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Access to robust n-type conducting polymers remains a central challenge in advancing organic elec-
tronics. Recently, n-doped poly(benzodifurandione) (n-PBDF) has emerged as a solution-processable,
air-stable, n-type conducting polymer, which exhibits exceptional properties in electronic, electro-
chemical, and mixed ionic-electronic devices. PBDF has a structural isomer, poly(chromenochromene-
dione) (PCCD), whose synthesis and properties have remained unexplored. Here, we report a synthetic
strategy that enables the successful transformation of PBDF into its structural isomer, PCCD. The process
proceeds via a two-step pathway: aqueous base induced ring opening of n-PBDF to yield a water soluble
intermediate poly(phenylenediacetic acid) (PPDA), followed by acid mediated ring closure to form ladder
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type PCCD. The resulting polymer features fused coumarin units along its backbone, leading to an elec-
tronic structure and solid-state organization distinct from that of PBDF. A comparative study of these two
isomeric polymers reveals pronounced differences in their structural, optoelectronic, and electrochemical
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Introduction

The development of solution processable, high conductivity
n-doped conducting polymers has historically lagged behind
that of their p-doped counterparts, primarily owing to chal-
lenges such as synthetic complexity and susceptibility to
oxidative degradation by ambient oxygen and moisture.'?
However, recently n-doped poly(benzodifurandione) (n-PBDF)
has emerged as a standout exception, demonstrating excep-
tional electrical conductivity and remarkable ambient stabi-
lity.> These attributes are largely ascribed to its deep lowest
unoccupied molecular orbital (LUMO) level (—4.90 eV as pre-
dicted by density functional theory (DFT) calculations), which
thermodynamically stabilizes the n-doped state against oxi-
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dation. n-PBDF has already been integrated into various appli-
cations, including all-polymer transparent electrochromic dis-
plays and windows,”” thermoelectric textiles,® solar cells,”
organic batteries,® low-emissivity (low-e) paint® and OECTs."°
While previous studies suggest that n-PBDF may isomerize
into its structural isomer poly(chromenochromenedione)
(PCCD) under certain conditions, an established experimental
protocol to convert PBDF to PCCD has remained inaccessible
(Fig. 1a)."" Consequently, knowledge of PCCD has been con-
fined to computational studies, which predicted notable differ-
ences relative to PBDF, including a shallower LUMO energy
level (—4.51 eV versus —4.90 eV for PBDF) and a wider optical
bandgap (1.95 eV versus 1.35 eV for PBDF)."> Although the
shallower LUMO energy level of PCCD may limit its n-doping
efficiency and performance relative to PBDF, its significance
lies in providing experimental access to the structural isomer
of PBDF, enabling direct evaluation of backbone topology
effects. The previous lack of experimental access to PCCD has
hindered such a comparative study, leaving critical structure—
property relationships unresolved and limiting the rational
design of n-PBDF and related polymers with controlled doping
behavior, stability, and processability.*?

Here, we report the first isomerization of n-doped n-PBDF
to PCCD via a two-step process. Aqueous base leads to ring
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Fig. 1 (a) In situ doping prevents isomerization to PCCD during n-PBDF polymerization, (b) n-PBDF isomerization to its structural isomer PCCD via

a two-step process, and (c) schematic representation of the LUMO energy level of PCCD compared to other conducting polymers.

opening hydrolysis, converting n-PBDF into poly(phenylene-
diacetic acid) (PPDA), disrupting the degree of conjugation
and the doped state,'* thereby enabling bond rotations toward
a lower energy conformer (Fig. 1b). Subsequent acid mediated
ring closure yields PCCD featuring six-membered coumarin
rings, in contrast to the five-membered benzofuranone rings
of PBDF. This synthetic methodology was first established
using small, well-defined oligomer models before being
extended to polymeric systems. The structural transformations
were corroborated by nuclear magnetic resonance (NMR),
ultraviolet-visible-near-infrared (UV-vis-NIR) spectroscopy,
attenuated total reflectance-Fourier transform infrared (ATR-
FTIR) spectroscopy, and Raman spectroscopy. In alignment
with DFT calculations, PCCD shows a deeper LUMO level of
—4.7 eV, comparable to other conducting polymers (Fig. 1c)."?
Although the rigid, ladder-like backbone of PCCD leads to
poor intrinsic solubility,"® we demonstrate two practical pro-
cessing strategies. First, a solution processable n-doped PCCD
(n-PCCD) ink in DMSO was obtained by blending with n-type
dopants.'”'® Second, the PCCD films were fabricated through
in situ thin-film conversion of PPDA into PCCD and were
further doped using a sequential doping strategy to obtain
n-PCCD. Comparative evaluation of the two isomeric polymers
(n-PBDF and n-PCCD) highlights how backbone topology dic-
tates optoelectronic properties, solubility, and conductivity.

Polym. Chem.

Results and discussion
Isomerization of discrete molecules and oligomers

To obtain molecular level insight into the structural isomeriza-
tion of n-PBDF, we first investigated well-defined BDF based
discrete molecules as model compounds before extending the
isomerization strategy to the polymer system. A BDF based
trimer (BFD,) was synthesized and subjected to the same two-
step isomerization protocol later applied to n-PBDF (Fig. 2a).
Although elevated temperatures can induce isomerization in
small molecule analogs, prior studies have shown that reduc-
tive doping of BDF based oligomers prevents isomerization,
particularly for longer conjugated backbones.'® All reactions
were conducted in a DMSO/water mixed solution to emulate
the hydrolysis environment of n-PBDF DMSO ink dispersion in
water. Ring opening hydrolysis of BFD, was deliberately per-
formed at room temperature to minimize potential side reac-
tions, including unwanted doping or backbone degradation,
which can occur in the presence of water at higher tempera-
tures. UV-vis-NIR absorption spectroscopy was used to
monitor the progress of the reaction. BFD, exhibits an absorp-
tion maximum at 563 nm which blue shifts to 297 nm after
treatment with sodium hydroxide (NaOH), consistent with dis-
ruption of backbone planarity and loss of conjugation in the
ring opened intermediate (PDA,) (Fig. 2b). Following ring

This journal is © The Royal Society of Chemistry 2026
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(a) Isomerization of BFD, to CCD, in DMSO/water at room temperature via ring opening hydrolysis, (b) UV-vis-NIR absorption spectra of

BFD, and hydrolyzed BFD, (PDA,), (c) UV-vis-NIR absorption spectra of CCD, and hydrolyzed CCD, (PDA,), (d) stacked FTIR spectra of BFD,, PDA,,
and CCD,, (e) n-doping of BFD, using (N-DMBI), to obtain [BFD,]""[N-DMBI]*, which was subjected to the two step isomerization process, (f) UV-
vis-NIR absorption spectra of BFD,, [BFD,]""[N-DMBI]*, PDA; after hydrolysis of [BFD,]" [N-DMBI]*, (g) EPR spectra of BFD,, [BFD,]""[N-DMBI]*, and

PDA,, and (h) SXRD structure of CCD..

opening hydrolysis of BFD,, concentrated hydrochloric acid
(HCl) was added to the reaction mixture, inducing six-mem-
bered lactone ring closure and precipitation of CCD,. The
structure of CCD, was confirmed by 'H and >C NMR, ESI-MS,
and single crystal X-ray (SXRD) analysis. To further probe the
isomerization mechanism, the isolated CCD, was indepen-
dently subjected to ring opening hydrolysis under identical
conditions. The resulting product displayed absorption spectra
identical to that obtained from BFD, hydrolysis, indicating the
formation of the same ring opened species PDA, (Fig. 2c). To

This journal is © The Royal Society of Chemistry 2026

further confirm this mechanism, the base hydrolyzed product
of small molecule dimers (BFD and CCD) were also character-
ized by in situ "H NMR and electrospray ionization mass spec-
trometry (ESI-MS) (Fig. S3 and S4), producing the same ring
opened product. Subsequent acidification of the PDA, solution
always regenerated CCD, instead of BFD,. These results
demonstrate that both BFD, and CCD, converge to a common
ring opened species, which preferentially undergoes six-mem-
bered lactone ring closure upon acidification to yield the
thermodynamically favored CCD, isomer.>® The FTIR spectra

Polym. Chem.
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of BFD,, the hydrolyzed species (PDA,), and CCD, exhibit dis-
tinct features (Fig. 2d). BFD, and CCD, display characteristic
C=O0 stretching bands at 1768 cm™" and 1722 ecm™", respect-
ively, corresponding to five- and six-membered lactone rings.
In contrast, these bands disappear in PDA,, which instead
shows a broad band at 1568 cm™" assigned to asymmetric
stretching of carboxylate (COO™) groups, along with a broad
O-H stretching band between 3700-3000 cm™" arising from
hydrogen bonding (Fig. S5). These spectral changes confirm
complete ring opening of the lactone rings in both BFD, and
CCD, to generate the same carboxylate containing species
(PDA,).

While ring opening hydrolysis was initially examined using
neutral oligomeric models, n-PBDF exists in a highly doped
state, with a reported doping level of ~0.9 electrons per repeat-
ing unit,”! which prevents in situ structural isomerization
during PBDF polymerization. To determine whether base
mediated hydrolysis can also proceed on a doped backbone,
we treated n-doped BFD, with aqueous NaOH (Fig. 2e). BFD,
was chemically doped using the molecular n-type dopant
(N-DMBI), to generate the radical anion species [BFD,|"", with
N-DMBI" serving as the countercation.”® UV-vis-NIR spec-
troscopy in DMSO confirmed successful doping: neutral BFD,
exhibits absorption bands at 456 and 563 nm, whereas doped
[BFD,]~ displays a new red shifted band at 857 nm, with small
peaks around 1267 and 1513 nm (Fig. 2f). Upon addition of
aqueous NaOH to the solution of [BFD,] [N-DMBI|', the
characteristic doping related absorption peaks disappeared
and were replaced by a blue shifted band at 302 nm, similar to
that of the ring opened intermediate PDA, derived from
neutral BFD,. Subsequent acidification with HCI resulted in
precipitation of the CCD, isomer. Electron paramagnetic reso-
nance (EPR) spectroscopy further corroborated these assign-
ments. The doped oligomer [BFD,] [N-DMBI|" exhibits a
strong EPR signal, whereas neutral BFD, and the hydrolyzed
intermediate (PDA,) are EPR silent, consistent with loss of
unpaired spins upon hydrolysis (Fig. 2g). Furthermore, SXRD
analysis on the isolated CCD, confirms the proposed isomer-
ized six-membered lactone ring structure (Fig. 2h).

Isomerization of n-PBDF to PCCD

After establishing the feasibility of the two-step isomerization
in oligomeric models, we extended this strategy to the n-PBDF
polymer. The n-PBDF DMSO ink was hydrolyzed using 50 wt%
NaOH (with respect to n-PBDF content) in a DMSO/water (1:7)
dispersion at 100 °C for 7 h under nitrogen (Fig. 3a). UV-vis-
NIR absorption spectroscopy revealed complete disappearance
of the characteristic polaron and bi-polaron absorptions of
n-PBDF in the NIR region, accompanied by the emergence of a
new absorption band at 377 nm and a visible solution color
change from black to yellow (Fig. 3a and b). Among the bases
tested under the above conditions, only NaOH and Na,CO;
achieved complete hydrolysis of n-PBDF to PPDA (Fig. S6).
After complete hydrolysis of n-PBDF, no further changes were
observed in the UV-vis-NIR and FTIR spectra of PPDA upon
prolonged exposure to NaOH, indicating that PPDA remains
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stable under strongly alkaline hydrolysis conditions (Fig. S7).
Furthermore, EPR spectra showed considerably reduced
polaron intensity, indicating almost complete loss of the
n-doped state upon hydrolysis of n-PBDF (Fig. S8).
Complementary FTIR and Raman analyses further confirm
complete ring opening hydrolysis of the five-membered
lactone rings along the PBDF backbone, generating a new
polymer, poly(phenylenediacetic acid) (PPDA). Subsequently,
concentrated HCI (20 vol% relative to the water content) was
added, and the mixture was stirred at 100 °C for an additional
6 h.

During this acid mediated ring closing step, the PPDA
polymer preferentially undergoes six-membered lactone for-
mation to yield PCCD rather than reforming the five-mem-
bered PBDF isomer, similar to BDF based oligomeric mole-
cules. PCCD, due to its limited solubility, precipitates out as a
dark pink solid. The isolated polymer was further dispersed in
DMSO to obtain a solution, and thin-film UV-vis-NIR absorp-
tion spectra (Fig. 3c and S9), showing similar absorption pro-
files. To further differentiate PCCD from PBDF, an n-PBDF
thin film was chemically de-doped using Magic Blue.>® The
thin film absorption spectrum of PCCD displays a sharp peak
at 560 nm with a shoulder at 517 nm, which is clearly distinct
from that of neutral PBDF, which exhibits a broad absorption
peak at 895 nm, indicating that our synthetic process results
in structural isomerization rather than a de-doped n-PBDF.
Among the acids tested under the same conditions, HCI and
H,SO, promoted efficient conversion of PPDA to PCCD.
Importantly, all acid mediated ring-closure reactions consist-
ently favored the formation of the six membered lactone ring,
with no evidence for reformation of the five membered benzo-
furanone (Fig. S10). We also evaluated the effect of the DMSO/
H,O0 ratio on the two-step isomerization reaction of n-PBDF to
PCCD. Among different solvent ratios, the DMSO/H,O ratio of
1:7 led to the most efficient conversion to PCCD (Fig. S11).

PCCD structure characterization

The structural evolution of polymers during isomerization was
examined using FTIR spectroscopy by comparing n-PBDF,
PPDA, and PCCD (Fig. 3d). n-PBDF exhibits a characteristic
lactone C=0 stretching band at 1781 cm™". Upon hydrolysis,
this band disappears in PPDA, accompanied by the emergence
of new C=O stretching modes assigned to -COOH
(1689 cm™") and -COO™ (1584 cm™"), along with a broad ~-OH
stretching band spanning 3200-3600 cm™* (Fig. S12).>%*°
These features indicated ring opening of the five-membered
lactone rings throughout the PBDF backbone. In contrast, the
FTIR spectrum of isolated PCCD displays a C=O stretching
band at 1721 ecm™', characteristic of six-membered lactone
rings of the coumarin moiety.?® For comparison, neutral PBDF
exhibits a lactone C=0 stretching band at 1769 cm™", further
verifying that PCCD is chemically distinct from PBDF and not
simply a de-doped product (Fig. S13). Raman spectroscopy
further provides complementary evidence for backbone trans-
formation during the two-step isomerization. In particular, the
heterocyclic C-O-C stretching vibration serves as a sensitive

This journal is © The Royal Society of Chemistry 2026
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(a) Isomerization of n-PBDF DMSO ink to PCCD, (b) time-dependent UV-vis-NIR absorption spectra of n-PBDF hydrolysis, (c) UV-vis-NIR

absorption spectra of PBDF thin films compared with PCCD in solution and thin film states, (d) stacked FTIR spectra of n-PBDF, PPDA, and PCCD, (e)
stacked Raman spectra of PBDF, PPDA, and PCCD, (f) solid-state *C CP-MAS NMR spectrum of PCCD (inset shows the zoomed in **C NMR spec-

trum of CCD showing the characteristic carbonyl assignment).

marker: the five-membered lactone C-O-C signal of PBDF at
1242 cm™" disappears upon hydrolysis to PPDA and reappears
at 1256 cm™" upon ring closure to the six-membered lactone
ring in PCCD (Fig. 3e), confirming the two-step ring opening
and ring closing pathway.””">®

Solid-state '*C NMR spectra of PCCD were obtained using
cross-polarization magic-angle spinning (CP-MAS) techniques
(Fig. 3f). The spectrum shows resonances exclusively above
90 ppm, consistent with the fully conjugated sp> carbon frame-
work of the PCCD backbone.> The resonance at 157.26 ppm is
assigned to the lactone carbonyl carbon of the coumarin
moiety.*® Signals at 149.15 ppm and 118.73 ppm are attributed
to quaternary sp” aromatic carbons bonded to oxygen and
carbon, respectively. The peak at 115.01 ppm corresponds to
unsubstituted aromatic sp® carbons, while the resonance at
127.12 ppm is assigned to vinylic sp> carbons shared between
adjacent coumarin units. DFT calculations of the *C NMR
chemical shifts for the repeating unit of PCCD exhibit good
agreement with the experimental spectrum (Fig. S14).
Furthermore, the zoomed in >C NMR spectra of BFD and CCD
establish the presence of six-membered lactone rings along

This journal is © The Royal Society of Chemistry 2026

the PCCD backbone, rather than five-membered lactone rings
(Fig. S15). The >C NMR signal of carbonyl carbon in CCD was
observed at 158.02 ppm, consistent with that of PCCD,
whereas the corresponding carbonyl signal in BFD appears at
166.98 ppm. This suggests that PCCD exhibits no detectable
structural defects within the sensitivity limits of these
measurements, although minor defects below the detection
limit cannot be excluded.?® Additionally, the thermo-
dynamically stable backbone of PCCD exhibits high thermal
stability, with a 5% weight loss at >426 °C in thermo-
gravimetric analysis (TGA) (Fig. S16).

Solution processability of PCCD through n-doping

PCCD features a side-chain free, ladder-like backbone, result-
ing in poor solubility in common organic solvents, with
limited solubility in DMSO (<0.1 mg mL™"). This low solubility
makes conventional solution processing impractical for device
fabrication and other applications. To obtain a conductive,
solution-processable ink, we employed a blend-doping strategy
using the organic n-dopant (N-DMBI), (Fig. 4a).*®> Upon
heating a mixture of solid PCCD and (N-DMBI), in DMSO at
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100 °C, efficient doping occurs, producing a dark-blue
n-doped PCCD (n-PCCD) ink. UV-vis-NIR absorption spectra
of n-PCCD solutions in DMSO reveal the emergence of a
polaron absorption peak at ~710 nm along with pronounced
absorption in the NIR region, consistent with successful
doping (Fig. 4b and S17).>* To further probe charge-carrier for-
mation, EPR spectroscopy was performed on n-PCCD inks pre-
pared with different dopant loadings. Strong EPR signals with
a Landé g-factor of 2.0025 were observed, confirming the gene-
ration of polarons upon doping in n-PCCD (Fig. 4c). Moreover,
chemical de-doping of n-PCCD thin films with FeCl; resulted
in the disappearance of the n-PCCD NIR absorption band,
accompanied by the reappearance of the neutral PCCD absorp-
tion band (Fig. S18). This spectral change suggests that the
PCCD polymer backbone tolerates chemical doping and de-
doping without obvious irreversible side reactions under these
conditions.” In-plane electrical conductivity of drop casted
n-PCCD films was measured using a four-point probe instru-
ment, achieving a maximum conductivity of 0.38 + 0.027 S
em™" at 50 wt% (N-DMBI), (Fig. 4d). The lower conductivity of
n-PCCD compared to n-PBDF can be attributed to several
factors: reduced charge carrier generation efficiency arising
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K, (d) conductivity and sheet resistance of the n-PCCD films at different
in films, and (f) UV-vis absorption spectra of PPDA thin film and in situ

from the shallower LUMO level of PCCD (—4.51 eV) relative to
PBDF (—4.90 eV) as predicted by DFT simulations, and disrup-
tion in polymer packing associated with the N-DMBI" counter-
ions in n-PCCD versus H' in n-PBDF.>**’

Water processable PCCD thin film formation

Although PCCD is not directly solution-processable due to its
side-chain free, ladder backbone, access to neutral thin films
is highly desirable for various organic-electronic device appli-
cations. To overcome this limitation, we developed a water pro-
cessable strategy that enables the formation of PCCD thin
films via in situ ring closure of the water-soluble polymer PPDA
(Fig. 4e). Solid n-PBDF powder was treated with aqueous
NaOH at 100 °C for 2 h under nitrogen, resulting in complete
hydrolysis of the five-membered lactone rings and formation
of a yellow aqueous solution of PPDA, as confirmed by UV-vis—
NIR and FTIR spectroscopy (Fig. S19). The PPDA solution was
subsequently spin-coated onto glass substrates, and the result-
ing thin films were exposed to HCIl vapor for a couple of
minutes, followed by thermal annealing at 180 °C for 4 h to
induce acid mediated ring closure, thereby generating PCCD
directly in the solid state (thickness 40 nm to 50 nm). The

This journal is © The Royal Society of Chemistry 2026
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in situ conversion of PPDA to PCCD within the thin films was
verified by UV-vis-NIR and FTIR analyses (Fig. 4f and S19),
confirming successful formation of neutral PCCD films. The
in situ converted PCCD thin films were further sequentially
doped using (N-DMBI), (solution in DMSO). The UV-vis-NIR
absorption spectra revealed a pronounced decrease in the
neutral PCCD absorption band with the concomitant rise of
n-PCCD polaron absorption in the NIR region, consistent with
that of blend doped n-PCCD (Fig. S20). The sequentially doped
n-PCCD thin film exhibited a conductivity of 2.46 + 0.37 S
em ™, which is higher than that of the blend doped n-PCCD.

Thin-film morphology and electrochemistry

Atomic force microscopy (AFM) was employed to investigate
the thin film surface morphology of n-PBDF and n-PCCD
[50 wt% (N-DMBI),]. Both thin films exhibit fibrous mor-
phology; n-PCCD thin films, however, show more aggregated
surface morphology with visible pinhole defects compared to
n-PBDF (Fig. 5a and b). This could also contribute to the
observed reduced conductivity in n-PCCD thin films compared
to n-PBDF. Additionally, the in situ formed neutral PCCD thin
film exhibited a different surface morphology, with increased
aggregation and root mean square (RMS) roughness compared
to PPDA (Fig. S21). This strong aggregation of PCCD is attribu-
ted to its rigid, ladder-like structure, which promotes strong
7 interactions and interchain aggregation.*® The electro-
chemical properties of PCCD were investigated by cyclic vol-
tammetry (CV) of n-PCCD [50 wt% (N-DMBI),] thin films
coated on ITO-coated glass substrate in a three-electrode setup
using Ag/AgCl as the reference electrode (Fig. 5¢ and S22). The
LUMO level of PCCD was estimated to be —4.7 eV, whereas that
of PBDF is estimated to be —5.1 eV. Although the LUMO level
of PCCD is shallower than that of PBDF, it remains sufficiently

@ n (b)

A
o
f
—_
2 &

-

——PBDF

PCCD —— 0.8V (neutral)

l 0.4V (doped)
0

-02 X
-06 -04 -02 00 02 04 06 08 10 12 400 600 800 1000 1200 1400 1600
Potential Vs. Ag/AgCI(V) Wavelength (nm)

PccD

e
w

¢
4
N

Current (mA)
°
>

Absorbance (a.u.)

!
4
e

Fig. 5 AFM images of (a) n-PBDF thin film (RMS roughness = 1.72 nm),
(b) n-PCCD (50 wt% N-DMBI*) thin film (RMS roughness = 52.65 nm), (c)
overlapping CV of PBDF and PCCD, and (d) spectro-electrochemistry of
n-PCCD.
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deep to support its potential as an n-type conjugated ladder
polymer. Spectro-electrochemical studies also confirmed
reversible electrochemical doping and de-doping behavior in
the n-PCCD thin films (Fig. 5d).

Conclusion

We report the first experimental formation of PCCD, a long-
predicted structural isomer of PBDF, enabled by a two-step
aqueous isomerization strategy. This approach proceeds
through a common ring-opened PPDA polymer, followed by
thermodynamically favored ring closure to form the ladder-
type PCCD backbone. Direct comparison of PBDF and PCCD
highlights the profound impact of backbone isomerism on
conjugation, solubility, and conductivity. Beyond introducing
PCCD as a new n-doped conducting polymer, this work
demonstrates that post-synthetic structural isomerization can
modulate PBDF polymer backbone structure and electronic
properties without altering monomer composition.
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