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ABSTRACT: Polyaniline derivatives represent one of the
most widely used classes of conductive polymers. The
fundamentally important electronic properties of pernigrani-
line salts, the fully oxidized and acid-doped derivatives of
polyanilines, however, are still not well-understood due to
their poor stability and configurational uncertainty. To address
these issues and to synthetically access stable analogues of
pernigraniline salts, ladder-type constitution was imparted into
a series of model oligomer analogues with rigid backbones
constituted by up to 27 fused rings. The syntheses were
achieved through iterative cross-coupling reactions followed
by cyclization and oxidation. In contrast to their unstable non-
ladder-type counterparts, these ladder-type pernigraniline-like molecules all adopt a well-defined all-trans configuration and
demonstrate an excellent chemical stability after protonation, rendering it possible to reveal the intrinsic electronic and magnetic
properties of molecules resembling pernigraniline. Protonated salts of these oligomers feature a significant diradicaloid open-
shell resonance contribution. A dominant temperature-independent Pauli paramagnetism was observed in the solid state, an
indication of the delocalization nature of the polarons in ladder-type analogues of pernigraniline salt.

■ INTRODUCTION

A ladder-type macromolecule consists of an uninterrupted
sequence of rings with adjacent rings joined to each other
through at least two atoms on one side and two on the other
side.1,2 In contrast to non-ladder-type macromolecules, ladder
oligomers and polymers feature high backbone rigidity and lack
configurational or conformational disorders.3,4 Conjugated
ladder-type compounds have shown excellent optical and
electronic properties suitable for applications in organic light-
emitting diodes,5 organic field-effect transistors,6,7 and organic
photovoltaics,8−10 as a result of their extended π-delocalization
and strong intermolecular coupling facilitated by their rigid
coplanar structure.11 Ladder-type macromolecules also often
possess outstanding thermal and chemical stability,12,13 which
enables their potential applications in harsh conditions. The
implementation of ladder-type constitution into functional
conjugated polymers, such as polyaniline (PANI), is a promising
strategy to achieve well-defined configuration/conformation
and to improve the stability of these polymers, paving the way
for the establishment of their intrinsic structure−property
correlations and consequently their potential applications.
PANI derivatives represent one of the most widely used

classes of conductive polymers, applied in a great variety of

fields, such as anticorrosive coatings,14 energy storage
systems,15−17 and electrochromic devices,18,19 among others.
In addition, their intriguing multistage redox chemistry, doping
processes, and magnetic properties have been the subject of
fundamental research for decades.20−26 Among the PANI
derivatives with variable redox states, the partially oxidized
derivative, emeraldine base, can be doped by acid to afford a
highly conductive emeraldine salt, exhibiting both Curie
paramagnetism and Pauli paramagnetism.27 The fully oxidized,
acid-doped counterpart, the pernigraniline salt (Figure 1), was
hypothesized to possess dominant bipolaron resonance due
to Coulombic repulsion28,29 and to act as an insulator because of
the strong localization of the bipolarons.30 Recently, in situ
electrochemical conductivity measurements on stabilized
pernigraniline salts, however, indicated31 that they may be
intrinsically conductive. Unfortunately, in-depth and rigorous
investigation of pernigraniline salts is severely limited to
date.32−35 First, pernigraniline salts suffer from poor stability
as they readily degrade through hydrolysis,33 reduction,32,36−38

and conjugated addition39 at ambient conditions. Efforts have

Received: November 22, 2019
Published: December 12, 2019

Article

pubs.acs.org/JACSCite This: J. Am. Chem. Soc. 2020, 142, 641−648

© 2019 American Chemical Society 641 DOI: 10.1021/jacs.9b12626
J. Am. Chem. Soc. 2020, 142, 641−648

D
ow

nl
oa

de
d 

vi
a 

TE
X

A
S 

A
&

M
 U

N
IV

 C
O

LG
 S

TA
TI

O
N

 o
n 

Ju
ne

 1
6,

 2
02

0 
at

 2
0:

39
:2

8 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

pubs.acs.org/JACS
http://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.9b12626
http://dx.doi.org/10.1021/jacs.9b12626


been made in stabilizing them by chemical modification30 or
protection, which have met with limited success.31,40,41 Second,
the uncontrollable cis/trans isomerization of the iminium

bonds42 and the torsional rotation of the backbone give rise to
structural complexity of pernigraniline salts and discrepant
results of their reported properties.25,30,31,33

In this context, there is an urgent need to solve the stability
and isomerization issues before further fundamental inves-
tigations and practical applications of pernigraniline salt
derivatives can be conducted rigorously and extensively. Herein,
we report a strategy to address these issues simultaneously by
implementing a ladder-type constitution in analogues of
pernigraniline salts. A series of oligomeric, ladder-type
derivatives were synthesized, comprehensively investigated,
and compared to a non-ladder-type control compound, the
results of which revealed enhanced stability and unexpected
Pauli paramagnetism produced by the ladder-type constitution.

■ RESULTS AND DISCUSSION

In this work, a series of ladder-type pernigraniline oligomers,
Q1−Q4 (Figure 1), rather than polymers, were selected as the
subjects of investigation to circumvent issues associated with
ladder polymers, such as polydispersity, structural defects, and
limited solubility.43−49 In addition, the series of ladder oligomers
with well-defined structures and variable sizes allow for the study
of precise property evolution from a small molecule to a
polymer.Q1−Q4 were designed on the basis of the structure of
quinonediimine, wherein Qn contains n quinonediimine units.
Bridging dimethylmethene units were installed to fuse the
neighboring units into a rigid coplanar ladder-type constitution
while fixing the imine bond into a trans-configuration. To ensure

Figure 1. Structural formulas of pernigraniline base, pernigraniline salt,
NLQ, and ladder-type oligomeric analogues of pernigraniline baseQ1−
Q4.

Figure 2. (a) Synthesis of Q1. Reaction conditions: (i) molar ratio 1:2 = 2.5:1, PTSA (0.2 equiv), ethanol, 80 °C, in air; (ii) CH3MgBr (10 equiv),
THF, 40 °C; then BF3·Et2O, dichloromethane, rt; (iii) Ag2O, THF, rt. (b) Synthesis of dibromo-functionalized intermediatesB2,B3, andB4. Reaction
conditions: (iv) Pd(OAc)2 (10 mol %), Xantphos (15 mol %), Cs2CO3 (4 equiv), toluene, 110−120 °C; molar ratio [NH2]:[Br] = 1:2; (v) PTSA (0.2
equiv), DMF, 110 °C, in air. (c) Synthesis ofQ2,Q3, andQ4. Reaction conditions: (vi) Pd2(dba)3 (10mol %), BINAP (30mol %), Cs2CO3 (4 equiv),
toluene, 120 °C; molar ratio [NH2]:[Br] = 1.5:1. (d) Downfield regions (7.0−8.0 ppm) of the 1H NMR spectra of Q1, Q2, Q3, and Q4 with color-
coded labels (500 MHz, C2D2Cl4, 298 K).
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good solubility, fluorene units with two hexyl groups installed at
the 9-position were incorporated into the backbone as the
aromatic unit to prohibit overly strong intermolecular π−π
interaction. A control compound NLQ was designed as a non-
ladder-type analogue, which resembles the constitutional
structure of Q1 except for the lack of the dimethylmethene
bridge.
The synthesis ofQ1 started with the preparation of an aniline-

like intermediate A1 through imine condensation between 9,9-
dihexyl-2-aminofluorene 1 and dimethylsuccinyl succinate 2,
followed by in situ oxidative aromatization under ambient
conditions (Figure 2a).50 The ester groups on A1, which are
para to each other, were used in the subsequent cyclization.
Methyl Grignard reagent was first used to convert the ester
group into a tertiary alcohol, followed by a regioselective
Friedel−Crafts cyclization at the 3-position of the fluorene units
promoted by boron trifluoride etherate as a Lewis acid catalyst.12

The resulting fused-ring product 3 was then further oxidized
with Ag2O to afford the quinoidal molecule Q1 (Figure 2a), in
which the trans-configuration is predetermined by the para
position of the ester groups and locked by the covalent
dimethylmethene bridge. This procedure was highly efficient
and produced Q1 on a gram scale. Q1 exhibited moderate
solubility in organic solvents (e.g., 0.4 mg/mL in tetrahydrofur-
an). The structure of Q1 was characterized unambiguously by

NMR, high-resolution mass spectrometry (HRMS), and single-
crystal X-ray diffraction (Figure S19). Synthesis of the control
compoundNLQ was achieved using a similar strategy. Solution-
phase 1H and COSYNMR spectra (Figure S1) ofNLQ revealed
the presence of both the cis and the trans isomers at room
temperature in a ratio of 0.42/0.58, in agreement with a
previously reported example of pernigraniline base.42 These
configurational isomers dynamically interconvert at room
temperature in solution, making it impractical to isolate a pure
isomer.
A modified strategy was employed for the synthesis of the

longer oligomers Q2−Q4. First, the linear precursors B2, B3,
and B4 were synthesized by sequential Buchwald−Hartwig
coupling reactions51,52 of varied combinations of diamino- and
dibromo-functionalized intermediates (Figure 2b). In these
reactions, the formation of byproducts with higher degrees of
oligomerization was suppressed by adjusting the stoichiometric
ratio of the starting materials and optimizing the reaction
conditions (Table S1), leading to good yields ranging from 56%
to 87%. Compounds B2, B3, and B4 were then end-capped by 1
through another Buchwald−Hartwig coupling, affording the
oligomeric intermediates A2, A3, and A4, respectively, in
excellent yields (85−96%) (Figure 2c). Subsequently, ring-
annulation and oxidation procedures similar to those for the
synthesis ofQ1 were applied to produce the quinoidal oligomer

Figure 3. (a) UV−vis absorption spectra corresponding to the two stages of protonation processes of Q1 in THF with increasing amount of MSA;
UV−vis absorption spectra of (b)Qn (n = 2−4) in toluene and (c) protonatedQn in trifluoroacetic acid (TFA)/THF (0.44M) at room temperature.
(d) Time-dependent UV−vis absorbance intensity at λmax of NLQ and Qn in MSA/THF solution (0.8 M) at room temperature. (e) Scheme of
possible degradation of NLQ and Q1 in acidic conditions.
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series Q2, Q3, and Q4 in which all of the quinonediimine units
are locked into trans-configurations. Through this route, the
longest oligomer Q4, which consists of 27 fused rings, was
synthesized in five steps with a 34% overall yield. Q2, Q3, and
Q4 were isolated as intensely colored powders (ranging from
purple to blue) with increased solubility in organic solvents as
compared to that of Q1. All products were characterized by 1H,
13C NMR, and HRMS. 1H NMR spectra of Q1−Q4
demonstrated that they exclusively adopt the designed trans-
configuration, in contrast to the undefined and isomerizing
configuration of NLQ. On the basis of the 1H−1H NOESY
NMR spectrum ofQ1 (Figure S21), the resonance signals in the
sp2 region were assigned to the bay region hydrogens (orange
and pink), the hydrogens on fluorene unit ortho to the imine
bond (green), terminal phenyl hydrogens (purple), and the
quinoid hydrogens (blue), from downfield to upfield (Figure
2d). The extension of the molecular size did not impact the
patterns and chemical shifts of the NMR signals significantly.
The numbers of the sharp signals (blue) of quinoid hydrogens
corresponded well with the numbers of distinct repeating units
in different chemical environments. In solid-state thin films,
despite the rigid backbone, no feature of close π−π interaction
was observed in Qn by grazing incidence wide-angle X-ray
scattering (GIWAXS) experiment (Figure S21).

The ladder-type constitution of Q1−Q4 was expected to
promote the stability of the corresponding protonated species,
leading to unprecedented stable pernigraniline salt derivatives.
Upon protonation by Brønsted acids, the absorption bands of
these oligomers dramatically red-shifted into the near-infrared
(NIR) region, as a result of lowered LUMO levels and smaller
bond length alternation of the conjugated core. For example,
with the increasing addition of methanesulfonic acid (MSA),Q1
showed a well-defined two-stage protonation process in THF
solution (Figure 3a). The first stage took place with up to 9 mM
of MSA, resulting in the monoprotonated H-Q1+ with a broad
lower-energy absorption band (λmax = 640 nm). In the second
stage when the MSA concentration was further increased to 1.5
M,H-Q1+was converted into the fully protonated saltH2-Q12+,
leading to a strong NIR absorption band (λmax = 798 nm). The
well-defined isosbestic points in both stages indicated the clean
transformations of Q1 to H-Q1+ and from H-Q1+ to H2-Q12+

without notable side-reactions. In contrast, the protonation of
NLQ did not give a clear isosbestic point, likely attributed to the
cis/trans isomerization and decomposition (Figure S5). Similar
to Q1, oligomers Q2−Q4 also displayed well-defined
conversion into the protonated species H2n-Qn2n+ in acidic
conditions, with absorption bands further red-shifted to 1020−
1190 nm (Figure 3b,c).

Figure 4. (a) Normalized EPR spectra of protonated NLQ and Q1−Q4 in dichloromethane solutions (ca. 10 mM) with TFA (0.1 M) at room
temperature. (b) Solid-state magnetic susceptibility (χ) of PTSA-doped Qn measured over the temperature range of 2−300 K in the powder form;
(inset) χT−T plots (dots, experimental data points; lines, linear fitting). (c) Structure of Me-Q12+ and χT−T plot of Me-Q12+·2SbCl6

− (dots,
experimental data points; line, Bleaney−Bowers fitting).
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In drastic contrast with conventional pernigraniline salts and
protonated NLQ, protonatedQn were all stable in highly acidic
conditions at room temperature. It has been reported that acid-
doped pernigraniline salts readily decompose through redox
pathway,32,38 hydrolysis,35 and conjugated addition.39 Such
degradation was indeed observed on the control compound
NLQ in our study. In an MSA/THF solution (0.8 M) under
ambient conditions, the intensity of the main absorption peak of
protonated NLQ (840 nm) decreased significantly over the
course of 1 h (Figures 3d and S9). Mass spectrometry data of the
resulting solution indicated the presence of decomposed
products via hydrolysis and further Michael addition39 (Figure
S10). The ladder-type Qn products exhibited good stability
under the same condition with little change in the absorption
(Figure 3d) and 1H NMR spectra (Figure S11). The
significantly higher chemical stability of the ladder-type
molecules can be attributed to the additional strand of bonds,
which decreases the entropy gain of the potential hydrolysis of
the iminium bonds, rendering the decomposition process less
thermodynamically favorable (Figure 3e). It is also noteworthy
that, under thermogravimetric analysis (Figure S18), the ladder-
type oligomers all showed carbonization yields over 40% as
compared to 0% residue weight ofNLQ at 900 °C, indicating the
much higher thermodynamic stability of the sp2 ladder-type
backbones.
The superior stability of the ladder-type pernigraniline salt

analogues sets the stage to perform extensive fundamental
investigations with ensured structural integrity. In the past,
investigation of the magnetic property of conventional
pernigraniline salts has been challenging due to the afore-
mentioned poor stability and isomerization issues.53 In
comparison, emeraldine salts have been extensively studied,27,54

revealing the presence of both Curie and Pauli paramagnetism
and providing important insights regarding their remarkable
electronic conductivity. Herein, the excellent chemical robust-
ness of protonatedQn allowed for the examination of the radical
characters in pernigraniline salts by electron paramagnetic
resonance spectroscopy (EPR).55 It was hypothesized that, after
protonation, the resonance contribution of the open-shell
diradical cations increased. Indeed, solution-phase EPR spectra
of neutral Q1−Q4 all exhibit weak signals at room temperature
with spin densities less than 10−3 spins per molecule (Figure
S13), a confirmation of their dominant closed-shell resonance.
In the presence of TFA (0.1 M), strong EPR signals (g factors =
2.0029−2.0040) with spin densities ranging from 0.3 to 0.8 spins
per molecule were observed (Figure 4a), indicating significantly
increased open-shell character upon protonation in solution.
The well-split EPR signal of H2-Q12+ was attributed to the
hyperfine coupling of the spins with the nitrogen atoms.56 In
sharp contrast, the non-ladder-type analogueNLQ exhibited no
well-resolved splitting,53 likely a result of the configurational
isomerization and torsional rotation of the backbone. Broad
EPR signals were also observed for the higher oligomers H2n-
Qn2n+ (n = 2−4). The lack of resolved splitting in these cases is
attributed to overlapping signals of multiple radical pairs and the
complex hyperfine spin coupling withmultiple nitrogen atoms in
these larger molecules. The open-shell character of protonated
Q1 and NLQ was also studied using density functional theory
(DFT) calculation, showing a slightly lower diradical character
in H2-Q12+ (0.65) than that in trans-H2-NLQ

2+ (0.70) because
the locked coplanar conformation ofH2-Q12+ favors the closed-
shell resonance contribution (Figure S12).

To further understand the magnetic and electronic properties
of protonated Qn in the condensed phase, their spin characters
were also investigated in the solid state. Complete protonation
of Q1 was achieved in the solid phase by mixing with 5 equiv of
p-toluenesulfonic acid (PTSA), which was confirmed by the fact
that a thin-film absorption spectrum is similar to that ofH2-Q12+

in acidic solution (Figure S6). Using this same approach, solid-
state H2n-Qn2n+ samples were prepared by treatment with 5n
equiv of PTSA. To confirm the structural integrity of these solids
after exposure to ambient conditions, they were redissolved and
subjected to solution-phase absorption spectroscopy, the results
of which were identical to the measurements made before the
solid-state acid treatment (Figure S7). EPR spectra of these
protonated solids all exhibit broad and strong one-line signals.
In addition to EPR spectroscopy, superconducting quantum

interference device (SQUID) magnetic measurements were
performed at 2 K to investigate the spin ground states of these
pernigraniline salt analogues (Figure S15). The magnetization
data forH2-Q12+ are in accord with a singlet ground state (S = 0)
with a small negative coupling constant (−0.49 K), suggesting a
weak antiferromagnetic coupling between the radical pair.57

Such coupling is likely facilitated by the rigidity and coplanarity
of the conjugated ladder-type backbone. In contrast, rigorous
solid-state SQUIDmeasurements on protonatedNLQ were not
possible due to its poor stability.
Surprisingly, all of the protonated ladder-type oligomers

exhibit dominant temperature-independent paramagnetism
(TIP) (Figure 4b). Magnetic susceptibility data obtained from
2 to 300 K revealed constant values. The product of molar
magnetic susceptibility and temperature (χtotalT) was plotted
against temperature, revealing a linear relationship with R2 >
0.99 [see eq 1]. This TIP behavior is attributed to Pauli
paramagnetism, given that van Vleck TIP is only significant in
cases of transition metal paramagnets of heavier elements
wherein ground states mix with excited states.58,59 Among H2n-
Qn2n+, the χPauli per mole of quinoediiminium unit increases
steadily from 4× 10−3 emu/mol forH2-Q12+ to 1.2× 10−2 emu/
mol forH8-Q48+, indicating that the TIP is correlated to the size
of the extended backbones. The densities of states at the Fermi
level ρ(EF) were calculated to be in the range from 7 × 1025 to
2.2× 1026 eV−1 mol−1. It is also noteworthy that the χtotalT versus
T plot exhibited only a very small contribution from Curie
paramagnetism (vertical intercepts on the plot), indicating the
dominant delocalized nature of spins in the solid states of
protonated Qn.

T C Ttotal Pauliχ χ= + (1)

where C is Curie paramagnetism and T is temperature.
Pauli paramagnetism in organic materials (e.g., doped

polyacetylene60 and polythiophene61) is commonly indicative
of the presence of a metallic polaron lattice, and can serve as a
measurement of the density of states near the Fermi level.62

Among PANI derivatives, a combination of Pauli and Curie
paramagnetism was observed in emeraldine salts as a result of
the presence of both delocalized and localized paramagnetic
centers.23,27,28 The magnetic susceptibility of conventional
pernigraniline salts, however, has not been well-established
due to the stability and isomerization issues. In the present case,
such measurements were rendered possible by the ladder-type
constitution, which not only enhances the stability but also locks
the configuration and conformation of these pernigraniline salt
analogues. The dominant Pauli paramagnetism observed for
protonatedQn revealed the delocalized nature of the polarons in
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the solids, in agreement with the recent discovery of high
conductivity of a pernigraniline salt film measured in situ by
electrochemical methods.31 To further corroborate the magnet-
ism data, solid-state conductivity measurements were performed
on compressed pellets of neutral and protonated Q1 and Q2
using a four-probe method (Figure S16); the conductivity of
protonated NLQ could not be properly measured due to the
rapid decomposition. Although limited by insulating hexyl
chains and PTSA, as well as significant grain boundaries and
disorder in the polycrystalline state, the protonated solids ofQ1
nevertheless showed electrical conductivity up to 10−5 S/cm, in
a sharp contrast to the insulating nature of pristine Q1 and Q2
(conductivity less than 10−10 S/cm). In addition, AC impedance
measurement of the protonated Q1 pellet sample revealed that
the conductivity was mainly electronic with no observable ionic
contribution (Figure S17).
We attributed the delocalization nature of polarons to the

intermolecular interaction63 through the protonated N−H
units, which has also been a key factor contributing to the
conductivity of emeraldine salts.64 To confirm this hypothesis, a
control compound Me-Q12+ (Figure 4c) was synthesized and
fully characterized by NMR, MS, and single-crystal X-ray
diffraction (Figure S19). The only difference betweenMe-Q12+

and H2-Q12+ was the N−CH3 unit that inhibits the potential
intermolecular interaction between N−H groups. DFT
calculation on Me-Q12+ revealed delocalized spin density with
a smaller diradical character (0.51) as compared to that of H2-
Q12+ (0.65) (Figure S12). Interestingly, SQUID magnetometer
measurements of Me-Q12+ showed typical paramagnetic
behavior of a localized diradical system,65−70 dramatically
different from that of H2-Q12+. The decrease of χT value at
low temperature indicates the antiferromagnetically coupled
nature of the diradical. A fitting with the Bleaney−Bowers
equation yield a coupling constant J = −0.96 cm−1. The small
and negative sign of the coupling constant reveals thatMe-Q12+

possessed singlet ground state, while its singlet and triplet states
were almost degenerated. Conductivity of a mixture ofMe-Q12+

with 5 equiv of PTSA was measured by the same four-probe
method described above, showing no observable conductivity
(Figure S16). Comparing the different paramagnetic behavior
and bulk conductivity of Me-Q12+ and H2-Q12+, we confirmed
that intermolecular interaction through N−H units was an
important factor to facilitate the polaron delocalization in the
solid of PTSA protonated ladder-type compound H2-Q12+.
Taken together, the observed Pauli paramagnetism and
conductivity of these stable ladder-type analogues of pernigrani-
line salt are incontrovertible evidence for the delocalized
polarons of fully oxidized PANI derivatives, findings that
address the long-standing challenge in understanding their
intrinsic electronic characters.

■ CONCLUSION
In this work, a series of ladder-type oligomers resembling the
structure of pernigraniline bases/salts have been designed and
synthesized. With the additional strand of covalent bonds, the
conjugated backbones are predetermined to be in an all-trans
configuration and are locked into a rigid coplanar conformation,
allowing for the establishment of a structure−property
correlation of pernigraniline salt-analogues excluding the
influence of decomposition, isomerization, and torsional
disorder. Protonation of these pernigraniline base-analogues
led to a pronounced open-shell resonance contribution with
high spin density. As compared to conventional pernigraniline

salts and the non-ladder-type control compound, these ladder-
type oligomers exhibit much higher stability in acidic conditions,
enabling fundamental investigations and practical applications
of this unique class of organic materials with reliable structural
integrity. Interestingly, in the solid state, these pernigraniline
salt-like oligomers exhibit a dominant temperature-independent
Pauli paramagnetism indicative of the delocalized status of the
polarons. A methylated control compound, in contrast, did not
show Pauli paramagnetism, confirming the key role of
intermolecular interaction for the solid-state polaron delocaliza-
tion. This observation agrees with their moderate conductivity
properties measured in the solid state. Simply put, the ladder-
type constitutional design imparts the desired chemical stability
and structural certainty into acid-doped PANI materials in high
oxidation states, such that their unexpected metallic magnetic
and electronic properties can be revealed.
The data and results obtained in this work offer a number of

important principles for the design and development of next-
generation functional organic materials. First, the employment
of ladder-type constitution is demonstrated to be an efficient
strategy to stabilize certain conventionally unstable organic
materials, particularly those prone to undergo entropy-driven
decomposition. Second, this strategy can also be used to lock the
configuration and conformation of complex polymer backbones
to afford desired properties and to give a much clearer
correlation between structural features and properties. Last, in
the context of delocalized polarons found in these pernigraniline
salt-derivatives, one can anticipate that the bulk conductivity of
similar ladder-type analogues can be enhanced by orders of
magnitude once the insulating side-chains are shortened and the
conjugated backbones are elongated. This goal can be achieved
through a processing strategy involving in situ side-chain
cleavage13,71 and backbone oxidation, from a soluble precursor
functionalized with cleavable side-chains in its reduced state.
Future development in this vein can lead to a new class of highly
conductive, metallic organic species.
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