermal properties

3
Figure 3.12: Thermogravimetric analysis plots for CPIZ-B a) and CPIZ-T b) before and after treating
with acid.

a)

c)

b)

d)

Figure 3.13: Differential scanning calorimetry curves for CPIZ-B a) and CPIZ-T b). The measurements
were executed with two heating-cooling cycles with a scan rate of 10 ∘ C min , and the second heating
cycle was selected.

The thermal properties of CPIZ-B and CPIZ-T in precursor state and in ionic
state were investigated by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). The TGA results are shown in Figure 3.12. The temperature
of 5% weight-loss was selected as the onset point of thermal degradation temperatures (T ). Both polymers in precursor and ionic state exhibit similar T . CPIZ-T
even have similar trace, but CPIZ-B backbone structure seem became more stable
after treating with acid. The good stability with (T ) at 200 ∘ C for CPIZ-B and
182 ∘ C for CPIZ-T, respectively, indicating that they are sufficient thermally stable
for devices applications. As shown in Figure 3.13, the DSC curves of CPIZ-B and
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CPIZ-T in both precursor and ionic state show that there are no distinct exothermal
transition in the second heating cycle and cooling cycle, revealing that no crystalline
behavior or phase transition occurred during this temperature section.
Photoluminescence spectra

3

Figure 3.14: Emission and excitation spectra for CPIZ-B a) and CPIZ-T b) in HCCOH solution.

Figure 3.15: The time-resolved photoluminescence spectra for CPIZ-B a) and CPIZ-T b) in HCCOH
solution. CPIZ-B showed longer life time which decay lifetime exceeding 2 ns, while CPIZ-T showed
bimodal-exponential photoluminescence decay with lifetimes of 146 ps and 969 ps.

Figure 3.14 show the steady-state fluorescence spectra of CPIZ-B and CPIZ-T,
and their excitation spectra in HCOOH. When polymers CPIZ-B and CPIZ-T were
excited at 360 nm in pure HCOOH, the maximum steady-state emission peaks of
CPIZ-B and CPIZ-T are local at 405 nm and 428 nm, respectively. The emission peaks are red-shifted when the conjugated length is extended. While we did
not detect the emission when CPIZ-B and CPIZ-T were excited at their maximum absorption peaks, indicating that this intramolecular charge transfer state is
a non-radiative relaxation path. The excitation spectra of CPIZ-B and CPIZ-T
confirm that the photoluminescence originates from the high energy region. This
means both CPIZ-B and CPIZ-T retain the localized emission peaks observed in
the fluorene moiety[18]. These emissions could be attributed to the twisted structures of the CPIZ-B and CPIZ-T, leading to twisted intramolecular charge transfer
(TICT)[47], resulting in the fluorescence from the high energy band through relaxation of the locally excited state and non-radiative relaxation channels in the
low energy band. Time-resolved photoluminescence was carried out (exciting the
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samples at ∼263 nm) to understand the dynamics of the emission, streak images
are shown in the Figure 3.15. CPIZ-B showed a longer lifetime, with emission decay exceeding 2000 ps which was the maximum measurable lifetime of the streak
camera unit, while CPIZ-T showed bimodal-exponential emission decay with lifetimes of 146 ps and 969 ps. The longer life time of CPIZ-B is because of higher
twisted structures of the CPIZ-B than that of CPIZ-T which lead to less effective intramolecular charge transfer in CPIZ-B. CPIZ-T has a better planar structure compared to the CPIZ-B due to having smaller torsional angles between the
thiphene moiety and tritylium resulting in higher effective charge transfer in CPIZ-T
and reduced lifetime.
It is well-known that for doped conjugated polymers, polarons are extremely
efficient exciton quenchers and even in low concentration, photoluminescene is effectively quenched.[18, 19, 48] Thus, the presence of photoluminescence in CPIZB and CPIZ-T proves that our CPIs-polymers are intrinsic polymers rather than
doped polymers.
DFT calculation

Figure 3.16: DFT-optimized geometries of the repeating units of CPIZ-B and CPIZ-T, the dihedral
angles between the planes of -system bridge and fluorene moiety or trityllium moiety and the regions
of steric repulsion torsion are indicated by the circles.
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Film Morphology

3

Figure 3.17: Surface topographic AFM image of CPIZ-B bare glass surface (25
from 10 mL in HCOOH. The RMS value are 4.68 nm.

m ) when spun cast

EQE data of bilayer solar cells

Figure 3.18: EQE spectra of the all polymer bi-layer solar cells devices based on CPIZ-T and P3HT, and
CPIZ-T was spun-cast from pure (HCO2H).

SCLC measurement
Figure 3.19 shows trace-retrace J-V curves of the two CPIs; CPIZ-B shows no hysteresis when cast from HCOOH with or without H2 O, while CPIZ-T shows only a
very slight hysteresis between voltages of 0 to 1.5 V. These plots clearly show that
the influence of any residual free ions on the total conductivity is negligible
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Figure 3.19: Current-voltage characteristics with sweep up/down of electron-only devices for thin films
of a) CPIZ-B cast from pure HCOOH and from 80:20 v% HCOOH:H2 O; and b) CPIZ-T cast from pure
HCOOH and from 80:20 v% HCOOH:H2 O.

Impedance device

Figure 3.20: a) Device architecture for the impedance measurement for thin films of CPIZ-T cast from
pure HCOOH. b) Equivalent circuit used for fitting impedance data.
represents the series resistance
due to contact resistance and probe effects. The parallel resistance
is needed to account for the
finite resistance of real materials, and
represents an ideal capacitor.

Impedance data

Figure 3.21: a) Bode plots and b) Nyquist impedance plot for CPIZ-T. The measured data of the
magnitude (∣Z∣, black triangles) and the phase (blue triangles) are plotted against the frequency, the
Nyquist diagram of the device is plotted showing the behavior of a real capacitor.
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