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properties with respect to their nonladder 
systems.[1] The unique functionalities of 
LCPs can be traced back to their mole-
cular structure, which consists of double 
strand chains connected by condensed 
π-conjugated units, resulting in a periodic 
sequence of elements that resembles the 
shape of a ladder.[2]

A consequence of such molecular 
architecture is the suppression of the 
dihedral angle linking two repeat units, 
thus leading to quasiflat systems showing 
high long-range order at the molecular 
scale. In comparison to classical con-
jugated polymers, LCPs show a lower 
intrachain torsional disorder, leading to 
a better π–π stacking and densely packed 
nanostructures.[1a] Furthermore, planarity 
induces an extended π-electron delocalisa-
tion, providing small bandgap and optical 
gap, and an overall low structural and elec-
tronic entropy.[3]

Following such as simple as pow-
erful structural design-rule a variety of 
LCPs were synthesised over the last dec-
ades. Examples dated back to 1960s are 
poly(benzimidazole–benzophenanthro-

line) (BBL)[4] and its derivative SBBL, polyquinoxaline (PQL), 
and poly(phenooxazine) (POL).[1a,5] After these pioneering 
works, new LCPs belonging to the family of ladder-type poly(p-
phenylene) (LPPPs), poly(p-phenacene)s, poly(thioacenes), and 
D–A imide-derivatives, were recently proposed.[6]

Despite their promising structure–property functions, LCPs 
have never overtook both replaced traditional π-conjugated pol-
ymers as active materials for optoelectronic and energy saving 
applications. Reasons for that are related to issues encom-
passing i) few effective synthetic strategies to construct defect 
free LCPs, ii) poor solubility, iii) complex protonation states in 
aqueous media, and iv) unclear redox mechanisms occurring 
both in solutions and solid state.

Amongst LCPs, BBL is the most investigated and promising 
one. It was synthesized in 1966 aiming at producing polymer 
fibres with high mechanical and thermal stability properties.[4] 
Results were not promising and in 1982[7] Kim renewed the 
attention on BBL suggesting it as a candidate for polymeric 
materials with high mechanical, thermal, chemical, and elec-
trical properties.[8] Kim was amongst the first one documenting 
chemical doping in BBL, finding a remarkable enhancement in 
the electrical conductivity (σ) upon both oxidation and reduc-
tion. Both processes, increased σ of 12 orders of magnitude, 
from 10−12 S cm−1 (pristine) to 2 S cm−1 (doped).[8,9]

Poly(benzimidazole–benzophenanthroline) (BBL) is a ladder-type conjugated 
polymer showing remarkable charge transport properties. Upon doping it 
displays various conductive regimes, leading to two insulator-to-conductor 
transitions. Such transitions are never fully characterized, limiting under-
standing of its charged states. Open issues are: i) the electron/hole polaron 
relaxations, ii) the structure–function relationships of multiple redox states 
and their connection with the conductive regimes, and iii) the role of pro-
tonation. Such knowledge-gaps are tackled via a comprehensive computa-
tional investigation of multiple redox species. Polarons show polyradicaloid 
character, as revealed by combining broken-symmetry density functional 
theory, fragment orbital density, and multireference analysis. Electron/hole 
polaron relaxations occur on the polymer chain, the former localizing on the 
benzophenanthroline moieties, the latter on the benzimidazole units. Mod-
eling of multiple charged species, up to one electron per repeat unit (1 eru), 
reveals a complex scenario of quasidegenerate states each featuring different 
spin multiplicity. Four redox states are responsible for the BBL insulator-to-
conductor transitions. The two high conductive states refer to the electron 
polaron (0.25 eru) and the redox species with 0.75 eru. The insulating regimes 
refer to the bipolaron (0.50 eru) and the redox state with 1 eru. Protonation is 
modeled, revealing polaron-like features in the spectroscopic properties.

Dr. D. Fazzi
Institut für Physikalische Chemie
Department Chemie
Universität zu Köln
Luxemburger Str. 116 D-50939, Köln, Germany
E-mail: dfazzi@uni-koeln.de
Prof. F. Negri
Dipartimento di Chimica ‘G. Ciamician’
Università di Bologna
Via F. Selmi, 2, Bologna 40126, Italy

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/aelm.202000786.

1. Introduction

Ladder-type conjugated polymers (LCPs) belong to the class 
of high-performance organic functional materials, featuring 
enhanced mechanical, thermal, chemical, and optoelectronic 
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At the end of 1980s, Wilbourn and Murray explored the elec-
trochemical doping of BBL in aqueous solutions and solid state 
films.[10] Despite a broad set of techniques, e.g., CV, coulometry, 
and spectroelectrochemistry, the complex redox behavior of BBL 
remained largely unclear. Difficulties arose in understanding 
the following aspects: i) the protonation state(s) and relative 
equilibrium in condensed phases, ii) the redox processes which 
lead to multiple CV peaks and to two conductive states showing 
high and low σ values (a factor of ten between the two), iii) 
the quantification of the amount of stored charge(s) per repeat 
units, and iv) the spectroscopic and charge transport properties 
of multiple redox species.

At the end of 1990s Sandreczki group[11] and Sariciftci 
group[12] were able to perform electron spin resonance and 
FT-IR spectroelectrochemistry experiments, getting insights 
into the multiple reduction processes of BBL. Contradicting 
conclusions however emerged, concerning the amount of con-
sumed charge(s) per polymer unit during the doping processes, 
the assignments between the observed multiple redox states, 
and the two (high vs low) electrical conductive states.[13]

A plausible description was provided by Sariciftci and co-
workers around 2000,[14] by coupling CV, FT-IR, and electrical 
conductivity measurements. In accordance to Wilbourn and 
Murray,[13] they found that the electrical conductivity of BBL varied 
by changing the potential during electrochemical reduction, 
showing two insulator-to-conductor transitions, thus leading to 
two conductive states with high (conductive state I: 9 × 103 S cm−1 
at −600 mV in 0.1 m Bu4NClO4–acetonitrile electrolyte), and low 
(conductive state II: 1.5 ×  103 S cm−1 at −1000 mV) conductivity. 
As inferred by Sariciftci and co-workers,[14] the two insulator-to-
conductor transitions referred to the presence of four reversible 
redox reactions (in contrast to Murray, who reported only two). 
Such redox species (named A, B, C, D) were assigned to two con-
ductive and two insulating states, respectively. Sariciftci and co-
workers proposed a multiple-charging reduction scheme in which 
the total number of consumed electron per repeat unit (eru) was 
measured as one, and the four redox species were classified as 
follows:[14] A, eru = 0.25, conductive state I; B, eru = 0.50, insulator 
state I; C, eru = 0.85, conductive state II; D, eru = 1, insulator state 
II. FT-IR spectra showed induced absorption vibration (IRAV) 
bands tentatively assigned to different negatively charged species, 
however insights into the structural, vibrational, and electronic 
properties of such hypothesized polaronic states were missing.

Despite such breakthrough in characterizing the complex 
redox behaviours of BBL, only phenomenological observations 
were reported, while fundamental understanding was lacking.

Given such multifaceted electrochemical and optical proper-
ties, BBL was broadly studied in the last two decades for dif-
ferent applications including pioneering works of Jenekhe and 
co-workers,[15] on electron transport (n-type) organic field effect 
transistors (μ  = 0.03–0.1 cm2 V−1 s−1),[16] heterojunction solar 
cells,[17] thermoelectric devices,[18] battery electrodes,[16c,19] and 
bipolar high conductive D–A polymer interfaces.[20]

For each application the role of multiredox states (involving 
either holes or electrons), and different protonated species 
(ubiquitously present in BBL, given its solubility in strong pro-
tonic acids) were never fully characterized nor understood.

Pioneering quantum-chemical calculations were reported in 
1992 by Kim and co-workers.[21] They investigated the structural 

and electronic properties of neutral and protonated BBL within 
the framework of semiempirical methods, however the approxi-
mated level of theory did not allow them neither to catch the 
underlying mechanisms, nor to explain the experimental data.

In 2016 Fabiano and co-workers reported the first joint 
experimental and computational investigation about BBL 
thermoelectric and polaronic properties.[18] Within the frame 
of density functional theory (DFT), they showed the pres-
ence of low-energy broken-symmetry unrestricted (BS-UDFT) 
solutions for a negatively charged state, leading to a spatially 
localized (electron) polaron over the ladder structure. In 2019, 
Zozoulenko and co-workers,[22] reported DFT calculations for 
multiple charged states of BBL, up to two electrons per repeat 
unit (2 eru). Despite Ghosh et  al.[22] represent an attempt in 
modeling multiple negatively charged states of BBL, it does not 
document the underlying DFT instabilities in determining the 
charged electronic wavefunctions, therefore the claimed state 
energies, spin, and response properties should be revisited.

Recently, we extended the quantum-chemical investigation of 
single and double negatively charged states (electron, polaron, 
and bipolaron[23]) of BBL.[24] We confirmed that DFT leads to 
unstable solutions for the charged electronic wavefunction,[25] 
given the multiconfigurational character and electron correla-
tion effects of charged states. We demonstrated how BS-UDFT 
might be an effective approach to overcome such issue, well 
describing the electron polaron/bipolaron localization in terms 
of spin densities and structural deformations,[26] and providing 
a correct assessment of the vibrational and electron transport 
properties in comparison to experimental data.

Notably, even though BBL has been experimentally investi-
gated over the last two decades, fundamental physicochemical 
properties remain largely unsolved yet, limiting our basic 
understanding, therefore restricting potential improvements to 
the whole class of LCPs.

The central idea of our work is to fill such knowledge-gap 
by modeling the multicharged redox state properties of BBL. 
In particular, i) we extended our investigation from electron to 
hole charged species, showing their different structural and spin 
relaxations over the polymer chain, together with their polyradi-
caloid character. ii) We modeled multinegative charged states 
considering up to one electron per repeat unit (1 eru), providing 
insights into the charging mechanisms and conductive species 
present upon doping. iii) We predicted the structure–property 
relationships of protonated and protonated/reduced states, and 
ultimately, iv) we calculated the response properties of all redox 
species so far considered, computing their vibrational and elec-
tronic spectra, and comparing the results with experimental data.

We were able to provide a comprehensive understanding 
to the experiments, by assigning the spectroscopic features of 
multiple redox species underlying the two observed insulator-
to-conductor transitions,[14] and by describing the role of proto-
nated states in affecting the vibrational and electronic spectra 
of BBL. We found that the first high conductive state can be 
assigned to a polaron (0.25 eru), while the first insulating state 
is attributed to a bipolaron (0.50 eru). The two other states, 
bringing 0.75 and 1 eru, are related to the second conductive 
and insulating state, respectively. Protonated species show clear 
polaron-like features, detectable via IR and UV–vis spectrosco-
pies as suggested by our computational predictions.
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Our study reconciles contradictory observations,[10,14,22] 
addressing fundamental questions, namely, i) what are the 
multiple-charging processes observed in BBL upon doping, ii) 
how much charge is stored per polymer repeat unit, iii) what 
are the polaronic species governing the high and low conduc-
tive states during the insulator-to-conductor transitions, iv) how 
electrons and holes relax over the polymer chain, and v) what 
are their main spectroscopic responses.

2. Results and Discussion

2.1. Electronic Structure of BBL Polarons and Bipolarons: 
Electron versus Hole

Aiming at a full understanding of the charging processing 
occurring in BBL (see chemical structure and conformers in 
Figure  1), we modeled a variety of electronic states differing 
by the total charge (q) and spin state multiplicity. Charges 
were referred to be positive or negative, representing hole or 
electron doping, respectively. The electronic states for single 
(|q|  = 1e) and double (|q|  = 2e) charged species were named 
as: polaron – q = ±1e  (P+ hole, P− electron), state multiplicity 
doublet (D); bipolaron – q  =  ±2e  (B+, B-), state multiplicities 

singlet (S) or triplet (T). Multiple redox species, in analogy to 
the experimental data,[10,14] were investigated only for the case 
of electrons, namely: q = 3e−, state multiplicities doublet (D) or 
quartet (Q), and q  = 4e–, state multiplicities singlet (S), triplet 
(T), quintet (Qui), and q = 5e−, state multiplicities doublet (D), 
quartet (Q), and sextet (Sex) (see Supporting Information). For 
each electronic state, we optimized the structure and checked 
the stability of the DFT wavefunction. If an instability was 
found, both electronic and nuclear coordinates were then reop-
timized at the broken symmetry (BS) UDFT level, as already 
reported in refs. [18 and 24a] specifically for BBL. For details 
concerning the theoretical background and broad applications 
of the BS formalisms to inorganic, organic, and hybrid com-
pounds we refer the reader to ref. [24b-g]. Further computa-
tional details are given in the Supporting Information.

Figure 1 reports the positive versus negative polarons (P±(D) 
– red) and bipolarons (B±(S) – blue, B±(T) – black) stabiliza-
tion energies (ΔE) for each BBL oligomer length (BBL1–8). 
ΔE is defined as the energy difference between the BS-UDFT 
and the standard DFT solutions. For P±(D) ΔE is computed as 
ΔE = E(BS-UDFT) – E(UDFT), for B±(S) as ΔE = E(BS-UDFT) – 
E(RDFT), and for B±(T) as the energy difference between triplet 
and singlet states, ΔE  = E(T) – E(S). As already discussed by 
Fazzi et al.,[24a] electron polaron P−(D) shows an instability the 

Figure 1.  Top panel: chemical structures of cis and trans BBL conformers. Bottom panels: stabilization energy ΔE (see definition in the main text) for 
polaron doublet P(D) (red), bipolaron singlet B(S) (blue), and triplet B(T) (black) states by changing the oligomer size n (n = #number of unit, 1–8), 
for electron (left) and hole (right). DFT functional: ωB97X-D, basis set: 6-31G*. Negative energies refer to BS-UDFT calculations (P ± (D), B ± (S)), or 
UDFT calculations (B ± (T)). Data for electrons are readapted from Ref. [24]. Reproduced with permission.[24] Copyright 2019, Royal Society of Chemistry.
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longer is the BBL chain. Starting from BBL4, both cis and trans 
conformers show a BS-UDFT solution for P−(D), lower than 
the respective UDFT solution. For the case of bipolarons,[24a] 
the situation is more pronounced than polarons. The instability 
of the DFT for a singlet bipolaron (B−(S)) is found starting 
from BBL2, leading to ΔE larger than 1 eV for long oligomers. 
The triplet bipolaron state (B−(T)) shows ΔE very much similar 
to the singlet B−(S), differing for less than 10−4  eV from the 
latter. The found BS solutions, recall for a multiconfigurational 
character[24b,c] and correlation effects of the electronic wavefunc-
tion[27] for BBL polarons and bipolarons.

We extended the quantum-chemical investigation to posi-
tively charged states, namely, hole polarons P+(D) and bipo-
larons B+(S), B+(T), as shown in Figure  1. For P+(D) cis con-
formers do not show wavefunction instability, while trans do 
show BS solutions for certain lengths (BBL3, 5, and 7). As for 
electrons, hole singlet bipolaron states B+(S) report wavefunc-
tion instability, leading to ΔE larger than 1.5  eV for long oli-
gomers. Contrary to electron bipolarons, hole B+(S) presents 
a BS solution at the monomer level (BBL1) already, with ΔE = 
0.5  and 1  eV for cis and trans, respectively. This is a remark-
able aspect, because it highlights the multireference (MR) and 
polyradicaloid character[28] of the double charged (bipolaron) 
hole-wavefunction.

In analogy to negatively charged species, the stabilization 
energies of hole bipolaron triplet states B+(T) are also reported 
in Figure 1, following the same trend as discussed for B−(T).

In general, the presence of low energy BS-UDFT solutions, 
regardless the nature of the charge, highlights a complex elec-
tronic structure scenario in which static electron correlation 
(SEC) and MR effects play relevant role.[29] Despite BS-UDFT 
is based on a single-determinant approach,[30] it has been dem-
onstrated that it can qualitatively describe situations in which 
SEC[24b-g,31] and MR or polyradical characters are predomi-
nant,[28,32] providing reasonable results in comparison to MR 
methods.[24b-g,33] Unquestionably, high-level quantum chemical 
methods, such as quantum Monte Carlo (QMC) techniques 
combined with the resonating-valence-bond (RVB) theory,[34] 
would provide a better description of the electronic structure 
and correlation effects as compared to BS-UDFT or wavefunc-
tion MR techniques, however such approaches are still too 
demanding to be applied for polymeric materials. A successful 
attempt was recently documented for the case of acenes, where 
MR effects were addressed via QMC/RVB,[30] showing that the 
diradicaloid character of the neutral ground state is weaker as 
previously predicted via BS DFT, or wavefunction MR and cou-
pled-clusters theories, though present.[35]

To further stress the importance of electron correlation and 
MR effects in the description of multiple charged wavefunc-
tions in ladder-type systems, and to strengthen the BS-UDFT 
based approach, we performed a fractional occupation electron 
density (FOD) analysis for some BBL oligomers in their neutral, 
polaron (q = ±1e), and bipolaron (q = ±2e) states. As introduced 
by Grimme and Hansen,[36] FOD is a tool to gauge the MR char-
acter of a compound.[37] FOD number (NFOD) is a measure of 
how many highly correlated electrons are in the system. The 
larger is NFOD the higher is the MR character of the system. As 
a consequence, in the context of HF or DFT approaches, the 
presence of BS solutions might appear.

Table S1 of the Supporting Information collects the com-
puted NFODs for neutral, polaron, and bipolaron states of few 
BBL oligomers. Notably, each electronic state shows high NFOD 
values (≥0.7), which increase by lengthening the chain. The 
trend confirms a not negligible contribution from SEC in the 
description of the electronic wavefunction. The high NFODs 
for the neutral state (Table S1, Figures S1 and S2, Supporting 
Information) already indicate a pronounced polyradical char-
acter of BBL.[28] Charged states, P±(S) and B±(D) show higher 
NFODs than the neutral species, with values for holes larger than 
electrons. The FOD analysis justifies the presence of BS solu-
tions,[38] for BBL charged species (Figure  1), pointing out the 
role of SEC/MR effects in determining the electronic wavefunc-
tion of charged states.

To explicitly take into account MR effects and to prove their 
contributions in shaping the charged state electronic wave-
functions, we performed CASSCF/NEVPT2 calculations on 
a reference system, namely BBL monomer unit. Results are 
detailed in the Supporting Information. CASSCF wavefunc-
tion for BBL1 B+(S) undoubtedly indicate a strong contribution 
of doubly excited determinants (i.e., H,H → L,L – with H the 
highest occupied molecular orbital and L lowest one) in the 
description of the ground state (≈40%).

FOD and CASSCF/NEVPT2 calculations corroborate 
the BS-UDFT analysis for describing the multiple charged 
states of BBL, highlighting the importance of SEC effects in 
casting the electronic wavefunction of both electron and hole 
polarons and bipolarons. BS-UDFT solutions (when found) 
can represent an effective approximation to describe the com-
plex MR/polyradicaloid electronic structures of redox states in 
large conjugated systems. Such aspect is particularly valid for 
BBL, though we believe it is generally true for the whole class 
of LCPs.

To understand the relaxation and spatial confinements[39] of 
electron versus hole polarons and bipolarons along with the 
polymer ladder chain, we compared the computed spin densi-
ties in Figure 2. A long oligomer, i.e., BBL5 as representative 
of the polymer, is considered. Both electron and hole polarons 
localize over a portion of the chain. Such aspect is a physical 
property of the system, the reason why can be traced back to 
the localized nature of the molecular orbitals as described at the 
DFT BS level.

While electron P−(D) localizes over the benzophenanthro-
line conjugated segment, hole P+(D) localizes over the ben-
zimidazole moiety (Figure 2), leading to different structural 
and charge relaxations. In particular, for P+(D) the spin den-
sity is localized around the imide units. Such different relax-
ations between electron and hole lead to different response 
properties, as discussed infra. Bipolaron states relax over 
two spatial separated chain segments, for both electrons and 
holes. The B±(S) spin densities reflect the radical character 
of bipolaron singlet state wavefunction. Bipolaron triplet 
states B±(T) relax over the same conjugated segments as 
B±(S) do.

The presence of heterogroups, such as carbonyls and imides, 
localize the polaron defects,[40] favoring the confinement of the 
structural deformations and spin densities upon charging. We 
speculate that other LCPs might show BS DFT solutions for 
both neutral and charged states, therefore localized structural/
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spin density relaxations. We believe this is a general character-
istic of LCPs, given their ladder structure and high π-electron 
delocalization, resulting in not negligible long-range electron 
correlations and MR/polyradical effects.[26b] However, the chain 
length at which the MR/polyradical character become promi-
nent has to be carefully evaluated for each polymer case, and 
moreover it should be benchmarked over a wide variety of 
methods.[30]

2.2. Electronic Structure of BBL Multiple Negatively Charged 
States

Multiple negatively charged species cover a crucial role in 
understanding the variety of redox and charge transport pro-
cesses occurring in BBL upon charging,[13,14,20b,41] as docu-
mented in the introduction. Upon reduction BBL shows two 
insulator-to-conductor transitions, having two conductive states 
(high, conductive state I: 9  ×  103  S cm−1, and low, conductive 
state II: 1.5  ×  103  S cm−1) and two insulating states. Sariciftci 
and co-workers tentatively assigned the multiple redox states to 
four species proposing the following multiple-charging reduc-
tion scheme:[14]

•  BBL (pristine, insulator) + qa = BBLqa (species A, conductive 
state I)

•  BBLqa + qb = BBL(qa+qb) (species B, insulating state I)
•  BBL(qa+qb) + qc = BBL(qa+qb+qc) (species C, conductive state II)
•  BBL(qa+qb+qc) + qd = BBL(qa+qb+qc+qd) (species D, insulating state 

II)

The total consumed electron per repeat unit (eru) was meas-
ured as one (qa + qb + qc + qd = 1 eru), and the partial charges 
transferred at different stages were determined as: qa = 0.25 eru, 
qb = 0.25 eru, qc = 0.35 eru, and qd = 0.15 eru. In such frame, 
the high conductive state I was refereed to species A (0.25 eru), 
while the low conductive state II as species C (0.85 eru). The 
two insulating states were related to species B (0.50 eru) and D 
(1 eru), respectively.

To model such electron charging scheme, we considered 
the BBL4 oligomer, both cis and trans conformers, as a model 
system. In Figure 3 are reported the energies of each multiple 
charged state (panel a) together with the relative spin densities 
(panel b). The correlation between the experimental redox spe-
cies (A, B, C, D) and the charged states we modeled, is as fol-
lows: species A corresponds to a total charge for BBL4 of q  = 
1e− (i.e., P−(D)) leading to 0.25 eru, species B to q  = 2e− (i.e., 
B−(S)/B−(T)) giving 0.50 eru, species C to q  = 3e− (state mul-
tiplicities D or Q) corresponding to 0.75 eru, and species D to 
q = 4e− (state multiplicities Qui, T or S) with 1 eru. We assumed 
that the experimental species C (measured as 0.85 eru) can be 
approximated to the case of q = 3e−, therefore 0.75 eru.

BS solutions are indicated in Figure 3, together with the state 
spin multiplicity. Notably, almost each state shows a BS solution, 
remarking the role played by SEC and MR effects in governing 
the electronic wavefunction of such multiple negatively charged 
states. In BBL4 cis, upon charging the energies of all electronic 
states fall within the thermal activation energy at room tem-
perature (kBT ≈ 25 meV). For the case of bipolaron, singlet and 
triplet states, B−(S) and B−(T), are almost degenerate, leading 

Figure 2.  Electrons (top) and holes (bottom) spin densities (ρ) calculated at the BS-UDFT level of theory (ωB97X-D/6-31G*), for polarons doublet 
(P(D)), bipolaron singlet (B(S)), and UDFT for bipolaron triplet (B(T)) states. Spin densities were calculated as ρ = (ρα–ρβ) at isovalues of 0.001 Å3. 
Data refer to BBL5 trans.
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to a ΔE(S-T) very small (|ΔE|  ≈ 0.008  eV). The same holds for 
q  = 3e− (i.e., 0.75 eru), with doublet and quartet states degen-
erate, and for q  = 4e− (1 eru), with quintet, triplet and singlet 
states within kBT. BBL4 trans slightly differs from cis, however 
all electronic negatively charged states reside below 0.08 eV of 
energy difference.

These findings highlight a remarkable aspect of BBL: mul-
tiple redox states show a variety of spin state multiplicities (e.g., 
singlet, doublet, triplet, quadruplet, quintet, etc.), and all states 
(for a given charge) reside within an energy difference of the 
order of kBT (or <0.1 eV). Therefore, for a given redox species, 
multiple states with different spin multiplicities can become 
equally accessible and populated by thermal activation. The 
energetic scenario draw in Figure 3 underlies the complex and 
multifaceted redox behaviour of BBL upon electron doping.

The analysis of the spin densities, is reported in panel b, 
Figure  3. Similarly to BBL5 (Figure  2), we can recognize that 
also for BBL4 electron P−(D) is mainly localized over a unit, 
and bipolarons B−(S) and B−(T) are localized over two. The 
cases of q = 3e− (0.75 eru) and 4e− (1 eru) show localization over 
three and four units, respectively.

Given the low energy differences between states and the 
expected DFT energy error, we can say that states with the 
highest spin multiplicity usually feature the lowest energy. 
Notably, multiple charged states show a localized character, 
highlighting the polaronic nature of such redox species.

2.3. IR Vibrational Spectra of BBL Polaron, Bipolaron, and 
Multiple Charged Species

Based on such model system, given the energies and spin mul-
tiplicities by checking the existence of BS-UDFT solutions, we 
were finally able to assign the redox species as those observed 
in the experiments by Wilbourn and Murray,[10] and Sariciftci 
and co-workers,[14] by computing the vibrational and electronic 
spectra.

In Figure 4 are shown the computed IR spectra for each mul-
tiple (negative) charged states with respect to the experimental 
FT-IR spectroelectrochemical measurements.[14]

The electron polaron P−(D) for both cis and trans conformers, 
shows four peculiar IRAV bands[42] in the spectral regions 1650, 

Figure 3.  Top panels: calculated energy difference for electronic negatively charged states for BBL4 cis , as defined by the total charge q. Polaron, q = 
1e−, doublet (D). Bipolaron, q = 2e−, singlet (S) or triplet (T). q = 3e−, doublet (D) or quadruplet (Q). q = 4e−, quintet (Qui), triplet (T) or singlet (S). 
Broken-symmetry (BS) solutions are indicated, when found. Total negative charges per BBL4, correspond to eru, namely: q = 1e− (0.25 eru), q = 2e− 
(0.50 eru), q = 3e− (0.75 eru), and q = 4e− (1 eru). Both cis (left) and trans (right) conformers are reported. Bottom panel: computed spin densities for 
each negative charged state. Level of theory (ωB97X-D/6-31G*).
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1500, 1280, and 1200 cm−1 (labeled with * in Figure 4; also see 
Supporting Information for a spectroscopic assignment). The 
1650 cm−1 band is associated with the antisymmetric stretching 
mode of the two carbonyl groups involved in the polaron struc-
tural relaxation (see spin density map, Figure 3). The intensity 
of such band is higher for the cis than the trans, given the dif-
ferent directionalities of the carbonyl groups. Another intense 
IRAV band is located around 1280–1300  cm−1 being related to 
the CN stretching coupled with the CH rocking mode.

The computed IR spectra well reproduce the experimental 
one (despite the high signal-to-noise ratio of the latter),[14] and 
allowed us to assign the high conductive state I, species A (0.25 
eru), to the electron polaron P−(D) state.

The IR spectra of bipolarons show a red shift of the 1650 
cm−1 band for both cis and trans conformers (toward 1635 cm−1). 
Such band represents the antisymmetric stretching of the car-
bonyl groups belonging to the two repeat units where the bipo-
laron is localized (see spin density map, Figure 3). To note, it is 
also the global intensification of all bands in the regions 1600, 
1500, and 1300 cm−1. For the case of BBL trans we can observe 
a gradual intensification of the band around 1350 cm−1 (see 
Figure 4). Good agreement with the experimental data (see Sup-

porting Information) is observed, allowing us to refer species 
B (0.50 eru), i.e., the insulator state, as the electron bipolaron. 
Very little differences can be seen by comparing the computed 
IR spectra for singlet B−(S) and triplet B−(T) bipolarons (see 
Supporting Information).

Upon extra charging, toward q = 3e− and 4e−, with 0.75 and 1 
eru, respectively, the computed IR spectra change as follows: i) 
a gradual red shift of the 1650 cm−1 band toward 1600 cm−1, and 
ii) an intensification of the IR bands around 1500 and 1400–
1350 cm−1 regions. We can assign the calculated IR bands to 
the experimental ones observed for species C and D (see Sup-
porting Information), therefore referring species C (conductive 
state II) to the charging case of q  = 3e−, and species D (insu-
lator state II) to q  = 4e−. Differences between the computed 
IR spectra for each state spin multiplicity are very minors and 
reported in the Supporting Information.

At the current stage it is difficult to discriminate between cis 
and trans conformers by comparing the calculated versus exper-
imental IR spectra. Experimentally samples are not pure cis or 
trans isomers, every chain containing a statistical distribution 
of both by virtue of the condensation polymerization method 
used.[1b] Even though the detailed spectroscopic assignment will 

Figure 4.  Top panel: theoretical IR spectra for BBL4 cis (left) and trans (right) computed for neutral (green line) and different negative charged states, 
namely, q = 1e− (0.25 eru) species A, q = 2e− (0.50 eru) species B, q = 3e− (0.75 eru) species C, and q = 4e− (1 eru) species D. Labels * mark relevant 
IRAV modes. Computed frequencies (ωB97X-D/6-31G*) were rescaled by a scaling factor 0.93 to match experimental data. Bottom panel: experimental 
FT-IR spectroelectrochemistry data. Reproduced and readapted with permission.[14] Copyright 2019, ACS. Redox species A (0.25 eru), B (0.50 eru), C 
(0.85 eru), and D (1 eru).
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be the subject of another study, we can already observe some 
specific vibrational fingerprints.

For redox species A, the intense IR band at 1650 cm−1 and 
the spectral shape around 1500 cm−1 can be better assigned to 
conformer cis. For the redox species C i) the sharp intense band 
around 1400 cm−1 in the experimental data (here assigned to a 
quinoidal mode on a benzophenantroline unit coupled with the 
CN stretching) can be attributed to the trans conformer, and ii) 
the two intense experimental bands around 1500 cm−1 region 
can be interpreted as a superposition of bands belonging to 
both cis and trans. For redox species D, we can recognize the IR 
bands at 1600 cm−1 for both BBL cis and trans, together with the 
intense band at 1350 cm−1.

The good correlation between the theoretical and experi-
mental data directly validates our BS DFT approach in 
describing the electronic structure and response properties of 
multiple charged states in LCPs.[24] Moreover, we were able to 
assign for the first time all redox species (A, B, C, D) as previ-
ously identified experimentally,[14] however never characterized.

Summarizing, we can refer the high conductive state I (spe-
cies A) to the electron P−(D) doublet state, and the low con-
ductive state II (species C) to the case with a total charge q = 
3e− for BBL4, i.e., 0.75 eru, being either a doublet or a quartet 
electronic state (Figure  3). The two insulating states can be 
assigned to bipolarons (either B−(S) or B−(T)), and to a state 
with a total charge q = 4e− for BBL4 (i.e., 1 eru) showing either 
quintet, triplet or singlet state multiplicity (Figure 3).

Given the current experimental data-set available in litera-
ture,[14] it is difficult to discriminate amongst different BBL 
conformers and state multiplicities playing during the multi-
electron doping processes. Further experimental data, such as 
electron spin resonance spectroscopy, would be required.

2.4. Electronic Spectra of BBL Polaron, Bipolaron, and Multiple 
Charged Species

A possible way to get insights into the nature of multiple redox 
states upon electron doping, can be by analysing the electronic 
transitions of charged species.

In Figure  5 is reported the comparison between the com-
puted vertical electronic transitions, for each multiple charged 
state, between BBL cis and trans. It can be noted that the com-
parison BBL cis versus trans leads to markedly different elec-

tronic spectroscopic responses. The excitation energies of BBL 
trans for the polaron (q = 1e−), bipolaron (q = 2e−), q = 3e−, and 
q = 4e− are generally lower in energy, showing broader spectra, 
than the cis. The negatively charged species of BBL trans show 
dipole active excited states in the mid-IR region, while for BBL 
cis such low-energy excited states, though present, are optically 
forbidden (or with negligible oscillator strength, see Supporting 
Information).

While polaron and bipolaron show similar electronic transi-
tions, within each conformer, the case for q = 3e− (0.75 eru) and 
4e− (1 eru) differ, leading to more intense oscillator strengths 
and broader absorption bands.

Spectroelectrochemical data reported by Wilbourn and 
Murray,[10] and recent UV–vis spectra recorded upon electron 
chemical doping,[18,20b] well match the theoretical predictions of 
the excited state for the P−(D) species. Wilbourn and Murray[10] 
also report the UV–vis spectra by changing the reduction 
potential. Evidences of an enhancement in the band intensi-
ties around 2.5–2.3 eV, and further below at 1.3 eV, well match 
the computed electronic spectra for BBL trans, Figure  5. The 
published data document the presence of an absorption band 
starting at 900  nm (1.3  eV), which increases its intensity by 
increasing the redox potential. For the case of BBL trans, we 
indeed predicted low-lying excited states (<1 eV) for both elec-
tron polarons and bipolarons.

As reported before for the IR spectra, the active species pre-
sent in solution or in thin films are most likely a mixture of 
BBL cis and trans conformers.

Regardless specific assignments, given the differences in 
the computed electronic transitions for multiple redox states, 
we envisage that UV–vis spectroelectrochemistry—around 
2–1.5  eV and down to 1.3–0.3  eV spectral regions—can be a 
valuable tool to discriminate amongst BBL conformers and 
between different electronic redox states playing upon electron 
charging, as clearly shown in Figure 5.

2.5. Role of Protonation in BBL Neutral and Charged Species

A relevant question still has to be answered in literature 
regards the effects of protonation, and the mutual presence 
of protonated and reduced states as induced by doping, in 
affecting BBL structural and spectroscopic properties.[8,10] 
This aspect is very relevant in the literature of BBL and other 
LCPs, being such polymers processed by using strong pro-
tonic acids to favor their solubility and processability. As a 
consequence, a fraction of protonated species is inevitably 
present in the active material, eventually affecting the opto-
electronic properties.
Figure 6 compares the computed IR and UV–vis spectra for 

the following three cases of BBL4 cis: a protonated oligomer 
(1H+ per repeat unit, named 4H+), a charged oligomer with 
q = 4e− (1 eru) and a protonated/charged oligomer (4H+/4e−). 
The protonated species shows an intense IR band at 1000 cm−1 
(see Figure  6). Such transition, associated to the CH rocking 
coupled with the NH rocking localized on one benzophenant-
roline unit, is always present in any IR spectrum of pristine 
BBL.[8,14] On the contrary, as evident from our calculations, such 
band is not related to a pristine species, rather to a (partially) 

Figure 5.  Computed electronic vertical transition energies (unscaled 
values) at the time-dependent TD-DFT (ωB97X-D/6-31G*) for electron 
polaron (P(D)), bipolaron (B(S), B(T)), q = 3e− (doublet, D), and q = 4e− 
(quintet or singlet) states. BBL4 cis (left) and trans (right) conformers are 
reported. Spectra were obtained as convolution of Lorentzian functions.
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protonated species. The computed IR spectra of neutral BBL cis 
and trans (see Figure 4) in fact do not show any intense IR band 
around 1000 cm−1.

Notably, the intensity of the IR band associated to the pro-
tonated species is orders of magnitude higher than the band 
intensities of the neutral species in the same spectral region. 
We speculated that even low concentrations of protonated 
species in pristine samples can lead to an intense IR band at 
1000 cm−1.[8,14] To note, it is also the broadening of the IR spec-
trum of BBL4 protonated species (4H+) in the region of the 
carbonyl bands (see at 1700 cm−1 in Figure 6), shifting the fre-
quencies toward high wavenumbers. Such spectral spread was 
already reported in early experimental data by Kim,[8] however 
never carefully investigated. We can prove that the broadening 
at 1700 cm−1 is due to the presence of a protonated species (see 
Supporting Information).

In Figure  6 are shown also the computed electronic transi-
tions (TDDFT data) for the protonated (4H+), charged (q  = 
4e−, 1 eru) and protonated/charged (4H+/4e−) species. The 
protonated (4H+) species shows a distinctive absorption band 
around 1.2 eV, leading to a spectrum remarkably different than 
the charged or protonated/charged species. Such low-energy 
band is the S0→S1 transition, described (see Supporting Infor-
mation) as single excitations from singly occupied to unoccu-
pied orbitals localized over few units. Unfortunately, we could 
not find experimental data to corroborate our calculations. We 
otherwise believe our theoretical spectroscopic predictions may 
serve as a valuable tool for both theoreticians and experimen-
talists to characterize the multiple redox and protonated spe-
cies of BBL, present in solution or solid state.[10] Spin densities 
for each protonated and charged case are reported as insets in 
Figure  6 too, showing the localization of the spins, therefore 
the polaronic nature of such multiple redox/protonated species.

3. Conclusion

LCPs gained a renewed interest owing to their remarkable 
chemical, mechanical, optoelectronic, and energy-conversion 
properties. Amongst LCPs, BBL is the most investigated one, 
showing the highest electron mobility (0.1 cm2 V−1 s−1), elec-
trical conductivity (1.7 S cm−1), and thermoelectric power 

factor (0.43 µW m−1 K−2). Such outstanding figures-of-merit 
are achieved via (electro)-chemical doping, leading to a series 
of multiple redox states whose structural, electronic, and 
optical responses have never been comprehensively rational-
ised. Despite the numerous reports on BBL, the understanding 
of fundamental electronic and chemical–physical proper-
ties remains poor. We filled such knowledge-gap through an 
extended quantum-chemical investigation modeling the mul-
tiple charged states of BBL, assessing their structural, spin, and 
spectroscopic properties, ultimately comparing our data with 
the available experimental results.

We found that the electronic wavefunction of charged states 
(e.g., polarons, bipolarons, and multiple redox states) shows 
remarkable electron correlation effects and multiconfigura-
tional characters, features that we addressed via a combined 
use of BS-UDFT and FOD calculations, as well supported by 
MR wavefunction methods.

Holes (i.e., oxidized species) showed higher MR/radicaloid 
character than electrons (reduced species). MR wavefunction 
calculations corroborated such aspect, reporting a strong con-
tribution of double excitations in the description of the BBL 
ground state hole bipolaron wavefunction.

Comparing the electron and the hole states, we found that 
the structural and spin-density relaxations of polaron, bipo-
laron, and multiple redox states showed distinctive differences. 
Electrons relax upon the benzophenanthroline segments, while 
holes localize over the benzimidazole moieties. Both polarons 
are spatially localized, allowing BBL to host multiple charges, a 
property that can be exploited for thermoelectric and electrode-
battery applications.

Upon electrochemical doping BBL shows multiple conduc-
tive regimes, leading to two insulator-to-conductor transitions, 
as reported in literature. We modeled such complex redox sce-
nario by mimicking the multiple charged states of BBL up to 
1 eru. We found a variety of spin state multiplicities (e.g., sin-
glet, doublet, triplet, quartet, quintet, etc.) by varying the charge 
accommodated on the chain, revealing a wide range of quaside-
generate electronic states all lying within kBT, or below 0.1 eV. 
Notably, given a certain charge, states with different spin multi-
plicities can be thermally populated.

The multiple redox states can be represented as follows: the 
polaron as 0.25 eru (q = 1e−), the bipolaron as 0.50 eru (q = 2e−), 

Figure 6.  Left panel: computed IR spectra (scaling factor 0.93) for BBL4 cis protonated (4H+), charged (q  = 4e−, 1 eru) and protonated/charged 
(4H+/4e−) species (all quintet state multiplicity), together with the spin densities. Right panel: relative computed TD-DFT vertical transition energies 
(unscaled values).

Adv. Electron. Mater. 2021, 7, 2000786



www.advancedsciencenews.com
www.advelectronicmat.de

2000786  (10 of 11) © 2020 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH

and the multiple redox states as 0.75 eru (q  = 3e−) and 1 eru 
(q = 4e−).

We were able to assign the conductive/insulating regimes 
observed in literature to specific multiple charged states of 
BBL, by comparing the computed IR vibrational spectra to the 
experimental ones. We found that the high conductive state I 
can be related to the polaron (doublet), the low conductive state 
II to the redox species with 0.75 eru (being either doublet or 
quartet), the two insulating states to the bipolaron (either sin-
glet or triplet), and to the redox case with 1 eru (either quintet, 
triplet or singlet).

Furthermore, we assigned the main intense IRAV bands of 
the polaronic species to the antisymmetric stretching of the car-
bonyl groups (1650 cm−1). A blue shift of such band is predicted 
passing from polaron (0.25 eru), bipolaron (0.50 eru), and up to 
1 eru charged state. This clear assignment would allow future 
experimental and quantitative monitoring of the doping levels 
and conductive species upon doping.

We evaluated the electronic transitions of multiple redox 
states, finding that BBL cis and trans conformers show remark-
able variations in the excited states. The latter shows low-
energy optical allowed transitions, otherwise not active in 
the cis.

Finally, we addressed the role of protonation in BBL. Pro-
tons, localized on the imide units, induce a polaron-like spin 
density. A peculiar vibrational signature of protonated species 
is the intense IR band at 1000 cm−1. Moreover, protonated spe-
cies shows a distinctive electronic absorption band, leading to 
an absorption spectrum remarkably different then the charged 
or protonated/charged cases.

Our modeling of multiple charged BBL species reconciles 
contradictory experimental and computational observations, 
shedding light onto the polaronic structure–property functions 
of BBL, so far the most prominent polymer amongst LCPs in 
the field of organic electronics.

4. Experimental Section
Detailed information concerning each aspect of the quantum-chemical 
calculations is reported in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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