Open Access Article. Published on 11 June 2020. Downloaded on 12/6/2025 10:40:23 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

CHEMISTRY (& cievica

CCS Bh

hEfER OF CHEMISTRY

FRONTIERS

W) Check for updates ‘

Cite this: Mater. Chem. Front.,
2020, 4, 3585

Received 29th April 2020,
Accepted 10th June 2020

DOI: 10.1039/d0gm00278;j

ROYAL SOCIETY
-«

Protonic acid doping of low band-gap conjugated
polyionst

Gang Ye, ©22° Yuru Liu, ©2° Jian Liu, ©° Xinkai Qiu, ©2?° L. Jan Anton Koster

and Ryan C. Chiechi (2 *3°

This paper describes the design and synthesis of a series of conjugated polyions (CPIZ-T, CPIZ-TT and
CPIZ-TT-DEG) that incorporate a formal positive charge into their conjugated backbones, balanced by
anionic pendant groups with increasing electron-donating ability. The energy levels and the bandgap
of these conjugated polyions were determined by using optical absorption spectroscopy and cyclic
voltammetry (CV) and were easily modulated by varying the electron donating group. The energies of
the occupied states increase with increasing electron-donating ability, while the energies of the
unoccupied states are almost unchanged due to the presence of tritylium ions in the conjugated
backbone. All conjugated polyions exhibit pristine semiconducting properties in weak protonic acids, but
with sufficiently strong acids, the polymers exhibit spontaneous spin unpairing and convert to a metallic
state. The required strength of the acids varies with the electron-donating ability, with higher HOMO
levels leading to more facile proton acid doping and higher electrical conductivities. The mechanism of
protonic acid doping of conjugated polyions involves a spinless doping process (dehydration) followed
by a spontaneous spin unpairing leading to the formation of polarons. While protonic acid doping
occurs in polyaniline, conjugated polyions offer synthetic tunability and selective processing into

rsc.li/frontiers-materials

Introduction

Conjugated polymers combine the utility of organic synthesis
and the intrinsic properties of soft materials with the utility of
semiconductors. However, the best-performing conjugated
polymers tend to require processing from solvents, which is
difficult or expensive to scale up. Conjugated polyelectrolytes
(CPEs) address this problem by decorating the m-conjugated
backbone with pendant ionic functionalities, enabling proces-
sing from polar, protic solvents such as water or ethanol.
Although they retain their semiconducting properties, the
mismatch in polarity between the backbone and the pendant
groups tends to drive unfavorable morphologies for bulk charge-
transport." We have taken a different approach, installing closed-
shell charges into the m-conjugated backbone to balance the
charged pendant groups, forming conjugated polyions (CPIs).>?
Conjugated polymers that can be processed from green
solvents, which tend to be polar and protic, have played a key
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insulating, semiconducting and metallic states simply by controlling acidity.

role in a range of applications in organic electronics.” The most
widely-used of such polymers is poly(3,4-ethylenedioxythiophene):
polystyrene sulfonate (PEDOT:PSS), which is a polymer blend in
which the charges of doped PEDOT are balanced by PSS. It is used,
for example, as a hole-collection layer in organic solar cells or as an
active material in thermoelectric devices.” However, PEDOT:PSS is
prepared in the doped, metallic state and is processed from an
aqueous suspension. Self-doped PEDOT-based conjugated poly-
electrolytes eliminate the need to blend PEDOT with a separate
polyelectrolyte and can be used as hole-collection layers in
organic solar cells or as an active material in organic electro-
chemical transistors.®° These and other CPEs are semiconduct-
ing polymers defined by n-conjugated backbones with pendant
ionic functionalities.**'™** They are primarily used as interfacial
modifiers in optoelectronic devices because of the aforemen-
tioned morphology issues.'"'® We are developing a new type of
conjugated polymer that combines the beneficial properties of
CPEs and PEDOT:PSS. By introducing formal, closed-shell
charges into the backbones of conjugated polymers through a
process we call “spinless doping”, we can combine charged
backbones with ionic pendant groups to avoid unfavorable
aggregation while preserving the semiconducting properties of
the backbone."?"'”'® As such, they can be processed from highly
polar, protonic solvents to give smooth, semiconducting thin-
films that serve as active layers in photovoltaic devices.?
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The donor-acceptor strategy is a powerful tool to tune the
bandgap and energy levels of conventional conjugated poly-
mers. Through the delicate modification and combination of
different strengths of donor or acceptor building blocks, many
polymeric materials have been designed and synthesized for
applications in organic electronics."®*® When applied to CPEs,
donor-acceptor backbone engineering can cause pristine CPEs
to become self-doped, in which the ionic pendant groups
stabilize the polarons in the backbone.? > Although CPIs bear
charges in both the pendant groups and backbone, no evidence
of self-doping has been observed to date; they have only been
observed in the insulating and semiconducting forms.

Here, we apply the donor-acceptor strategy to the synthesis
of a series of conjugated polymers that undergo spinless doping
by protonic acids to generate CPIs. We find that the bandgap
and energy levels of CPIs are easily modulated by increasing the
strength of the donor building block and that, surprisingly, the
resulting CPIs can be further doped by protonic acids effecting
conversion to the metallic state. While the aforementioned
PEDOT-based CPEs become self-doped by the proximity of the
ionic pendant groups to the neutral backbone,”® CPIs are zwitter-
ionic and the pendant groups balance the closed-shell cations
already present in the backbones even in the pristine, semi-
conducting state. Optical absorption, electron paramagnetic reso-
nance spectroscopy and electrical conductivity measurements
reveal that this spontaneous spin-unpairing occurs more easily
in CPIs with higher-lying occupied states, suggesting an internal
redox process following the initial spinless doping.

Results and discussion
Synthesis and characterization

Fig. 1 shows the synthetic route and the corresponding chemical
structures of three CPIs, CPIZ-T, CPIZ-TT and CPIZ-TT-DEG.
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The monomers were synthesized according to procedures found
in the literature,>’ ' which are described in detail in the ESL¥
To use the donor-acceptor strategy for controlling the band-
gap (Eg) and balancing the cationic and anionic groups, we
employed a three-component, palladium-catalyzed Stille poly-
merization in DMF. Monomer 1 provides the anionic pendant
groups in the form of carboxylic acids, Monomer 2 is a
carbocation precursor and Monomer 3 is an aromatic distannyl
compound with increasing electron-donating units, depicted as
Ar, that differentiates the three CPIs. The polymers are pre-
pared in their neutral, insulating forms by refluxing the mixture
of monomers overnight. As synthesized, all three polymers are
insoluble in non-polar solvents and only sparingly soluble in
polar solvents, allowing the removal of impurities and low-
molecular-weight fractions by dialysis in water.

Photophysical properties

The UV-vis absorption spectra for polymers of CPIZ-T, CPIZ-TT
and CPIZ-TT-DEG before and after spinless doping are shown
in Fig. 2. The spectra of CPIZ-T, CPIZ-TT and CPIZ-TT-DEG
exhibit one, main n-n* transition, located from 350 nm to
500 nm, reflecting a decrease in the band-gap (E,) with increasing
donor strength. Since spinless doping is effected by the genera-
tion of closed-shell cations from the loss of H,O, the degree of
doping scales with the strength of the acid from which the CPI is
processed. In solution, this process is in equilibrium, with weakly
acidic solutions like CH3;COOH (pK, = 4.76) disfavoring the
dehydrated, cationic form such that the degree of conjugation,
which is defined by the average number of consecutive monomers
in the cationic form, scales with acidity. The commensurate
decrease in E, also scales with the strength of the donor because
of the emergence of a charge-transfer band that forms because of
the acceptor nature of tritylium. This relationship can be seen
in Fig. 2b; in acidic solutions, charge-transfer bands appear
that follow a trend of decreasing energy with increasing donor

Pd(PPh3)s
DMF

CPIZ-TT-DEG

Fig. 1 Synthesis of conjugated polyions via a three-component, random Stille copolymerization. The zwitterionic form is favored in the solid-state by

the loss of H,0.
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(a) Absorption spectra of the as-prepared conjugated polyions, CPIZ-T, CPIZ-TT, and CPIZ-TT-DEG, dissolved in either slightly basic H,O or DMF

onor strength. (b) Absorption spectra of the same conjugated polyions in

glacial CHsCOOH (10~° M), showing a large bathochromic shift associated with the formation of cations in the backbone, which induce a transition to the

semiconducting form and increase the conjugation length.

strength. Based on the absorption band edge, the E, of the CPIs in
the cationic form are 1.82 eV for CPIZ-T, 1.66 eV for CPIZ-TT, and
1.29 eV for CPIZ-TT-DEG.

Fig. 3a shows the absorption spectra of CPIZ-T, CPIZ-TT and
CPIZ-TT-DEG dissolved in the strong acid HCOOH (pK, = 3.77).
As discussed above, the expectation is that the conjugation
lengths would increase compared to CH;COOH, following the
same trend in donor-strengths; however, an unexpected, low-
energy transition at 1200 nm is present in the CPIZ-TT-DEG
spectrum that is absent in both the CPIZ-T and CPIZ-TT
spectra. Fig. 3b shows that the spectrum of CPIZ-TT-DEG in
the even stronger acid CF;COOH (pK, = —0.25) exhibits a
further bathochromic shift in A,,,y, while the low-energy transi-
tion increases in intensity without shifting in energy. The
spectra of CPIZ-T and CPIZ-TT show the appearance of a very
weak transition at the band edge, revealing a trend with
increasing donor-strength.

To compare the effects of increased acidity directly, we re-plotted
the absorption spectra of CPIZ-T, CPIZ-TT and CPIZ-TT-DEG sepa-
rately in the three different acids in Fig. S2 (ESIT). Although there is
a small shoulder in CF;COOH, the low-energy transition is not

present in CPIZ'T in CH;COOH or HCOOH. The same trend is
apparent in CPIZ-TT, with a slightly higher intensity creating a
resolvable transition near 1000 nm. Although these spectra are all in
solution, the trends in 4, coupled with the changing intensity of
the transition at 1200 nm (for CPIZ-TT-DEG) are reminiscent of the
appearance of polarons in redox-doped conducting polymers.

For further insight into the low-energy transition, we mea-
sured the absorption spectra of the thin films of the CPIs
cast from different acidic solutions. Fig. S3 (ESIt) shows the
UV-vis-NIR spectra of these films for CPIZ-TT and CPIZ-TT-DEG;
the spectra of CPIZ-T are reported in our previous work.” The
spectra of CPIZ-T and CPIZ-TT are featureless above ~ 1000 nm,
indicating the absence of polarons or bipolarons. The spectra of
the thin films of CPIZ-TT-DEG cast from CH3;COOH are also
featureless above ~1000 nm; however, when cast from either
HCOOH or CH;COOH, a broad absorption past 1000 nm appears,
indicating the likely formation of polarons.

Unlike the closed-shell cations that form via spinless
doping, polarons comprise both spin and charge; they are
delocalized radical cations. Thus, we acquired the electron
paramagnetic resonance (EPR) spectra for CPIZ-T, CPIZ-TT
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Fig. 3 (a) Absorption spectra of CPIZ-T, CPIZ-TT and CPIZ-TT-DEG in
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pure HCOOH corresponding to the formation of delocalized cations.

(b) Absorption spectra of CPIZ-T, CPIZ-TT and CPIZ-TT-DEG in pure CFzCOOH.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Fig. 4 EPR spectra of solutions of CPIZ-T, CPIZ-TT, and CPIZ-TT in HCOOH and CF;COOH.

and CPIZ-TT-DEG in strong acid solutions to investigate the
possibility that radical cations form spontaneously in sufficiently
strong acids with sufficiently strong donors. The resulting spectra,
shown in Fig. 4, reveal that CPIZ-T and CPIZ-TT are EPR-silent in
HCOOH, in agreement with the absorption spectra in solution and
the solid-state. While, even in HCOOH, CPIZ-TT-DEG shows a
strong resonance, confirming that the low-energy transition
observed in the absorption spectra corresponds to polarons/radical
cations. In CF;COOH, all three CPIs show a resonance, but it is
much stronger in CPIZ-TT-DEG than in CPIZ-TT or CPIZ-T, sugges-
ting that the shoulder in the absorbance spectra corresponds to the
formation of very dilute polarons/radical cations. The slightly lower
intensity of the EPR signal of CPIZ-TT compared to CPIZ-T contra-
dicts the trend in the absorption intensities, but those may
be affected by their aggregation states in CF;COOH. In any case,

3588 | Mater. Chem. Front., 2020, 4, 3585-3593

CPIZ-TT-DEG shows the strongest signal intensity by far and the
intensity of the EPR signals broadly correlates with the optical band
at the NIR regions of the absorption spectra, indicating that these
optical transitions are indeed proportional to the concentration
of radical species, which is commensurate with the degree of
redox doping in the solid-state. The overall trend indicates that
the spontaneous formation of polarons correlates to the donor-
strength much more significantly than to the strength of the acid
from which the films are cast.

Electrochemical properties

While spinless doping is a two-electron process, eliminating an
equivalent of H,O to form a closed-shell cation in the backbone
and the corresponding pendant carboxylate the formation of
unpaired electrons implies the existence of a subsequent redox

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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process. Thus, we used cyclic voltammetry (CV) to gain insight
into the redox behavior of CPIZ-T, CPIZ-TT, and CPIZ-TT-DEG.
The results are shown in Fig. 5; experimental details are
provided in the ESL All three polymers exhibit fully reversible
reduction waves, corresponding to the reduction of tritylium
moieties. Although electrochemical reduction normally leads to
n-doping, in the case of CPIs, it forms positive polarons (by
reducing closed-shell cations) and is, therefore, p-doping.
All three polymers exhibit irreversible oxidation curves because
CPIs in their semiconducting form are already fully cationic
such that the removal of additional electrons corresponds to
over-oxidation in traditional conjugated polymers, however,
CPIZ-TT-DEG is arguably quasi-reversible. The onset oxidation
potentials (Egxie) of CPIZ-T, CPIZ-TT, and CPIZ-TT-DEG are
0.86, 0.68, and —0.1 V, respectively. The energy levels of the
polymers calculated from these data are summarized in
Table 1. Both the occupied (HOMO/valence band) and unoccu-
pied (LUMO/conduction band) levels of the polymers increase
gradually with increasing donor-strength; however, the unoc-
cupied states show less sensitivity than the occupied states,
presumably because the effects of the donor are swamped by
those of the cationic tritylium units. As predicted from the
relative strengths of the donors, CPIZ-TT-DEG exhibits the
highest-lying occupied state, making it both more energetically
favorable to form cations in acidic solutions and for subse-
quent oxidation.

Density functional theory calculations

To gain insight into the electronic structure and donor/acceptor
character of CPIZ-T and CPIZ-TT, and CPIZ-TT-DEG, we carried
out density functional theory (DFT) calculations at the B3LYP/
6-311G(d,p) level using Gaussian 16.>> To simplify the
calculations, we considered only one repeat-unit comprising
two cations, which is sufficient to reveal any anomalies in the
frontier orbitals. As can be seen in Fig. 6, the HOMOs are
delocalized over the neutral fluorene and thiophene moieties,
while the LUMOs are localized on the cationic tritylium moi-
eties, reflecting their strong acceptor nature. The only variation
is in CPIZ-TT-DEG, where the HOMO density clearly extends to

View Article Online
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Table 1 Summary of the photophysical properties and electrochemical
properties of CPIZ-T, CPIZ-TT, and CPIZ-TT-DEG

Physical properties CPIZ-T CPIZ-TT CPIZ-TT-DEG
Jonser Solution” (nm) 680 745 960
EPC? (V) 1.82 1.66 1.29
E, CV (eV) 1.81 1.66 1.05
Egpset (V) 054 —0.58 ~0.62

onset (V) 0.86 0.68 —0.10
Conduction band from CV° (eV) —4.54 —4.48 —4.44
valence band from CV¥ (eV) —5.92  —5.74 —4.96

@ CPIs in CH;COOH solution. ? Egpt' = 1240//gnser. © Calculated from
CV: Eeonduction = —(5.06 + Exd.) eV.  Calculated from CV: Eygience =
—(5.06 + ESSeeq) €V.

the cationic tritylium moieties, leading to some spacial overlap
of the frontier orbitals. These results show that the electronic
structure of the CPIs does not differ significantly from that of a
typical donor-acceptor polymer, despite the presence of cations
in the backbone. They also suggest that the donor and acceptor
units are the most strongly coupled in CPIZ-TT-DEG, which
is reflected in the small bandgap (1.05 eV electrochemically,
1.29 eV optically).

Conductivity

Redox doping, whether chemical or electrochemical, causes a
transition in conjugated polymers from the semiconducting
state to the metallic state, which is defined by the presence of
free charge carriers (i.e., polarons).*® This property is vital to
their performance when either high conductivity or carrier
density is required. Thus, changes in conductivity are an
indirect measure of the formation of free carriers and the
transition to a metallic state. To probe the differences in
conductivity across the series of CPIs, we used a two-point
probe to measure the current-voltage response of thin films of
CPIZ-TT and CPIZ-TT-DEG that were spin cast from HCOOH
or CF;COOH. CPIZ-TT was spin-coated from 5 mg mL ™" in
HCOOH or CF;COOH, while CPIZ-TT-DEG was spin-coated
from 10 mg mL™"' in HCOOH or CF;COOH. The results
are shown in Fig. 7. The highest recorded conductivity was

a) ] ——CPIZT /\ b) ——CPIZT J
p— = )
S5 31— : : : ; : S ——
£ 3 ——cpizTT &1 [=crzr
-t el
5 3 < |
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Fig. 5 Cyclic voltammograms of a thin film of CPIZ-T, CPIZ-TT, and CPIZ-TT-DEG versus Fc/Fc* on a glassy carbon working electrode immersed in

0.1 mol L™ n-BusNPFg acetonitrile solution at 100 mV s+

. (a) The fully reversible reduction waves are indicative of the traditional redox doping/

de-doping of the band structure of a semiconducting state conjugated polymer. (b) Oxidative waves are irreversible.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Fig. 6 DFT-optimized molecular orbitals of CPIZ-T, CPIZ-TT, and CPIZ-TT-DEG.
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Fig. 7 Current-voltage plots of thin films of CPIZ-TT and CPIZ-TT-DEG
cast from HCOOH and CFsCOOH.

5.5 x 10> S m ™" in CPIZ-TT-DEG cast from CF,COOH, which is
four orders of magnitude higher than that of CPIZ-TT. (Device
channel-lengths had a negligible effect, as shown in Fig. S5,
ESL.T) The conductivity of the films of CPIZ-TT-DEG cast from
CF;COOH was three orders of magnitude higher than those
cast from HCOOH, while the difference between the films of
CPIZ-TT cast from CF;COOH and HCOOH was negligible. This
difference could reflect a non-linear relationship between
donor-strength and protonic acid-induced doping or a differ-
ence in aggregation, but in either case the conductivities of the
thin films correlate well to the EPR signal-strengths in solution.
The conductivity and carrier mobility of CPIZ-T are reported in

3590 | Mater. Chem. Front., 2020, 4, 3585-3593

our previous work; as expected, it is the least conductive of the
series.”

Film morphology

The putative advantage of CPIs, in general, over traditional
conjugated polymers, and especially CPEs, is that they are
directly solubilized by polar, protonic solvents rather than
forming aggregates or suspensions; their zwitterionic nature,
in which opposing charges exist in the backbone and pendant
groups, means that the polymer chains are completely solvated,
leading to smooth, homogeneous films. Fig. S4 (ESI{) shows
the height images of CPIZ-TT-DEG films on bare glass sub-
strates measured by using atomic force microscopy (AFM).
Films cast from 10 mg mL ™' in HCOOH are smoother than
those from 10 mg mL™" in CF;COOH with the RMS roughness
values of 0.56 nm and 2.44 nm, respectively.

Seebeck coefficient

The low thermal conductivity of conjugated polymers makes
them ideally suited for use in organic thermoelectric devices;
but since electric currents are driven by the migration of
carriers along a thermal gradient, they must be used in their
doped form. One possible application of doped CPIs is as p-type
thermoelectric materials that can be cast from green solvents
and that do not require any additional doping. In order to test
the viability of the doped CPIZ-TT-DEG and study the polarity of
the doping, we determined the Seebeck coefficient of the films
cast from CF;COOH to be 111 pvV K™, from the data shown in
Fig. S6 (ESIf). Using the electrical conductivity and Seebeck
coefficient, we also calculated the power factors of the films of
CPIZ-TT-DEG. Films cast from CF;COOH give a power factor of
6.8 x 107> pW m ' K 2 The positive sign of the Seebeck
coefficient further indicates that the doped CPIZ-TT-DEG is a
p-type polymer, in agreement with the hypothesis that positive
polarons form spontaneously from the closed-shell cations.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Fig. 8 Proposed proton-induced spin unpairing mechanism (PISUM) for conjugated polyions (CPIs). The protonation is assumed to take place on a

thiophene ring, but the exact position is uncertain.

Proton-induced spin unpairing

The exact mechanism by which CPIs form polarons from
protonic acid doping cannot be determined unambiguously,
but we can formulate a plausible explanation from the experi-
mental data described above. Protonic acids as non-oxidizing
dopants for conventional conjugated polymers such as
poly(phenylenevinylene) and polyaniline have been systemati-
cally investigated.*® But the mechanism for the proton-induced
spin unpairing mechanism (PISUM) was first proposed by Wudl
et al. in 1987.% In principle, the PISUM in CPIs is no different
than for the ordinary conjugated polymers, since the CPIs are
pristine semiconductors, even though they bear charges.
We observed that the PISUM of CPIs is such that, the lower
the energy of the occupied states, the stronger the acid required
to induce a signal by EPR. This trend is consistent with the
conventional conjugated polymers for which protonic acid
doping scales with ionization potential.** Therefore, we
proposed the PISUM shown in Fig. 8 based on the results above
and PISUM in conventional conjugated polymers. The first step
is spinless doping, in which protonation converts an insulating
CPI precursor (P-1) into a pristine semiconductor (P-2).">"7
This step is always exergonic and becomes more favorable with
increasing donor-strength (Table S1, ESIt). There is a redox
imbalance between the donor and acceptor units, but this is
true for all donor/acceptor copolymers; for homopolymers like
PANI, this redox imbalance develops when part of a polymer
chain is protonated, but in the case of CPIs, the first protona-
tion effects spinless doping, before which the polymer back-
bone is not conjugated. Thus, we propose that the second
protonation of the donor unit of one polymer chain widens
the redox imbalance sufficiently to drive the redox reaction and
an electron transfer from one P-2 chain to another protonated
P-2 chain (or another segment of the same chain), resulting in the
formation of the polaron segments P-3 and P-3’. According to this

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020

mechanism, PISUM in CPIs would become more favorable as the
occupied state increases in energy both because it is driven by a
redox imbalance between the donor and acceptor (which may also
be facilitated by the spatial overlap of the HOMO and LUMO
revealed by the DFT calculations) and because it depends on the
protonation of the donor moiety, which is more energetically
favorable in more electron-rich donors.

Conclusion

Our previous studies on CPIs have focused on their semi-
conducting properties and the ability to cast them into smooth,
homogeneous films from green solvents. The serendipitous
discovery that CPIZ-TT-DEG spontaneously forms polarons
in acidic solutions extends the utility of CPIs to applications
that require doped polymers/free charge-carriers. The catonic
nature of CPIs is such that, in their semiconducting form, the
backbone contains positive charges, yet electrochemical
reduction leads to p-doping; because the PISUM in traditional
conjugated polymers forms p-doped polymers via oxidation,
one would not expect to find it in CPIs. The fact that we
observed a PISUM further underscores the otherwise ordinary
nature of CPISs; they are intrinsic semiconducting polymers that
exhibit a transition to the metallic state upon doping, except
that they are completely soluble in polar, protonic solvents and
can be deposited in their semiconducting or doped forms
simply by controlling the acidity of the solution from which
they are processed.
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