
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 7

/3
0/

20
25

 4
:2

7:
32

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Direct ladderizat
aDepartment of Chemistry, University of Cal

E-mail: tdtilley@berkeley.edu
bMolecular Foundry, Lawrence Berkeley Na

94720, USA. E-mail: yliu@lbl.gov
cMaterials Sciences Division, Lawrence B

California, 94720, USA
dChemical Sciences Division, Lawrence B

California, 94720, USA

† Electronic supplementary informa
https://doi.org/10.1039/d4sc06902a

Cite this: Chem. Sci., 2024, 15, 20503

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 10th October 2024
Accepted 11th November 2024

DOI: 10.1039/d4sc06902a

rsc.li/chemical-science

© 2024 The Author(s). Published by
ion of cyclooctatetraene-
containing, processable conjugated ladder
polymers from annulated bis-
zirconacyclopentadienes†

August J. Rothenberger, a Harrison M. Bergman, a He Li, bc Miao Qi, b

Yunfei Wang, b Yi Liu *bc and T. Don Tilley *ad

Conjugated ladder polymers (CLPs) are difficult yet captivating synthetic targets due to their fully

unsaturated fused backbones. Inherent challenges associated with their synthesis often lead to low

yields, structural defects, and insoluble products. Here a new method to form CLPs is demonstrated,

utilizing a high-yielding dimerization of annulated zirconacyclopentadienes to form cyclooctatetraene

(COT) monomer units. The resulting COT-containing polymers form rapidly in a single ladderization step

from the bis-zirconacyclopentadiene precursors and display Mn up to 29.7 kg mol−1. The polymers

represent rare examples of CLPs with negatively curved rings, resulting in the observation of unusual

properties. The rigid tub-shaped COT units embedded in the backbone imbue the polymers with

microporosity, exhibiting BET surface areas up to 555 m2 g−1. Additionally, the remarkable solubility of

these CLPs in organic solvents enables the fabrication of thin films showcasing high dielectric

performance with a discharged energy density as high as 6.54 J cm−3 at 650 MV m−1.
Introduction

Ladder polymers are an intriguing class of materials where the
polymer chain consists of multiple backbones connected at
regular intervals like the rungs of a ladder.1,2 These polymers are
generally rigid and can display disordered packing resulting in
intrinsic microporosity3,4 that allows applications as
membranes with high thermal stability5 and remarkable gas
selectivity.6 A subset class of ladder polymer, conjugated ladder
polymers (CLPs, also known as fully unsaturated ladder poly-
mers) have a fully sp2-hybridized backbone and are of interest
due to the electronic properties that arise from their partially
delocalized electrons.7–11 However, CLPs are difficult to synthe-
size, particularly in high yields and with large molecular
weights, as a result of the inherent difficulty of forming many
fused rings. Additionally, many CLPs are sparingly soluble,
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further hindering their synthesis, characterization, and
processing.

The use of negatively-curved rings to form contorted and
exible nanographene materials has been the topic of many
recent studies,12–17 but their use in CLPs is less explored.18 To
date, there are still no methods of generating negatively curved
rings in high enough yield for the synthesis of high molecular
weight CLPs. Müllen and co-workers rst incorporated eight-
membered rings into graphene nanoribbons of Mn = 2.1 kg
mol−1 via Ullmann coupling (Fig. 1a),19 although these rings are
planar and did not display the characteristic “tub-shape” of
cyclooctatetraene (COT), possessing greater similarity to
a biphenylene sheet.20 A similar perylene diimide (PDI) nano-
ribbon was synthesized by Zhong on an Au(111) surface.21

Recently, Jiang reported the use of Ullmann coupling to
generate chiral PDI dimers and tetramers containing negatively
curved eight-membered rings with high dissymmetry.22 This
iterative approach to the synthesis of oligomers highlights the
inherent challenges of generating linear COT-containing ladder
polymers. In 2023, Coskun synthesized a three-dimensional
polymer network containing COT and biphenylene moieties
via benzyne dimerization (Fig. 1b).23 This initially generates
a mostly linear biphenylene polymer, with appreciable COT
crosslinks only being introduced during a separate thermal
treatment at 400 °C to induce an intermolecular rearrangement
of the polymer backbone. The resulting polymer is insoluble,
limiting characterization of molecular weight or the efficiency
Chem. Sci., 2024, 15, 20503–20508 | 20503
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Fig. 1 (a) Ullmann coupling of aryl halides to yield planar eight-
membered rings and tub-shaped COT-containing tetramers; (b)
benzyne dimerization to yield COT-containing network polymers; (c)
Diels–Alder cycloaddition of diyne and bis-cyclopentadienone, Mn

and Đ were determined after purification by recycling SEC; (d)
dimerization of bis-zirconacycles.
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of the COT generation step. The materials displayed high
surface areas and gas absorption selectivity, showing promise
for membrane applications of COT-containing materials.
Scheme 1 (a) Synthesis of COT 2 from zirconacycle 1. (b) COT-con-
taining polymers Poly-3 and Poly-4 from bis-zirconacycle precursors
3 and 4.

20504 | Chem. Sci., 2024, 15, 20503–20508
During the preparation of this manuscript, Feng and co-workers
reported the synthesis of a ladder polymer by cycloaddition of
a bis-cyclopentadienone with a cycloocta-1,5-diyne at 265 °C
(Scheme 1c).24 The success of this approach is predicated on the
use of established Diels–Alder chemistry,25,26 which requires
a pre-made COT building block to install negative curvature.
Additionally, the high Mn ∼26.4 kg mol−1 and low dispersity of
1.15 are achieved aer separation of fractions by recycling size
exclusion chromatography. In each of the former cases,
molecular weight and defect density are non-ideal due to COT
formation occurring via two distinct reactions, either via
successive Ullmann couplings or an intermolecular rearrange-
ment. The development of approaches that utilize a single,
concerted step to generate COT promises to circumvent these
issues.

Such a reaction to generate a COT ring was previously
described by this research group, whereby phenanthrene-
annulated zirconacyclopentadiene (zirconacycle) 1 is con-
verted to COT 2 via a cyclobutadiene intermediate at room
temperature (Scheme 1a).27 It is hypothesized that this occurs by
dimerization of two transient phenanthrocyclobutadienes
through a [4 + 2] cycloaddition and spontaneous rearrange-
ment, affording a COT ring rapidly at room temperature. In this
report we improve the efficiency of the reaction to enable its use
for polymerization to obtain two COT-containing CLPs with
different aromatic backbones, each displaying high molecular
weight (Mn > 26 kgmol−1) and low dispersity (Đ# 1.52) (Scheme
1b). Both resulting polymers are highly soluble in common
organic solvents, enabling the fabrication of thin lms as high-
performance dielectrics.

Results and discussion

Cyclooctatetraene polymers Poly-3 and Poly-4 were synthesized
in a single step by reaction of bis-zirconacycle precursors 3 and
4 with CuCl2 and 1,4-diazobicyclo[2.2.2]octane (DABCO)
(Scheme 1b). The polymers differ in the aromatic group annu-
lated to the COT units, either disubstituted[c,j]dibenz[a,h]
anthracene or disubstituted[e,l]2,7-di(triuoromethyl)pyrene.
The ligand DABCO was chosen aer screening a variety of
Lewis bases for the dimerization of 1 and optimization of the
yield of 2 (Table S1†). The polymerization reaction is scalable
and efficient, giving the polymers in 84% and 81% yields on
a 200 mg scale, respectively. To probe the polymerization
process, aliquots from the reaction of Poly-3 were quenched
with methanol at regular intervals and analyzed by size exclu-
sion chromatography (SEC). Aer the polymerization begins,
Poly-3 rapidly increases inmolecular weight, ultimately forming
chains with maximumMn = 29.7 kg mol−1 and Đ= 1.52 (Fig. 2a
and b). The polymerization that yields Poly-4 operates similarly,
with a maximum Mn = 26.5 kg mol−1 with Đ = 1.22 within 2 h
(Fig. S9 and S10†).

The polymers were also characterized by matrix-assisted
laser desorption ionization-time of ight (MALDI-TOF) mass
spectrometry, which gave molecular weights consistent with
those determined by SEC analysis. Poly-3 displays a prominent
repeat unit of 854 m/z corresponding to the mass of the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Normalized SEC curves of samples of Poly-3 quenched at
different time intervals; (b) plot of calculatedmolecular weight of Poly-
3 against reaction time; (c) UV-vis spectra of Poly-3 obtained at
different reaction times (normalized at maximum absorbance peak at
309 nm). The inset is the zoom-in of the absorption edge.

Fig. 3 (a) MALDI-TOF mass spectrum of Poly-3; (b) MALDI-TOF mass
spectrum of Poly-4; (c) infrared absorbance spectra of 2 (DFT and
experimental), Poly-3, and Poly-4 (representative COT vibrations
highlighted in purple).
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monomer unit visible to about Xn = 26 (Fig. 3a). Similarly, the
MALDI-TOF pattern for Poly-4 possesses a 914 m/z repeat unit
visible until Xn= 28 (Fig. 3b). Infrared spectroscopy was utilized
to conrm the presence of cyclooctatetraene moieties in the
backbone of the polymers. The spectra of 2, Poly-3, and Poly-4
were compared to a simulated IR spectrum of 2 calculated at the
B3LYP/6-31g level of theory. Representative COT vibrations were
found at 1606, 1504, and 1241 cm−1 (Fig. 3c) across all spectra,
© 2024 The Author(s). Published by the Royal Society of Chemistry
demonstrating shared COT functionality between 2, Poly-3, and
Poly-4.

The polymers display broad resonances in NMR spectra, due
to the unsymmetrical substitution for the COT repeat unit. This
is reected in the 1H NMR spectrum of monomeric 2, which has
24 unique aryl proton resonance peaks.28 Introduction of repeat
units leads to further complexity; thus, the ratio of aryl to alkyl
resonances is more informative. For both polymers, the reso-
nance ratio nearly matches the predicted values of 1 : 1.38 for
Poly-3 and 1 : 1.80 for Poly-4 (Fig. S1 and S3†). The 13C NMR
spectra are similarly broad for both polymers, with peaks in the
aryl region between 155 to 125 ppm and resonances for alkyl
groups between 35 and 30 ppm. Very few other peaks are visible
in the 1H spectrum of Poly-3 at 3.43 and 3.28 ppm, indicating
a highly selective polymerization with minimal defects. Simi-
larly, in the 1H spectrum of Poly-4, small defect peaks are
present at 2.98 and 2.13 ppm. These likely correspond to
annulated cyclobutene resonances, a plausible source of
quenched chain ends.

UV-vis spectroscopy was utilized to determine the absorption
onset for samples of Poly-3 with increasing molecular weight
(Fig. 2c). Normalized at the maximum absorbance peak for the
sample of monomer 3 quenched before exposure to CuCl2/
DABCO (labeled as 0 min) the samples show a red-shied
absorption onset as Mn increases up to about 14 kg mol−1 at
15 min, indicating that the effective conjugation length along
the polymer backbone occurs between 11–16 repeat units.
Similarly, a red shi is observed in the absorption onset for
Poly-4 samples (Fig. S13†), corresponding to a maximum
between 12–18 repeat units. Samples of COT 2, Poly-3, and Poly-
4 are weakly uorescent, displaying emission peaks at 455, 474,
and 489 nm, respectively (Fig. S12†).

The incorporation of negatively curved COT rings embedded
in a rigid ladder backbone makes Poly-3 and Poly-4 promising
candidates as polymers with high intrinsic porosity.29 The
polymers were subjected to nitrogen adsorption measurements
at 77 K and showed substantial uptake at low relative pressure
(P/P0). The calculated apparent Brunauer–Emmett–Teller
surface areas (SABET)30 of 421 m2 g−1 and 555 m2 g−1 for Poly-3
and Poly-4 indicate that the polymers possess signicant
microporosity (Fig. S20†). Evaluation of pore sizes in the two
polymers with non-local density functional theory (NLDFT)
using a carbon-slit model revealed a microporous region with
pores between 10.9–13.5 Å as well as some mesoporosity
extending to pore diameters of 120–220 Å (Fig. S21 and S22†).
Microporosity likely results from the negative curvature of the
rigid COT monomer units forcing inefficient packing of poly-
mer chains while the meso- to macroporosity may result from
void space between polymer particles. The polymers have
surface area metrics similar to other COT-containing
networks,23 but are noteworthy due to their ideal solution
processibility amenable to castings of thin lms.

The rigid structures of Poly-3 and Poly-4 imbues them with
high thermal stability, such that they display relatively high
decomposition temperatures around 350 and 325 °C, respec-
tively, as measured by thermal gravimetric analysis (Fig. S14
and S15†). Neither possesses observable glass transition
Chem. Sci., 2024, 15, 20503–20508 | 20505
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temperatures within the thermally accessible range (Fig. S16
and S17†). Additionally, neither polymer displays reversible
redox events as determined by cyclic voltammetry (Fig. S19†).
This is consistent with the behavior of monomer 2, which shows
four irreversible reductions between −2.2 and −3.5 V vs. Fc/Fc+

(Fig. S18†). The inability to access an aromatic COT dianion
showcases the polymers' resistance to planarization and
deformation of the polymeric structure.

The solution processability, thermal stability, and wide
window of redox stability prompted us to consider these poly-
mers as thin lm-based dielectric materials for energy storage
applications,31–33 for which ladder polymers have been identi-
ed as promising candidates.34,35 Indium tin oxide (ITO) coated
glass substrates served as the conducting substrate (see ESI for
casting procedure†). The lms were analyzed by grazing-
incidence wide-angle X-ray scattering (GI-WAXS) to reveal an
amorphous distribution of polymer chains (Fig. S23†).

At 103 Hz, lms of Poly-3 exhibit a dielectric constant of 3.68
and a loss tangent of 0.0546 while lms of Poly-4 displayed
a dielectric constant of 3.56 with a loss tangent of 0.0302 (Fig. 4a
and b). This reduction is attributed to the presence of –CF3
substituents which leads to a decreased overall polarizability.
This phenomenon has been observed in various CF3-containing
dielectric polymers,36 such as uorinated polyimides.37–39 Few
traditional conjugated ladder polymers have been subjected to
thin-lm dielectric studies, but a planar poly(-
benzimidazobenzophenanthroline) CLP has a dielectric
constant of 8.3.40 Due to the rigid microporous nature of Poly-3
and Poly-4, the lowered dielectric constants would be expected
due to the decreased packing density of polymer chains.

Poly-4 achieved substantial discharged energy density, up to
6.54 J cm−3 at 650 MV m−1 (Fig. 4c). In contrast, Poly-3
possessed a lower electrical-voltage endurance which limited
the lm device's capability to withstand higher electric elds,
resulting in a maximum discharged energy density of 4.47 J
cm−3 at an electric eld of 550 MV m−1. Further details con-
cerning the dielectric breakdown strength of the lms are
Fig. 4 (a) Frequency-dependent dielectric constant; (b) frequency-
dependent dielectric loss tangent; (c) discharged energy density; (d)
energy efficiency of COT polymers.

20506 | Chem. Sci., 2024, 15, 20503–20508
provided in the ESI.† Under the same electric eld, Poly-3
exhibited an energy efficiency that is inferior to that of Poly-4
(Fig. 4d), which is likely attributable to the higher polarizability
and larger dielectric loss with to the absence of –CF3 groups.
With the increase in electric eld, the lower energy efficiency of
Poly-3 further decreased. In contrast, Poly-4 consistently
exceeds 85% energy efficiency even at high electric elds of
600–650 MV m−1.

Conclusions

The remarkably efficient dimerization of annulated zircona-
cycles to generate COT units represents a new pathway to access
conjugated ladder polymers, which can exhibit high Mn of
nearly 30 kg mol−1. The incorporated COT units in the polymer
backbone result in an unusual contorted, rigid ladder structure
fully composed of unsaturated carbon atoms. The polymers
possess an uncommon combination of properties due to their
structure, showcasing intrinsic microporosity, remarkable
solubility, and processibility into thin dielectric lms which
may prove useful for a range of potential applications from gas
separation to capacitance.

Data availability
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