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Depolymerizable and recyclable 
luminescent polymers with high 
light-emitting efficiencies
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Peijun Guo    5,6, Benjamin T. Diroll2, Glingna Wang    1, Richard D. Schaller    2, 
Henry Chan    2, Jianguo Mei    3 , Sihong Wang    1,2  & Jie Xu    1,2 

Luminescent polymers are of great interest in a number of photonic 
technologies, including electroluminescence, bioimaging, medical 
diagnosis, bio-stimulation and security signage. Incorporating 
depolymerizability and recyclability into luminescent polymers is pivotal 
for promoting their sustainability and minimizing their environmental 
impacts at the end of the product lifecycle, but existing strategies often 
compromise the light-emitting efficiencies. Here we develop a strategy 
that utilizes cleavable moiety to create depolymerizable and recyclable 
thermally activated delayed fluorescence (TADF) polymers without 
compromising their high light-emitting efficiencies. The electroluminescent 
devices based on the TADF polymers achieved a high external quantum 
efficiency of up to 15.1 %. The TADF polymers can be depolymerized 
under either mild acidic or heating conditions, with precise control of 
the kinetics, and the obtained pure monomers can potentially be isolated 
and repolymerized for subsequent life applications. This work promotes 
the end-of-life environmental friendliness and circularity of luminescent 
materials, paving the way to a sustainable photonic industry.

Organic luminescent materials have been widely used as the key materi-
als in a number of photonic technologies, including electrolumines-
cence (EL)1, fluorescent bioimaging2 and optical therapies3. Taking EL 
application as an example, with the advent of modern display devel-
opment, emerging trends such as large-area, foldable and stretchable 
displays, as well as low-cost manufacturing, have led to rapid develop-
ment and applications of luminescent materials including polymeric 
systems1,4,5. This is due to their solution processability, mechanical 

deformability and chemical tunability. Accompanied by the rapidly 
increased use of luminescent polymers, on the other hand, the end-life 
disposal of these polymers, similar to the plastic pollution issues of 
commodity polymers6,7, could potentially pose severe threats to the 
environment8,9. Therefore, it is essential to incorporate degradability 
(that is, depolymerizability) into polymer-type luminescent materials 
to minimize their impact on the environment6,9–18. Despite efforts to 
endow degradable properties to a polymer, that is, poly(lactic acid) with 
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charge transport; (2) designing and synthesizing TADF polymers with 
those cleavable linkage points; (3) controllable depolymerization 
features—dormant in the operational environment but responsive to 
external stressors after the service life.

In this Article, we develop a general design concept that utilizes 
cleavable moiety to create depolymerizable luminescent polymers with 
high EL performance enabled by TADF, and programmable depolymeri-
zations under specific stressors (Fig. 1a). Our design employs tert-butyl 
ester (TB-ester), which we experimentally confirmed to be benign 
to TADF properties. We successfully applied this concept to a TADF 
polymer, as well as a host polymer for small-molecule TADF guests. A 
combination of the host polymer and TADF guest achieved an EQE of 
up to 15.1%, which is an order of magnitude higher than the previously 
reported system that utilized a depolymerizable luminescent guest 
polymer19. These polymers can be depolymerized under either mild 
acidic or heating conditions, with precise control of the kinetics for 
the final products of either oligomers or pure monomers and within a 
range of time windows from several days down to minutes (Fig. 1b,c). 
Furthermore, the pure monomers produced from thermal depolym-
erization can potentially be isolated and repolymerized for subsequent 
life applications. We expect that our polymers not only can be used for 
existing (photoluminescence) PL and EL technologies such as displays, 
medical imaging, optical stimulation, but also enable new applications 

a fluorescent tag, only low external quantum efficiencies (EQE) in EL 
devices (not more than 1.5%) have been achieved19. This polymer design 
is based on fluorescence (FL) type emitters, and their efficiency is funda-
mentally limited by their photophysical nature. Organic light-emitting 
diodes (OLED) utilizing fluorescent emitters, which are excited by elec-
tron–hole recombination, only harvest the singlet excitons for emission 
allowing for an internal quantum efficiency of 25% at best.

To maintain the relevance to practical technologies, depolymeriz-
able luminescent polymers need to have high light-emitting efficien-
cies, which, in the case of electro-excitation, can be achieved by either 
spin–orbit coupling-induced phosphorescence (PH)20 or thermally 
activated delayed fluorescence (TADF)21,22. Among these two options, 
TADF emitters have attracted increasing interest in polymer designs 
due to potentially lower costs and transition metal-free designs. By 
minimizing the singlet and triplet energy states splitting (ΔEST), TADF 
emitters can convert non-radiative triplet excitons into radiative sin-
glet excitons through reverse intersystem crossing (RISC), offering 
a pathway towards 100% internal quantum efficiencies21. However, 
to the best of our knowledge, there has been no report on imparting 
depolymerizability/recyclability into a TADF polymer. There are sev-
eral challenges associated with this, including (1) selecting cleavable 
linkages that are compatible with the TADF emission (especially not 
quenching long-lived triplet excitons), while not preventing efficient 
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Fig. 1 | Depolymerizable luminescent polymers based on TADF mechanism 
and cleavable chemistry. a, Design principle for realizing depolymerizable 
TADF polymers via incorporation of TB-ester cleavable bond into the polymer 
backbone. The lifetime of depolymerizable TADF polymers from synthesis via 
Suzuki polycondensation towards various potential applications and the end-
of-life management by depolymerization to pure monomers. b, Schematic of 
incorporating TB-ester cleavable bond into two types of functional materials, 
polymeric TADF emitter and polymeric TADF host used in the EML of EL devices, 

as well as the depolymerization mechanisms. c, Schematic of pristine polymer, 
oligomer-product by the acidic depolymerization, and pure monomer-
product by the thermal depolymerization. d, Prototype application for the 
depolymerizable polymers for information storage/security. The glass sheet with 
the printed QR code is placed on a heat plate at 210 °C in N2 atmosphere for 1 h to 
erase the pattern. The pictures are captured at room temperature. A timeline of 
images is provided in Supplementary Fig. 20. A Thorlabs CS20 UV LED System 
(365 nm) is used for the photoexcitation.
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such as printed erasable or hidden emissive quick-response (QR) codes 
(Fig. 1d and Supplementary Video 1).

Results
Design of the depolymerizable TADF polymer
To introduce depolymerizability into TADF polymers, it is neces-
sary to incorporate a functional bond satisfying the following two 
requirements. First, it remains stable throughout the device fabrica-
tion process and during the device working life without affecting the 
TADF properties. Second, it can rapidly cleave under inflicted external 
stressors. In this study, TB-ester was selected as the cleavable moiety, 
whose scission can be triggered either by mild acidic conditions or 
under elevated temperatures23–25. Additionally, the TB-ester exhibits 
greater stability under base conditions compared with typical esters24, 
enabling its compatibility with a diverse range of reactions, including 
the Suzuki polycondensation reaction. Moreover, it has been reported 
in the literature that ester groups can be incorporated into TADF emit-
ters without negatively impacting the TADF properties26,27.

In consideration of these aspects, we designed a depolymerizable 
TADF polymer (namely PDKCE) with TB-ester moieties and TADF units 
in the polymer backbone (Fig. 2a and Supplementary Figs. 1–3). The 
TADF units were constructed by benzophenone and acridine as electron 

acceptor (A) and donor (D) groups, respectively, which are attached as 
pendant side groups to carbazole groups in the polymer backbone. To 
investigate the impact of incorporating cleavable TB-ester bonds on 
TADF properties, a control polymer PDKCM (Fig. 2a), studied in our pre-
vious work4, with identical TADF units linked by non-depolymerizable 
methylene diether groups is introduced for comparison. It is notewor-
thy that the synthesis of PDKCE follows a similar methodology as that 
of PDKCM. While we utilized microwave-assisted synthesis techniques 
to substantially reduce the polymerization time from several days to 
less than 2 h, without any adverse impact on the molecular weight.

Photophysical and electroluminescence characterizations
To study the influences of TB-ester moiety on the TADF polymer’s 
luminescent property, density functional theory (DFT) based calcu-
lations were first performed to reveal the electronic structures. Since 
TB-ester breaks the conjugation in the backbone, we performed the 
DFT calculations on the repeating unit as it is reasonable to assume 
that the photophysical properties and electronic structures of TADF 
polymers will be largely determined by the smallest conjugation units 
(Fig. 2b and Supplementary Fig. 4). Our calculations showed that in 
PDKCE, the highest occupied molecular orbital (HOMO) and lowest 
unoccupied molecular orbital (LUMO) are respectively localized on the 
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Fig. 2 | PL and EL properties of the depolymerizable TADF polymer PDKCE.  
a, The chemical structures of depolymerizable TADF polymer PDKCE and 
its control polymer PDKCM, and the mechanism of TADF. S0, S1 and T1 stand 
for ground state, lowest singlet state and lowest triplet state energy levels, 
respectively. ISC and RISC, respectively stand for intersystem crossing and 
reverse ISC. Fp and Fd stand for prompt fluorescence and delayed fluorescence, 
respectively. b, DFT-calculated HOMO, LUMO, HOMO-1 and LUMO + 1 distributions,  
as well as energy levels in the smallest electronic conjugation units of PDKCE 

and PDKCM. c, The absorption spectra, and room temperature emission 
spectra from the thin films of PDKCE and PDKCM. The emission spectra are 
measured in air under excitation at 310 nm. d, PL transient decays and PLQYs 
(insert) of PDKCE and PDKCM. e, Schematic structure of the OLED used in the 
characterization of the EL performance of PDKCE and PDKCM as the host-free 
EML. f,g, Representative current density–luminance–voltage traces (f) and EQE–
current density traces (g) as well as normalized EL spectra (inset in g) for PDKCE 
and PDKCM.
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D and A groups with minimum overlap, and the dihedral angle between 
the D and A planes remains orthogonal at 89.9° without much change 
resulting from the introduction of the TB-ester moieties (Fig. 2b). These 
results suggest that PDKCE possesses a small ΔEST (ref. 21), which is 
crucial for enabling the efficient RISC of excitons from the triplet state 
to the singlet state for TADF emission. As a comparison, similar results 
were observed in our control polymer PDKCM. However, in PDKCM, the 
HOMO-1 distribution extends from the carbazole group to the ether 
group, while in PDKCE, it is confined to the carbazole and part of the 
attached benzophenone groups. Conversely, the LUMO + 1 distribution 
stretched further away from the carbazole group onto the TB-ester 
groups in PDKCE. This notable difference can be attributed to the higher 
electron-deficient property of the TB-ester group compared with the 
ether group (Supplementary Fig. 5).

The impact of the TB-ester moieties on the PL properties was 
further investigated by conducting in-depth photophysical studies 
of PDKCE and the control polymer PDKCM. First, PDKCE and PDKCM 
give very similar ultraviolet–visible (UV–vis) absorption and PL spectra 
at room temperature (Fig. 2c), which agrees well both with the results 
of electrochemical cyclic voltammetry (CV) tests (Supplementary 
Fig. 6a) and DTF calculations discussed above. Estimated by the dif-
ference between the onset of low-temperature (77 K) FL/PH spectra 
(Supplementary Fig. 7), the ΔEST of PDKCE has a sufficiently small 
value of 59.0 meV, which is very close to that (46.9 meV) of PDKCM4. 
At room temperature, the PL quantum yield (PLQY) of PDKCE reaches 
60.9%, which is composed of both prompt and delayed fluorescence as 
evidenced by the transient PL decay tests (Fig. 2d and Supplementary 
Fig. 8). Once again, these aspects are highly similar to those of PDKCM, 
indicating that the TB-ester bond has a limited impact on the overall 
TADF process.

Subsequently, we investigated the EL properties of the PDKCE in a 
conventional OLED structure (Fig. 2e and Supplementary Fig. 9). As a 
comparison, PDKCM was fabricated into the same device structure. As 
shown by the current density–voltage (J–V) and luminance–voltage (L–
V) traces (Fig. 2f), PDKCE only exhibits a minor decrease in the current 
density and luminance compared to PDKCM. Since the HOMO/LUMO 
levels are similar for the two polymers, this small difference might be 

caused by the slightly decreased charge mobility, which was confirmed 
through the fabrication and measurement of hole-only devices (Sup-
plementary Fig. 10). Additionally, we found a slight red shift in the EL 
spectrum for PDKCE, while little differences were observed for the 
turn-on voltages, efficiencies and device lifetimes (Fig. 2g and Sup-
plementary Fig. 11). It is noteworthy that the achieved EQE of 10.4% 
from PDKCE is about seven times higher than previously reported 
depolymerizable luminescent polymer19 (Supplementary Table 1).

Evaluation of the depolymerizability and recyclability
The depolymerizability of PDKCE is studied using two different stress-
ors: acid and heat. It is found that the PDKCE chain can be effectively 
deconstructed by over 90% in a near-stomach acid condition11 (that is, 
pH 1.2) within 4 days. This was evidenced by a decrease in the number 
average molar mass, as measured by size exclusion chromatography 
(SEC) (Fig. 3a and Supplementary Fig. 12). Such acidic degradation 
property affords the potential for the use in transient biomedical 
devices14,28–30. In comparison, the control polymer PDKCM shows no 
depolymerization under the same conditions (Fig. 3a). Furthermore, 
PDKCE has remarkable stability in harsh basic conditions (Supplemen-
tary Fig. 13), ensuring the compatibility with the synthesis conditions 
such as the utilized Suzuki polycondensation reaction.

Thermal stressor is also expected to degrade PDKCE by breaking 
the TB-ester bonds23,24. Thermal gravimetric analysis (TGA) shows that 
PDKCE remains stable up to 210 °C, after which a swift mass loss occurs 
between 210 and 250 °C, indicating depolymerization (Fig. 3b). The 
depolymerization rate of PDKCE can be finely controlled by selecting 
different depolymerization temperatures (Fig. 3c). The mass loss of 
12.1% in TGA is almost equivalent to the theoretical weight value of 11.8% 
needed for PDKCE to generate the di-carboxylic acid group-capped 
monomers (Fig. 3b). Moreover, DFT calculations confirm that the 
TB-ester along the polymer backbone has a relatively weak bond energy 
by mapping the bond dissociation enthalpy31 for the smallest conju-
gation units (Supplementary Fig. 14). Further analysis of the crude 
product of PDKCE from thermal depolymerization using nuclear mag-
netic resonance (NMR) and high-resolution mass spectroscopy (MS) 
shows that the depolymerization yields diacid monomers in very high 
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Fig. 3 | The depolymerizability of PDKCE. a, The number average molar mass 
(Mn) of PDKCE and PDKCM monitored over time in the mixed THF/HCl solution. 
b, The TGA curves of PDKCE and PEKCM with a heating rate of 15 °C min−1 in N2 
atmosphere. c, The TGA curves of PDKCE at different final temperatures, after 

initial heating at a rate of 15 °C min−1 starting from 25 °C in N2 atmosphere.  
d, The chemical structures, appearance and NMR spectra of PDKCE before and 
after thermal depolymerization.
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purity without requiring any purification (Fig. 3d and Supplementary 
Fig. 15). In contrast, no depolymerization behaviour can be observed 
for PDKCM in the monitored temperature range (25–370 °C, Fig. 3b). 
It is worth noting that depolymerization of PDKCE occurred in both N2 
and air atmospheres (Supplementary Fig. 16a–c). However, we could 
not observe decarboxylation behaviour for PDKCE at higher tempera-
tures, as reported in a previous study24 (Supplementary Fig. 16d,e).

After depolymerization, PDKCE displays a slight red shift with 
minimal intensity change in the UV–vis spectrum and negligible 
change in the PL emission spectrum, indicating that the TADF core 
remained intact during the depolymerization process (Supplementary 

Fig. 17). However, the PLQY decreased substantially from 60.9% to 2.8% 
with depolymerization, accompanied with a nearly vanished delayed 
fluorescent emission (Supplementary Figs. 18 and 19). In comparison, 
under these stressors, PDKCM shows negligible property changes 
reflected in various characterizations, including TGA, UV–vis, PL 
spectrum, PLQY and transient PL decay (Fig. 3b and Supplementary 
Figs. 17–19). Employing the distinct behaviours of PDKCE and PDKCM 
under thermal stress, we demonstrated a ‘hidden’ code with PDKCM 
serving as the code and PDKCE serving as the ‘disguise’. Under thermal 
stress, the fluorescence emitted by the ‘disguise’ with depolymeriz-
able PDKCE gradually diminishes, unveiling the ‘hidden’ code based 
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on the non-depolymerizable PDKCM (Supplementary Fig. 20 and 
Supplementary Video 1).

To gain insights into the quenching of emission during depolymer-
ization, we conducted comprehensive investigations, revealing that the 
generation of carboxylic acid groups results in a larger ΔEST, ultimately 
leading to the deactivation of TADF due to inefficiency of the RISC 
process (Supplementary Note 1 and Supplementary Figs. 21–23). Inter-
estingly, the efficient TADF with a PLQY of 56.8% and a EQE of 10.8% can 
be restored by esterifying the carboxylic acid groups (Fig. 4a–g). This 
intriguing finding suggests that the depolymerized monomers hold 
promise for recycling in subsequent life applications, thereby dem-
onstrating the viability of our design in promoting a circular economy.

Depolymerizable host polymer
In the realm of polymer-type emitters, a frequently employed strategy 
involves host–guest design to elevate luminescent performance. This 
mechanism hinges on the host polymer’s ability to effectively mitigate 
concentration-induced quenching of TADF guest small molecules, 
primarily stemming from long-lived triplet excitons32,33. In this case, 
the same design concept is applied to the host polymer by combining 

TB-ester moieties with carbazole units in the polymer backbone, which 
is named as PC6E (Fig. 5a and Supplementary Figs. 1 and 3). The carba-
zole units provide the transport of charges and facilitate the formation 
of the excitons. Similar to PDKCE, PC6E demonstrates comparable 
depolymerization properties under both acidic and thermal stressors, 
as confirmed by GPC-tracking of the molar mass and TGA-tracking of 
the sample weight, respectively (Fig. 5b,c and Supplementary Figs. 12, 
15, 16, 20 and 24).

To characterize the host performance of PC6E in the host–guest 
type emitters, we first studied its photophysical properties. The UV–vis 
spectrum is indeed dictated by the localized excited state of carbazole 
groups (Fig. 5d). It is crucial for the host materials to have a higher T1 
state (lowest triplet energy state) than the guest TADF emitters to 
confine the excitons in the guest emitter. T1 was estimated by the onset 
of the low-temperature (77 K) phosphorescence, which is 2.71 eV. This 
value is high enough for most of TADF emitters (Fig. 5d). In particular, 
we selected the previously reported guest emitter tBuCzDBA34 to 
blend with the host polymer PC6E, which has well-matched T1 energy 
levels (Fig. 5d). Their good co-solubility in chlorobenzene enables 
smooth solution processing into homogeneous thin films. For this 
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PC6E film and low-temperature (77 K) phosphorescence spectrum of PC6E 
in 2-methyltetrahydrofuran solution. e, Schematic of energy levels for each 
material used in the OLED for the characterization of the EL performance of 
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current density–EQE traces (g) for the OLEDs with PC6E/x wt.% tBuCzDBA as  
EML with different blending concentrations of 10, 20, 30, 40 and 100%.
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emissive host–guest system we varied the doping ratio between 10 and 
40 wt.% and tested the EL performance using the same device struc-
ture as above (Fig. 5e–g and Supplementary Fig. 25). First, compared 
with the tBuCzDBA guest-only emitters, all these host–guest emit-
ters give higher EQEs (and also higher PLQY shown in Supplementary 
Fig. 26), which proves the suppression of the exciton quenching from 
the host–guest design. With the increase of the doping ratio from 10 
to 40 wt.%, the current density and luminance gradually increase at 
the same voltage. This could come from the lower LUMO level of the 
guest material as compared with the host, which facilitates direct 
electron injection to the guest (Fig. 5e and Supplementary Fig. 6b) and 
increases charge-carrier mobility (Supplementary Fig. 27). A higher 
EQE of 15.1% (Fig. 5g) has been achieved with this host–guest design for 
degradable polymer-type emitters. Furthermore, the novel depolym-
erizable host PC6E exhibits comparable EL performance as the control 
non-depolymerizable host PC6D (Supplementary Fig. 28), providing 
further evidence that our depolymerizable/recyclable design, which 
incorporates TB-ester bonds into the polymer, has minimal influence 
on the TADF properties. It is worth noting that PC6E is not a suitable 
host for PDKCE or DKCE owing to its insufficiently high triplet state. 
(Supplementary Figs. 29 and 30).

Discussion
In this study, we have successfully developed sustainable TADF poly-
mers with depolymerizability and recyclability by incorporating the 
TB-ester bond as a cleavable moiety in the polymer backbone, without 
compromising their high light-emitting properties. The resulting poly-
mers exhibit solution processability, excellent luminescent perfor-
mance, controllable depolymerizability and recyclability, positioning 
them as promising candidates for sustainable photonic technologies. 
Moreover, we have demonstrated the generalizability of our polymer 
design strategy, anticipating that optimizing the TADF core structures 
could yield higher efficiency and stability. This design strategy opens up 
new sustainable possibilities for the application of luminescent materi-
als in diverse fields, such as biodegradable biomedical sensing, imaging 
and therapy, as well as optical computing and information storage.

Methods
Materials
The compounds (4-bromophenyl)(4-fluorophenyl)methanone and 
2,7-dibromo-9H-carbazole were purchased from Combi-Blocks INC.
The compound 9,9-dimethyl-9,10-dihydroacridine was purchased from 
Oakwood Products INC. The compounds 2,2′,2′-(1,3,5-benzinetriyl)- 
tris(1-phenyl-1-H-benzimidazole) (TPBI), 1,3,5-tris(3-pyridyl-3-phenyl)
benzene (TmPyPB) and lithium fluoride (LiF) were purchased from Xi’an 
Polymer Light Technology Corp. Poly(3,4-ethylenedioxythiophene) 
polystyrene sulfonate (PEDOT:PSS) solution (CLEVIOS P VP CH 8000, 
2.4–3.0 wt.% in water) was purchased from Heraeus Deutschland 
GmbH and Co. KG and used without changing concentration. Pat-
terned indium tin oxide (ITO) glass substrate was purchased from 
Ossila Limited. Other general reagents and solvents were purchased 
from Sigma-Aldrich or Fisher Scientific. tBuCzDBA was purchased 
from Luminescence Technology Corp. PDKCM (Mn = 49.6 kDa, Đ = 2.2) 
is synthesized according to the reported procedures4.

Synthesis
The depolymerizable and recyclable polymers were synthesized on the 
basis of a general Suzuki polycondensation procedure. The synthesis 
details can be found in Supplementary Information.

Simulation
All quantum chemical calculations were executed using the Gaussian 
16 software. The molecular geometries were optimized in the ground 
state using the PBE0 functional with the 6-31G(d) basis set in the gas 
phase. TDDFT was applied to compute the lowest excited singlet and 

triplet states simulations, utilizing the optimized structures at the same 
level. For bond dissociation energy calculations, the same method as 
described in ref. 31 was used. The simplified molecular-input line-entry 
system (SMILES) string of the repeating unit of PDKCE molecule was 
used to create the SMILES strings for radicals by iteratively break-
ing all single, non-ring bonds in the parent molecule. The resulting 
list of SMILES strings was canonicalized and de-duplicated using the 
open-source cheminformatics RDKit (http://www.rdkit.org). All the 
open and closed shell structures were initially relaxed for geometry 
optimization using B3LYP-D3/6-31G(d). Unrestricted Kohn–Sham 
DFT calculations of radicals were then performed with the M06-2X 
functional and def2-TZVP basis set with the default ultra-fine grid for 
all numerical integrations. M06-2X/def2-TZVP was previously found 
to have a favourable trade-off between experimental accuracy and 
computational efficiency.

General characterization
NMR spectroscopy was performed on Bruker Ascend 9.4 T/400 MHz 
spectrometer or Bruker Ultra Shield 500 MHz NMR spectrometer. 
High-resolution MS with positive electrospray ionization mode was 
performed on Thermo Fisher orbitrap classic mass spectrometer.

Number average molar mass (Mn), mass average molar mass (Mw) 
and dispersity (Đ = Mw/Mn) were evaluated with Agilent HT-GPC system 
(SEC system 1) employing the Agilent PLgel 5 μm Mix-D separation 
column, Wyatt DAWN HELEOS II multi-angle light-scattering detector 
for absolute measurement of polymer molar mass and tetrahydrofuran 
(THF) as liquid phase at a temperature of 40 °C.

Absorption was measured using a Shimadzu UV-3600 Plus UV–
Vis–NIR spectrophotometer. The film thicknesses were measured with 
Multiwavelength Laser Ellipsometers LSE-WS.

The PL spectra were measured in air under 300 nm excitation 
with a Horiba Spectrofluorometer-Fluorolog 3. Time-resolved emis-
sion experiments were performed on samples loaded in a liquid 
nitrogen-cooled cryostat, under vacuum. Time-resolved emission 
measurements were performed by exciting the sample with ultraviolet 
light pulses prepared by directing the output of a 35 fs Ti:sapphire 
laser (310 nm) into an optical parametric amplifier, with emission 
monitored using a streak camera. The PL quantum yield (PLQY) and 
low-temperature FL/PH spectra were measured using a LSM Series 
High-Power LED (310 nm, Ocean Optics) as the light source and a fibre 
optic-linked integrating sphere (integrating sphere is not used for 
low-temperature FL/PH) coupled with a QE Pro spectrometer (Ocean 
Optics). The samples within the integrating sphere were placed on a 
homemade stage to achieve a proper alignment with the excitation 
light source. For the recording of low-temperature FL/PH spectra 
liquid nitrogen was employed for cooling. The film samples were 
spin-coated on quartz substrates, except for the time-resolved emis-
sion measurements on silicon wafer substrate, in the glovebox from 
the polymer solutions of 8 mg ml−1 in chlorobenzene. For the PLQY 
measurements of the TADF polymers with benzoic acid, the TADF 
polymers and benzoic acid are co-dissolved in chlorobenzene with 
total concentration of 8 mg ml−1 for the spin-coating. The spin-coating 
condition is 1,500 rpm for 30 s, which is followed by annealing at 
100 °C for 15 min.

Cyclic voltammetry was performed on a Multi PalmSens4 
electrochemical analyser using dimethylformamide with tetra- 
n-butylammonium hexafluorophosphate (Bu4NPF6, 0.1 M) as electro-
lyte, an Ag/AgCl as reference electrode, a Pt disk as working electrode 
and a scan rate of 50 mV s−1.

QR code patterns were printed on glass substrates with an 
Optomec Aerosol Jet 5X system. The degradable green pattern was cre-
ated using an ink of PDKCE with a concentration of 2 mg ml−1, dissolved 
in a 9:1 mixture of chlorobenzene and N-methyl-2-pyrrolidone. The 
centre pattern was printed with the ink of PDKCE (2 mg ml−1) for green, 
PC6E (5 mg ml−1) for blue, and 1:1 of PC6E and TPA-AQ4 (3 mg ml−1) for 

http://www.nature.com/natsustain
http://www.rdkit.org


Nature Sustainability

Article https://doi.org/10.1038/s41893-024-01373-z

red, which were separately dissolved in a 9:1 mixture of chlorobenzene 
and N-methyl-2-pyrrolidone.

Depolymerization conditions
Acidic depolymerization: in a glass vial, the polymer samples were dis-
solved in THF (5 mg ml−1) under ultrasonication. For every 1 ml polymer 
solution, 8 μl of aqueous HCl (35 wt.%) were added via pipette. The vial, 
equipped with a stir bar, was places on a stirring hotplate. After evenly 
mixing, the solution was heated to 50 °C for depolymerization. After a 
certain period, 100 μl solution was transferred to a vial that contains 
1 ml THF. The diluted solution is filtered through a polyvinylidene dif-
luoride syringe filter with 0.45 μm pore size to prepare SEC samples. 
Number average Mn, Mw and Đ = Mw/Mn were evaluated with Agilent 1260 
Infinity II HT-GPC system (SEC system 2) employing the Agilent PLgel 
5 μm MIXED-C separation columns, 1260 Infinity II Refractive Index 
detector for absolute measurement of polymer molar mass, and THF 
as liquid phase at a temperature of 40 °C.

Thermal depolymerization: TGA was measured with a Mettler 
Toledo TGA/STGA851e. A polymer sample (ca. 3 mg) was placed in a 
weighed TGA sample pan. The sample pan was carefully transferred 
into the TGA system. A nitrogen flow 20 ml min−1 was applied. The 
system was switched on and heated at 15 °C min−1 to 210 °C, then kept 
at 210 °C for 60 min to allow the full depolymerization of the polymer.

For TGA-coupled gas chromatography (GC)–MS measurements, 
TGAs were performed in a TA TGA5500 instrument. A total of 0.8 mg 
PDKCE or 2.2 mg PC6E were placed in an aluminium (Al) crucible. Sam-
ples were measured under ultra-high-purity helium gas (100 ml min−1). 
Temperature was increased at a rate of 20 °C min−1 and gases were 
transferred to the GC–MS instrumentation via a heated (280 °C) 
transfer line. An Agilent Technologies 7890A GC system equipped 
with a non-polar capillary column (Agilent J&B HP-5 packed with 
(5%-phenyl)-methylpolysiloxane) coupled with a 5975 mass-selective 
detector spectrometer was used for the analyses of the gases released 
from the samples. A gas injection was triggered every 0.7 min from the 
beginning of the heating cycle and 0.25 ml of gas was sampled from the 
gases released by the compound and carrier gas (helium). Detection 
limit is typically better than 100 fg but this value can be larger, and it 
highly depends on the ionization efficiency of the different molecules 
in the compound. Mass spectra were scanned in the range of 10–600 U. 
Performance of the thermobalance of the TA TGA5500 was verified by 
using a certified sample of calcium oxalate monohydrate (European 
Pharmacopoeia Reference Standard) up to 1,000 °C.

OLEDs fabrication and testing
The ITO-coated glasses were first cleaned with 1 vol.% Hellmanex solu-
tion, isopropyl alcohol and de-ionized water, and then dried and further 
treated with O2 plasma (150 W, 10 min). PEDOT:PSS dispersion was 
spin-coated on ITO substrates at 4,500 rpm for 1 min as a hole injection/
hole transporting layer, followed by annealing at 150 °C for 30 min. 
Then, the emitting layers (EMLs) were spin-coated in the glovebox (with 
the levels of O2 and H2O below 0.5 ppm) from the polymer solutions of 
8 mg ml−1 in chlorobenzene. The spin-coating condition is 1,500 rpm 
for 30 s, which is followed by annealing at 100 °C for 15 min. Next, 
thermal evaporations were carried out to sequentially deposit TPBI 
as the electron-transporting layer, LiF as the electron injection layer 
and Al as the cathode, with the corresponding deposition rates of 1, 
0.1 and 10 Å s−1, respectively. The current density–voltage–luminance 
(J–V–L) measurements were carried out with the freshly fabricated 
devices at room temperature in an N2 filled glovebox. A Keithley 2450 
source metre and a fibre optic integration sphere coupled with a QE 
Pro spectrometer (Ocean Optics) were used for the measurements. 
The OLED devices were tested on top of the integrating sphere window, 
where only forward light emission can be collected. The absolute OLED 
emission was calibrated versus a standard visible–near-infrared light 
source (HL-3P-INT-CAL plus, Ocean Optics).

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available within 
this article and its Supplementary Information. Additional data are 
available from the corresponding authors upon request. Source data 
are provided with this paper.
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