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Dynamic covalent chemistry, which renders reusable and degradable ther-
moset polymers, is a promising tool for solving the global problem of plastic
pollution. Although dynamic covalent chemistry can construct dynamic
polymer networks, it rarely introduces other functions into polymers, which
limits the development of dynamic functional materials. Herein, we develop
heterocycle-based dynamic covalent chemistry and demonstrate the reversi-
bility of the aza-Michael addition reaction between functional heterocycle
dihydropyrimidin-2(1H)-thione and electron-deficient olefins. Our method
produces a degradable linear polymer and recyclable and self-healable cross-
linked polymers similar to traditional dynamic covalent chemistry, but the
heterocycles endow the polymer with excellent ultraviolet-blocking and high-
energy blue light-blocking abilities, and tunable fluorescence and phosphor-
escence properties. These are difficult to create with ordinary dynamic cova-
lent chemistry. This proof-of-concept study provides insights into heterocycle-

based dynamic reactions, and may prompt the development of dynamic
chemistry and dynamic functional materials.

Thermoset polymers, synthesized through dynamic covalent
chemistry (DCC), have novel properties such as reusability, recycl-
ability, degradability, and self-healing capabilities'*, that meet the
“three Rs” (reduce, reuse, and recycle) of sustainable development.
Thus, using DCC to fabricate dynamic polymers is considered to be
a promising solution to the plastic pollution problem, which is of
global concern®”. In recent decades, many elegant and dynamic
polymer materials have been developed through a series of dynamic
reactions, including transesterification®", transalkylation™™,
transamination’*?°, and the Michael addition reaction* *. However,
current dynamic reactions endow polymer materials with adaptive
networks but have only a few functions. They must be combined
with other reactions for dynamic functional materials to be devel-
oped, thus increasing the difficulty and complexity of material
design and preparation. Therefore, the exploration of dynamic
reactions based on structures that possess unique functions is
important to the development of DCC and dynamic functional

materials, and finding functional groups that are capable of sup-
porting dynamic reactions is key to this exploration.

Heterocyclic compounds have many important functions and
play essential roles in material science, biological science, and the
medical field** %%, However, dynamic reactions based on the functional
heterocycle are rarely exploited for the development of dynamic
polymer materials. Here, we explore heterocycle-based DCC (H-DCC)
by demonstrating a dynamic reaction based on the 3,4-dihydropyr-
imidin-2(14)-thione (DHPMT) heterocycle (Fig. 1a) and developing
related dynamic functional materials (Fig. 1b).

We present DHPMT as a typical example of heterocycles for the
following reasons: (i) Some aza-Michael addition reactions are
reversible?”’; thus, the efficient aza-Michael addition reactions
between DHPMT and electron-deficient olefins’>*' may be reversible
under carefully screened conditions, although their reversibility has
not yet been reported. (ii) DHPMT derivatives have many useful
properties, such as anti-ultraviolet (UV), anti-bacterial, anti-viral, and
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Fig. 1| Heterocycle-based dynamic covalent chemistry (H-DCC). a Heterocycle-based dynamic covalent chemistry (3,4-dihydropyrimidin-2(1H)-thione (DHPMT) as a
typical example) developed in this work. b DHPMT-based reversible reaction for the facile fabrication of dynamic functional materials.

anti-oxidation®>**; thus, they can be used for developing dynamic
functional materials if the retro-aza-Michael addition reaction is
available under the given conditions. (iii) DHPMT derivatives having
different structures and functions can be facilely prepared via the
famous three-component Biginelli reaction using accessible sub-
strates; thus, the target dynamic materials can be prepared with
tunable functions and at low synthetic costs.

We investigated the thermodynamic and kinetic properties of the
aza-Michael addition reactions between DHPMT and different
electron-deficient olefins, and we selected acrylate as a typical olefin
with which to explore the conditions that were favorable for the
reverse reaction and to uncover the mechanism. Within 4 h, the linear
polymer prepared by the step-growth polymerization of di-acrylate
and di-DHPMT monomers had almost completely depolymerized into
monomers under the screened conditions, thus demonstrating that
this polymer could serve as a degradable polymer. A bulk material
prepared using di-DHPMT and commercial tri-acrylate monomers
demonstrated recyclability and dynamic properties, as well as the
characteristics of a fast relaxation rate (7-Imin) and activation energy
(Ea=36.2+1.5k)Jmol™) that was close to the lowest reported value
(31+10 k) mol™). The polymer film prepared with this dynamic mate-
rial showed self-healing ability at room temperature (25 °C, recovery
rate: -90% after 10 min). It also offered excellent UV-blocking capacity
(blocking rate: > 99% for UV light) while maintaining high transparency
(87% for visible light) due to the heterocyclic structure of the polymer
network. This transparent and full-band UV-resistant dynamic material
is difficult to achieve with traditional DCC. By simply changing the
aldehyde component involved in the Biginelli reaction, we facilely
altered the structure of the di-DHPMT monomer and, using this
monomer, developed another self-healable polymer film that was
superior, in terms of high-energy blue light (HEBL)-shielding ability
(97% at 450 nm) and transparency (92% at 650 nm), to other recently
reported materials. These UV-blocking and HEBL-blocking films also
exhibited tunable fluorescence and phosphorescence properties,
which indicated their potential as optical materials. These results fur-
ther demonstrate the advantages of H-DCC in facilely exploring
dynamic functional materials.

Results

Previous reports on the aza-Michael addition reaction between
DHPMT and electron-deficient olefins have rarely mentioned that such
a reaction is reversible’”, Here, we studied the types of olefin sub-
strates and the thermodynamic and kinetic properties of the reaction
in detail to explore its reversibility under certain conditions. We used
benzyl acrylate (a, Fig. 2a) and a DHPMT model compound (MO,
Fig. 2a) to optimize the conditions for the addition, including solvent,
temperature, base type, and base amount (Supplementary Section 4.1),
and we used 'H nuclear magnetic resonance (NMR) to monitor the
reactions.

The addition reaction proceeded smoothly in a heated polar
aprotic solvent (dimethyl sulfoxide (DMSO) or N,N-dimethylformamide
(DMF)) catalyzed by medium-strong bases (K,COs; or 1,8-diazabicy-
clo[5.4.0Jundec-7-ene (DBU), 10mol% to DHPMT) (Supplementary
Tables 1-4). Then, we reacted different kinds of electron-deficient ole-
fins (a-j, Fig. 2a) with MO under the same conditions. Benzyl acrylate (a),

benzyl methacrylate (b), N-benzylacrylamide (c), phenyl vinyl sulfone
(d), and acrylonitrile (e) smoothly produced the expected 1,4-adducts,
but N-benzylmethacrylamide (f), ethyl crotonate (g), N-phenylmaleimide
(h), maleic anhydride (i), and 2-cyclohexen-1-one (j) did not produce the
target product. These results indicate that only olefins with an unsub-
stituted methylene end group are potentially viable for the addition
reaction.

We determined the values of the standard equilibrium constant
(K®,qq) and the equilibrium time (.44, eq) Of the addition reaction at
100 °C from the '"H NMR data. The reactions between MO and a-e
reached equilibrium after different time periods (f,qd, eq =2-540 min),
and the equilibrium conversions were less than 99% (K4 =
2.6-1x10* (Supplementary Table 5). These results imply that these
reactions have potential reversibility under the established conditions.

We designed exchange reactions to investigate the reversibility of
the addition reactions between MO and the five olefin substrates (a—e)
(Fig. 2b, top). The exchange reactions involving the adducts of a, b, d, and
e proceeded smoothly at fast rates (ke =0.0072-0.010 L mol™ min™), as
calculated from the 'H NMR data (Fig. 2b, bottom; Supplementary Sec-
tion 4.3). However, no exchange reaction was observed for MO-c. These
results demonstrate that the substrates acrylate, methacrylate, vinyl sul-
fone, and acrylonitrile are suitable for reacting with DHPMT to form
decomposable products.

Next, we used MO-a to react with various DHPMT derivatives (M1,
M2, and M3) to assess the universality of the reversible reaction
(Supplementary Fig. 1 and Supplementary Section 4.3). The model
compounds M1, M2, and M3 were synthesized by altering different
modules of the Biginelli reaction (Supplementary Fig. 2). As a typical
example, the 'H NMR data for the exchange reaction between M2 and
MO-a are presented, and the characteristic methine peaks of MO-a (5.55
ppm), M2 (5.20 ppm), M2-a (5.73 ppm), and MO (5.17 ppm) are marked
in Fig. 2c. M2-a and MO increased over time, whereas M0O-a and M2
decreased until equilibrium was reached within 150 min. The results of
the kinetic study agreed well with an apparent second-order reversible
reaction model (Supplementary Section 4.3); the equilibrium constant
and the apparent kinetic constant were estimated (Supplementary
Table 6). When M1 and M3 were used, the exchange reactions
smoothly proceeded at different rates and reached equilibrium within
240 min (Supplementary Figs. 3, 4). These results demonstrate that
altering the structures of DHPMT affects the exchange rates and
equilibrium conversions while maintaining the dynamic nature of the
reaction. Thus, we may design DHPMT derivatives having different
structures to develop function-tunable dynamic polymers.

We also examined the exchange reaction of M0O-a and M2 at
ambient temperatures (Supplementary Fig. 5). At room temperature
(25 °C), the conversion of the exchange reaction was 3% after 24 h. At
30 °C, the conversion increased to 10%. Besides the exchange reaction
between the Michael adduct and DHPMT derivative, we further
investigated the reaction of two Michael adducts (Supplementary
Fig. 6). The conversion of this exchange reaction was 5% at 25 °C and
6% at 30 °C after 24 h, respectively. These results demonstrate that the
dynamic bonds are reversible at ambient temperatures.

To gain a deep understanding of the reversible exchange reaction,
we performed density functional theory (DFT) simulations to elucidate
the mechanism (Fig. 2d; Supplementary Section 4.5). Our simulations
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Fig. 2 | Model study and mechanism of the DHPMT-based reversible reactions.
a Model addition reactions between MO and different electron-deficient olefins (a—
j)- Reaction conditions: c(MO) = c(olefin) =2 M, 10 mol% DBU in DMF, 100 °C.

b Exchange reaction between MO-x (x=a, b, ¢, d, e) and M1, and corresponding
apparent kinetic constants (kex) for the forward reaction. Reaction conditions:
¢(MO-x) = ¢(M1) =1M, 10 mol% DBU in DMF, 100 °C. ¢ Exchange reaction between
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MO-a and DHPMT derivative M2 and corresponding 'H NMR (400 MHz, DMSO-d)
spectra at different time intervals. Reaction conditions: c(M0-a) =c(M2)=1M,

10 mol% DBU in DMF, 100 °C. d Gibbs free energy profiles of the exchange reaction
between MO-a and M2 via theoretical rationalization. The spatial configurations of
the transition states (TSs) are shown.

reveal that the exchange reaction follows a retro-addition and Michael
addition pathway. DBU deprotonates MO-a to form an anion to initiate
the reaction. The cleavage of the C-N bond leads to the formation of
transition state 1 (TSI, AGrs; = 85.8 k) mol™ relative to the intermediate
state). Then, the intermediate products MO and a are generated
through successive exothermic processes involving C-N bond cleavage
and protonation, consistent with the observed formation of acrylate
during the exchange reaction (Supplementary Fig. 7). The subsequent
Michael addition reaction occurs via a reverse pathway: the alkene
group in a approaches the M2 anion from above the twist-boat-form
heterocycle to form transition state 2 (TS2, AGrs; = 92.5 k) mol™ rela-
tive to the intermediate state). After C-N bond formation and proto-
nation, the final products M2-a and MO are generated. The exchange
reaction follows a base-catalyzed retro-addition/aza-Michael addition
mechanism. This differs from the aza-Michael addition mechanism of
common amines, which usually undergoes a cation-involved pathway.

The theoretical Gibbs free energy of activation (AG* (theo)) for the
exchange reaction was calculated to be 121.0 k] mol™, which was higher
than the experimental value (AG*(exp)=77.3kJmol™) obtained
through kinetic studies (Supplementary Section 4.4). This deviation
could be contributed to that the simplified transition state model used
in the theoretical calculation cannot fully simulate the complex multi-
component process of the exchange reaction.

We also investigated the mechanism of the addition reaction
of MO and a. The DBU-catalyzed addition reaction was exother-
mic; thus, the elevated temperature was conducive to the reverse
reaction (Supplementary Fig. 8). The theoretical change in reac-
tion enthalpy (AH,(theo)=-28.5kJmol™) closely matched the
experimental value (AH,(exp)=-39.5kJmol™; Supplementary

Section 4.6). Additionally, the triethylamine (TEA)-catalyzed
addition reaction (Supplementary Fig. 9) had higher energy bar-
riers for both the addition reaction (AG,(TEA) =118.4 k) mol™) and
the retro-addition reaction (AG.,(TEA)=146.9 k) mol™) than did
the DBU-catalyzed reaction (AG,(DBU) =85.8 k) mol™;
AG,,(DBU) =114.3 k) mol™), which was consistent with the experi-
mental results (Supplementary Table 3) and indicated that a
stronger base favors a lower energy barrier. These DFT simulation
results provide comprehensive insights into the mechanism of
the exchange reaction and reveal the conditions favoring the
reverse reaction, thus offering theoretical illustrations for the
dynamic behavior in bulk materials and informing the reaction
conditions for the following experiments.

Considering the results of the model experiments and the acces-
sibility of the substrate, we selected acrylate as the optimized olefin
substrate for polymer preparations. We have used the efficient addition
reaction between DHPMT and acrylate for step-growth polymerization
in our previous work*. Here, we prepared the linear polymer P1 (M,(gel
permeation chromatography, GPC) =1.9 x 10* g mol™, PDI = 1.9) using di-
acrylate (A,) and di-DHPMT (B,) monomers as in the previous method,
and we then investigated its degradation (Fig. 3a, top). The retro-aza-
Michael addition reaction has been favored by dilution, heating, and
strong base as a catalyst according to the results of the abovementioned
experiments and DFT simulation; thus, we prepared a dilute solution of
P1 1.0mM in DMF or DMSO-d,, calculated as monomer units) and
heated the solution to 120 °C. The strong base sodium tert-butoxide
(‘BuONa) was added as the catalyst to reduce the energy barrier of the
retro-addition reaction. GPC analyses demonstrated the rapid degrada-
tion of P1 to oligomers within 5min, and the large-molecular-weight
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Fig. 3 | Dynamic property of DHPMT-acrylate polymers. a Linear polymer P1
prepared by A, and B, monomers and its degradation (top) and comparative 'H
NMR (400 MHz, DMSO-d,) analyses of A, monomer, B, monomer, P1, and the
mixture after 4 h of degradation, respectively (bottom). Conditions: 120 °C, 1.0 mM
P1 (calculated as monomer units) with 1 eq sodium tert-butoxide (‘BuONa) in DMSO-
d, (for NMR analysis) or DMF (for gel permeation chromatography (GPC) analysis).
b, Preparation of the crosslinked bulk material (Ph polymer) from phenyl-
substituted di-DHPMT monomer (Ph-B, monomer, 1.5 eq) and commercially

available tri-acrylate monomer (A; monomer, 1.0 eq, molar mass M(Az) =428, 692,
or 912 g mol™) under the catalyzation of DBU (0.225 eq). ¢ Ph polymer

(M(A3) = 692 g mol™) in various solvents. Samples in some solvents are marked by
red circles. THF tetrahydrofuran, DCM dichloromethane, EtOH ethanol, DMF N,N-
dimethylformamide. d Reprocessing of the Ph polymer (M(As) = 428 g mol™) by hot
pressing at 180 °C. Scale bar = 0.5 cm. e Reshaping of the Ph polymer

(M(A3) = 692 g mol™) at 100 °C. Scale bar=0.5 cm.

peak decreased over time and became undetectable after 4 h (Supple-
mentary Fig. 10).

In the 'H NMR spectra (Fig. 3a, bottom), signals (5.87-6.36 ppm)
appeared in the same position as the alkene peaks of the A, monomer
(H,) after the degradation. Meanwhile, the methine peak (H) of P1
(5.42 ppm) was shifted to 5.10 ppm, which was consistent with the
characteristic methine peak of the B, monomer. These results indicate
that the linear polymer P1 can be almost completely degraded into
monomers, and that it is a potential eco-friendly polymer.

We then prepared crosslinked polymers with dynamic DHPMT-
acrylate networks (Fig. 3b; Supplementary Section 4.8). A commercial
tri-acrylate monomer (A; monomer, 1.0 eq) and a phenyl-substituted
di-DHPMT monomer (Ph-B, monomer, 1.5 eq) were mixed with
equivalent reaction groups to ensure a high crosslink density. The
mixture was heated to homogeneous on a thermal plate (160 °C), and
then DBU (0.225 eq, i.e., 0.075 eq to DHPMT) was added as the catalyst
to initiate the polymerization. A polymer network (Ph polymer) rapidly
formed (-10 min) at 160 °C. In solid-state cross-polarization magic-
angle spinning (CP/MAS) NMR spectra, the vinyl signal of the A;
monomer almost disappeared, indicating that the crosslinking reac-
tion was nearly complete (Supplementary Fig. 11a). The transverse
relaxation decay curve by low-field NMR demonstrated that the
crosslinked polymer was almost entirely composed of crosslinked
chains with few dangling or free chains, indicating a high crosslinking
density (Supplementary Fig. 11b; Supplementary Section 4.9).

The Ph polymer exhibited excellent chemical resistance in 0.1 M
HCI (aq), 0.1M NaOH (aq), 3wt% NaCl (aq), tetrahydrofuran (THF),

dichloromethane (DCM), ethanol (EtOH), and DMF (Fig. 3c; Supple-
mentary Section 4.10). The gel contents determined through the use of
each of the solvents were greater than 97% due to the highly cross-
linked polymer network (Supplementary Table 8). Notably, the Ph
polymer was completely dissolved in hot DMF (80°C, 8 h) when
‘BuONa (0.1 eq to DHPMT) was added (Fig. 3c). 'H NMR and GPC
analyses indicated that the crosslinked Ph polymer was depolymerized
into a low molecular weight polymer (M,(GPC)=38.8x10%gmol™,
PDI=2.3) via the retro-Michael addition reaction pathway (Supple-
mentary Fig. 12). Furthermore, the degraded polymer was successfully
repolymerized, yielding a recycled crosslinked polymer (yield: ~95%)
(Supplementary Section 4.11). Compared with the original polymer,
the recycled polymer had a similar glass transition temperature (7)
(Supplementary Fig. 13a) and thermal stability below 400 °C (Supple-
mentary Fig. 13b); however, its thermal stability above 400 °C and
mechanical strength changed (Supplementary Fig. 13¢). These results
demonstrate that the Ph polymer is recyclable under suitable condi-
tions while side products may be generated during the recycling
process.

We then reprocessed and reshaped the Ph polymers to test their
dynamic properties (Supplementary Section 4.12). Fragments of the
polymer could conveniently be reprocessed repeatedly into a uniform
film by hot pressing (Fig. 3d); the shape of the polymer material could
be changed at an elevated temperature and then fixed at room tem-
perature (25°C, Fig. 3e). These results suggest that this polymer
material crosslinked via DHPMT-acrylate has dynamic properties
similar to those of other dynamic materials.
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Fig. 4 | Stress relaxation and self-healing tests of the Ph polymer. a Stress
relaxation tests for the Ph polymer (M(As) = 692 g mol™) at different temperatures
by dynamic mechanical analysis, with the results fitted by an exponential equation.
The time when S,/S, reached 1/e was defined as the relaxation time (7). b Arrhenius
plot to determine the activation energy (E,) of stress relaxation (coefficient of
determination R?=0.991). ¢ Comparison of the Ph polymer with reported DCC-
based materials in terms of the £, of stress relaxation. d Photos and microscopic

Strain (%)

observations of the self-healing (top) and healing under pressure (-0.1 MPa, bot-
tom) of the Ph polymer at room temperature (25 °C); dashed box: the position of
the crack; scale bar of photos = 0.5 cm; scale bar of microscopic images =500 pum.
e Mechanical stiffness characterization of samples after different durations of self-
healing and corresponding mechanical recovery rate calculated from the breaking
stress value (inset).

To further study the dynamic properties of this material, we
performed stress relaxation tests at various temperatures using
dynamic mechanical analysis (DMA) (Fig. 4a; Supplementary Sec-
tion 4.13). The stress-time relationship was well-described by an
exponential equation based on rheological theory. The applied stress
was released rapidly (relaxation time 7-1 min) at room temperature
(25°C). The frequency sweep of the Ph polymer showed that the sto-
rage modulus and loss modulus had a crossover point at 50rads?,
indicating that the bond exchange rate was fast at 25°C* (Supple-
mentary Fig. 14a), which aligned well with the fast relaxation behavior
observed by DMA. Meanwhile, the modulus versus temperature curves
of the Ph polymer showed a rapid decrease in storage modulus as the
temperature increased (Supplementary Fig. 14b), suggesting a
decreased crosslinking density. These experimental results and theo-
retical simulation (Fig. 2d) indicate that the relaxation behavior of the
crosslinked polymer is based on the fast bond exchange via a dis-
sociative stepwise mechanism* (Supplementary Fig. 15).

We then examined the relaxation times at different temperatures
using an Arrhenius plot (R? > 0.99) and estimated the activation energy
of stress relaxation (E,(sr)) as 36.2 +1.5k) mol™ (Fig. 4b; Supplemen-
tary Section 4.13), which is close to the lowest reported value®
(31+10 kJ mol™) for dynamic polymer networks®0127151719.20,22.232536-46
(Fig. 4c). E,(sr) was lower than the activation energy of the exchange
reaction in solution (E,(sol) =80.3 + 8.3 k) mol™; Supplementary Sec-
tion 4.4), which could be explained by the inherently different
mechanism of relaxation in solution and in bulk®. The rapid bond
exchange rate, low E;, and relatively low T, (12.5°C) of the polymer
mean that this material could have excellent dynamic properties at
room temperature (-25 °C) or human body temperature (-37 °C).

To test this hypothesis, we cut a sample and gently put two sec-
tions together (Fig. 4d, left), and we then traced the self-healing pro-
cess (25 °C) using a microscope (Fig. 4d and Supplementary Fig. 16a)
and mechanical characterization (Fig. 4e) (Supplementary Sec-
tion 4.14). Without external assistance, the initial crack width (54 um,
Fig. 4d) gradually narrowed to less than 5 um (Fig. 4d, top right) after
only 10 min, achieving more than 90% recovery of the crack (Supple-
mentary Fig. 16b). With added external pressure (-0.1MPa) at the
beginning, the crack was nearly unobservable after 10 min (Fig. 4d,
bottom right). The mechanical stiffness of the self-repaired sample
gradually increased over a span of less than 10 min until it was almost
the same as that of the original sample (Fig. 4e). The breaking stress of
the self-healed sample was restored to 90% within 10 min, and a longer
self-healing time (e.g., 20 min) affected the repair rate only a little (90
to 93%) (Fig. 4e, inset; Supplementary Fig. 16). The visual and
mechanical results demonstrate that this DHPMT-acrylate crosslinked
polymer is a dynamic material that self-heals at room temperature,
which is rare.

In addition to the dynamic properties, we also explored other
functions of the crosslinked polymer derived from the DHPMT het-
erocycle. We molded the Ph polymer (M(As;) = 692 gmol™) into a
visually transparent light-yellow film (Ph film, inset photo on the left of
Fig. 5a) and evaluated its UV-blocking ability using UV-vis transmit-
tance spectra (Fig. 5a). This Ph film exhibited remarkable blocking
ability against UV light (250-400 nm) (blocking rate: >99%), while
having good transparency (87%) to visible light (400-760 nm). We also
molded the recycled Ph polymer into a film that was darker than the
original Ph film (Supplementary Fig. 13d, inset). This recycled film
retained excellent UV-blocking ability; however, due to the presence of
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Fig. 5| Ultraviolet (UV)- and high-energy blue light (HEBL)-shielding properties
of the bulk materials. a UV-vis transmittance spectra and photos (inset) of poly-
mer films with a phenyl substituent (Ph film, left) and an N-ethyl carbazolyl sub-
stituent (Cz film, right), respectively; thickness of the films: 0.20 mm; scale

bar = 2.5 mm. b Schematic illustration of the process of the wear resistance test (UV
light: wavelength = 365 + 3 nm, power density = 40-42 mW cm™) of the Ph film

(top) with corresponding photos and UV-blocking rates of each stage (bottom).

¢ Comparison of the Cz film with recently reported HEBL-shielding films in terms of
the HEBL-blocking ability (blocking rate at 450 nm) and visible light transparency
(transmittance at 650 nm). Different shadings represent that the data come from

different references.

side products, it was less transparent to visible light compared with the
original film (Supplementary Fig. 13d).

We evaluated the blocking ability of the Ph film against strong UV
light (365+3 nm; 40-42mW cm™) (Supplementary Fig. 17; Supple-
mentary Section 4.15). After exposure for 100 h, this Ph film still
maintained almost 100% of the UV-blocking rate (Supplementary
Fig. 17, stage 3) of the original sample (Supplementary Fig. 17, stage 2),
which indicates that the Ph film has excellent blocking ability against
strong UV exposure.

We further investigated the wear resistance of the Ph film (Fig. 5b
and Supplementary Fig. 18; Supplementary Section 4.15). The Ph film
was placed on a blank UV probe under strong UV exposure
(365 + 3 nm; 40-42 mW cm™) (Fig. 5b, stages 1 to 2), and the real-time
power (Pgy) immediately dropped to O mWcm™ (Supplementary
Fig. 18, stages 1 to 2), which indicated that the blocking rate was almost
100%. Then, we cut the Ph film to simulate wear during practical use,
and the blocking rate decreased remarkably to 68% (Fig. S5b, stages 2 to
3). After a 10-minute self-healing process at room temperature (25 °C),
the film recovered 100% of its UV-shielding ability (Fig. 5b, stages 3 to
4). These results demonstrate that this Ph film has excellent UV-

blocking function, and its self-healing property makes it superior to
traditional UV-blocking materials in terms of durability. Developing
effective UV-shielding films with high transparency and self-healing
ability remains a challenge. The current research provides a pathway
for fabricating transparent and self-healable UV-resistant polymer
films through simple molecular design and synthesis.

Subsequently, we used the crosslinked polymer to develop
HEBL-blocking materials by facilely altering the components of the
Biginelli reaction. We synthesized a di-DHPMT monomer with an N-
ethyl carbazolyl substituent (Cz-B, monomer) and prepared the
corresponding crosslinked polymer (Cz polymer). The CP/MAS *C
NMR and low-field NMR analyses indicated that this polymer had a
high crosslinking density through a nearly complete crosslinking
reaction (Supplementary Fig. 19; Supplementary Section 4.9). We
then hot-pressed the Cz polymer to prepare an orange polymer film
(Cz film, inset photo on the right of Fig. 5a). This Cz film is also self-
healable (Supplementary Fig. 20), which indicates that changing the
structure of DHPMT does not ruin its dynamic properties; this
observation is consistent with our previous conclusion. Meanwhile,
the UV-vis transmittance curve of this Cz film showed a significant
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red-shift relative to that of the Ph film (Fig. 5a); thus, this Cz film
effectively shields HEBL (400-460 nm) (blocking rate: -97%) in
addition to blocking UV light (blocking rate: ~99%). We compared
the Cz film with the recently reported HEBL-blocking materials
(organic  film*, metal nanoparticles***’,  metal-organic
frameworks®, and carbon quantum dots**?) in terms of HEBL-
blocking ability (blocking rate at 450 nm) and visible light trans-
mittance (transmittance at 650 nm) (Fig. 5c). The Cz film exhibited
the highest transparency (92% at 650 nm) among all the comparison
materials and a similar high HEBL-blocking rate (97% at 450 nm) to
some reported films that have relatively poor transparency (<80% at
650 nm)**% Given the widespread use of electronic devices,
prolonged exposure to HEBL is common and is hazardous to eye
and skin health®; thus, the development of HEBL-protection
material has been widely sought. The current study introduces a
self-healable HEBL-protective material and demonstrates the value
of heterocycle-based dynamic functional materials.

Polymers that contain heterocycles, even without conventional
luminophores, may also possess unique photophysical properties due
to the cluster luminescence mechanism** (e.g., cellulose). Therefore,
we investigated the fluorescence properties of the di-DHPMT mono-
mers and polymers. Under a UV light (365 nm), the solution with Ph-B,
monomer (1 mg mL™ in DMF) showed negligible fluorescence, whereas
the solid Ph-B, and the Ph film prepared from the Ph-B, were fluor-
escent (Fig. 6a, top).

Similarly, the fluorescence of the Cz-B, monomer in aggregation
states (the solid and the Cz film) was much stronger than it was in the
solution state (Fig. 6a, bottom). These phenomena agree well with the
mechanism of cluster luminescence, i.e., the aggregation state is more

favorable toward the intermolecular interactions and molecular clus-
ter formation than the dispersion state.

In the fluorescence spectra (Fig. 6b), the Cz film (A,.x = 528 nm)
had an apparently red-shifted emission band relative to the Ph film
(Amax =467 nm); the quantum yields (QY) of the Cz film (QY =1.10%)
was 7.3 times that of the Ph film (QY = 0.15%). This may be attributable
to the stronger -t interactions in the Cz film than in the Ph film, which
would have produced more rigid molecular clusters in the Cz film and
reduced the ratio of non-radiative transitions between the S; and Sg
levels®*©°,

We also investigated the phosphorescence properties of the
polymer films. Under a 365 nm UV light at 77 K, the Ph film (Fig. 6¢, top)
and the Cz film (Fig. 6¢c, bottom) showed blue and yellow-green
fluorescence, respectively. After the UV light was turned off, the Ph film
emitted a yellow-green afterglow, whereas the Cz film was accom-
panied by an orange-yellow phosphorescence. Both films exhibited
relatively long lifetimes of luminescence according to the photos
(Fig. 6¢) and the time-resolved phosphorescence decay test (Ph film:
7=2.50 ms; Cz film: 7=5.19 ms) (Supplementary Fig. 21), which indi-
cates that these DHPMT-acrylate crosslinked polymers are potential
long-afterglow organic materials. The emission band of the Cz film
(Amax =580 nm) was notably red-shifted relative to that of the Ph film
(Amax =537 nm) (Fig. 6d), which is consistent with the results of the
phosphorescence experiment. The QY of the Cz film (5.08%) was 3.7
times that of the Ph film (1.36%), which could also be attributed to
stronger intermolecular interactions in the Cz film. These results
demonstrate that the materials developed via DHPMT-based dynamic
reaction have diverse and tunable properties/functions, which are
difficult to achieve through traditional DCC.
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Discussion

For basic reactions, this study offers insights into the development of
dynamic chemistry based on heterocycles. In future research, other
heterocycles, especially readily chemically accessible heterocycles
such as pyrimidine, purine, imidazole, and indole, could be exploited
for different H-DCC. However, a tremendous amount of work is
required to carefully screen reactions and substrates to obtain the
desired results. For example, we initially preferred dihydropyrimidin-
2(1H)-one (DHPM) over DHPMT as the substrate; however, the addition
reaction between the DHPM model compound (M0O’) and methyl
acrylate (a) produced no target product under the established condi-
tions (Supplementary Fig. 22). Meanwhile, in the present study, we
proposed a possible mechanism based only on our experimental
results (including some unpresented data) and DFT simulations. In
future research, we intend to again use advanced characterizations,
such as real-time mass spectrometry, high-resolution mass spectro-
metry, in-situ infrared spectroscopy, and in-situ NMR spectroscopy, to
capture the intermediates and further verify the rationality and uni-
versality of the mechanism.

In terms of materials, the current study validates only the use of
H-DCC to facilely develop dynamic functional materials that are diffi-
cult to develop through traditional DCC. In the future, we may opti-
mize the properties and extend the scale of application of DHPMT-
acrylate dynamic materials according to application requirements. We
have successfully prepared crosslinked polymers using different
monomers. These polymers have excellent thermal stability (Supple-
mentary Fig. 23) and a wide range of Tgs (Supplementary Fig. 24), as
well as diverse mechanical properties (Supplementary Figs. 25, 26 and
Supplementary Table 9). Besides, we have demonstrated that the
polymer network is recyclable; however, the depolymerization of the
polymer network cannot proceed completely and is accompanied by
inevitable side reactions under current conditions. In future research,
we may explore other pathways for the degradation of the polymer
networks to eliminate side products and realize thorough depoly-
merization, thus achieving closed-loop recycling or upcycling of the
polymer networks.

It is also possible to endow the DHPMT-acrylate polymers with
other appealing functions, such as super-wettability, stimuli-
response ability, and metal-chelating ability, by altering the moiety
of the Biginelli reaction or changing the chain structures and
improve the QYs of the fluorescence/phosphorescence of the poly-
mers by carefully designing the functional groups and molecular
rigidness of the polymers. Moreover, other functions of the DHPMT
heterocycle, such as anti-bacterial and anti-viral functions, as well as
anti-oxidation, may also be combined with its dynamic properties to
develop multifunctional and dynamic materials.

In summary, we studied H-DCC and developed a strategy to
facilely explore dynamic functional materials. We uncovered the
reversibility of the aza-Michael addition reaction between DHPMT and
acrylate through model experiments and theoretical calculations.
Based on this dynamic aza-Michael addition reaction, the linear poly-
mer prepared using DHPMT-acrylate chemistry was almost completely
degraded into monomers, which demonstrates its potential as a
degradable polymer. The crosslinked polymer demonstrated recycl-
ability and dynamic properties (degradability, and suitability for
repeated reprocessing and reshaping) similar to those of traditional
DCC-based materials. It also exhibited a fast relaxation rate (7 ~1min)
and low activation energy (£, = 36.2 + 1.5 k) mol™), which gave it a good
self-healing ability (recovery rate: ~90% in 10 min) at room tempera-
ture (-25°C).

We then combined the dynamic properties of DHPMT-acrylate
and the intrinsic functions of DHPMT to fabricate dynamic functional
materials. We used the crosslinked polymer to prepare a self-healable
Ph film with excellent UV-shielding capacity (blocking rate: >99% for
UV light) and high transparency (87% for visible light). By simply

altering the components of the Biginelli reaction, we obtained a Cz film
that was also self-healable and superior in HEBL-blocking ability (97%
at 450 nm) and transparency (92% at 650 nm) to recently reported
HEBL-blocking materials. The Ph film and Cz film were fluorescent
under UV light due to the cluster luminescence mechanism; they also
emitted phosphorescence when the UV light was turned off.

This proof-of-concept research verifies the feasibility of H-DCC
and successfully develops dynamic optical materials that cannot be
easily prepared directly by conventional DCC, thereby demonstrat-
ing the advantages of H-DCC in exploring dynamic functional
materials. These advantages may prompt an in-depth study of
reversible heterocycle-based reactions, as well as a systematic theory
of H-DCC and dynamic functional polymer materials using different
heterocycles.

Methods

Materials

All chemicals, reagents, and solvents were purchased from commercial
sources. Ethyl acetoacetate (General Reagent, 98%), tert-butyl acet-
oacetate (Bidepharm, 99%), thiourea (Meryer, 99%), benzaldehyde
(Energy, 99%), benzyl acrylate (Bidepharm, =99%), benzyl methacrylate
(Heowns, 98%), N-benzylacrylamide (Bidepharm, 97%), phenyl vinyl
sulfone (Bidepharm, >99%), acrylonitrile (Macklin, 99%), N-methyl-
thiourea (Aladdin, 98%), benzyl acetoacetate (Bidepharm, 98%), p-ani-
saldehyde (Bidepharm, 99%), 1,8-octanediol (J&K Scientific, 98%), N-
ethyl-3-carbazolecarboxaldehyde (Aladdin, 98%), chlorotrimethylsilane
(&K Scientific, 98%), ethoxylated trimethylolpropane tri-acrylate (A;
monomer, molecular weight: 428, 692, or 912 gmol?, Aladdin), 1,6-
dibromohexane (Aladdin, 97%), 4-hydroxybenzaldehyde (Bidepharm,
98%), 1,8-diazabicyclo[5.4.0Jundec-7-ene (Bidepharm, >99%), N,N-dime-
thylformamide (Tongguang, >99.5%), dimethyl sulfoxide (Tongguang,
>99.5%), tetrahydrofuran (Tongguang, >99.5%), and dichloromethane
(General Reagent, 299%) were used as received. Hexane-1,6-diyl di-
acrylate (Bidepharm, 90%) was purified by silica gel chromatography
(petroleum ether) prior to use.

Instrumental analysis

Gel permeation chromatography (GPC) analyses of polymers were
performed using N,N-dimethylformamide (DMF) with 50 mM LiBr as
the eluent. The GPC system employed a Shimadzu LC-20AD pump
with an auto-injector, a PLgel 5 um guard column (50 x 7.5 mm), fol-
lowed by three PLgel S5um MIXED-D columns (300 x 7.5 mm).
Detection was achieved using a Shimadzu RID-20A refractive index
detector and a Shimadzu SPD-20A UV detector. The GPC system was
calibrated with polystyrene standards of narrow molecular weight
distribution (M,: 1300 to 2630,000 g mol™). All GPC samples were
prepared with a concentration of 5mgmL™ unless otherwise speci-
fied. Liquid-state 'H and “C nuclear magnetic resonance (NMR)
spectra were acquired using a JEOL JNM-ECA400 (400 MHz) spec-
trometer for all samples. Solid-state cross-polarization magic-angle
spinning (CP/MAS) C NMR spectra were acquired using a JEOL JNM-
ECA600 (600 MHz) spectrometer. Low-field NMR relaxation decay
curves were acquired on a Niumag VTMR20-010V-I (21 MHz) spec-
trometer. Fourier transform infrared (FT-IR) spectra were collected
in attenuated total reflection (ATR) mode on a PerkinElmer Spectrum
100 FT-IR spectrometer. Temperature variable FT-IR spectra were
obtained in transmittance mode on a Thermo Fisher Nicolet iS50 FT-
IR spectrometer. UV-visible (UV-vis) transmittance spectra were
acquired with a PerkinElmer Lambda 750 spectrometer. Fluores-
cence spectra were obtained using a Shimadzu RF-6000 Spectro
fluorophotometer equipped with quartz cuvettes. Phosphorescence
spectra and time-resolved phosphorescence decay measurements
were conducted using an Edinburgh FLS1000 photoluminescence
spectrometer. Electron spray ionization ion trap/time-of-flight mass
spectra (ESI-IT/TOF MS) were performed on a Shimadzu LCMS-IT-
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TOF system. Differential scanning calorimetry (DSC) was performed
using TA Instruments Q2000 at a scanning rate of 10°C min™.
Dynamic mechanical analysis (DMA) results were acquired on a TA
Instruments Q800 machine. Rheological analyses were performed on
a TA AR2000ex rheometer. Thermogravimetric analyses (TGA) were
conducted using a BeiguangHongyuan WRT-121 thermogravimetric
analyzer with a heating rate of 10 °C min™. Mechanical stiffness and
pull-off tests were performed on an INSTRON R3178 universal testing
system. The UV-blocking ability was tested by a SCOUT UVLED
(NX3035-15K, Yancheng Nuoxi Electronic Equipment Co. Ltd.) UV
light (365 +3 nm) and a UV radiometer (WKM-UVI, detecting wave-
length: 340-410 nm). The microscopic images were collected with a
Nikon Eclipse LVIOOPOL polarizing optical microscope.

Preparation of DHPMT model compounds (MO, M1, M2, and M3)
As a typical example, benzaldehyde (0.531g, 5.0 mmol), ethyl acet-
oacetate (0.651g, 5.0 mmol), and thiourea (0.571g, 7.5mmol) were
dissolved in N,N-dimethylformamide (DMF, 2.5 mL) in a round-bottom
flask. Chlorotrimethylsilane (TMSCI, 1.09 g, 10 mmol) was then added
dropwise at room temperature (-25°C). The mixture was heated to
80°C and stirred for 2h, then precipitated into cold water under
stirring. The resulting precipitate was collected by suction filtration
and washed three times with water to yield MO as a white solid (2.02 g,
92% yield).

M1 (yellow solid, 90% yield), M2 (orange solid, 90% yield), and M3
(white solid, 85% yield) were similarly prepared.

Density functional theory (DFT) simulation

All calculations were performed using the Gaussian 16 software
package®. Geometry optimizations were conducted at the B3LYP**
D3(BJ)**/def2-SVP** level of theory. Frequency calculations were
carried out at the same level of theory to obtain Gibbs free energy
corrections and to identify all the stationary points as either minima
(no imaginary frequency) or transition states (one imaginary fre-
quency). Higher-level single-point energies were calculated using
MO06-2X%-D3%%/def2-TZVP®. Solvation effects in DMSO were taken
into consideration using the SMD®® implicit solvation model in all
calculations. A concentration correction of 1.9 kcal mol™ at room
temperature (derived from the free energy change when transition-
ing from 1mol of an ideal gas at 1atm to 1molL™" in DMSO) was
applied to all species.

Degradation of the linear polymer P1

P1(0.009 g, n(DHPMT) = 0.02 mmol) was dissolved in 10 mL of solvent
(DMSO-dg or DMF). The solution was heated to 120°C, and then
sodium tert-butoxide (‘BuONa, 0.002 g, 0.02 mmol) was added as the
base. Samples were taken at different time intervals for 'H NMR (using
DMSO-ds as solvent) or GPC (using DMF as solvent) analyses to
monitor the degradation process.

Preparation of the Ph-B, monomer and the Cz-B, monomer
1,8-Octanediol (16.1g, 110 mmol) and tert-butyl acetoacetate (31.6 g,
200 mmol) were dissolved in toluene (100 mL). The mixture was
refluxed at 110 °C for 16 h followed by removing toluene using rotary
evaporation. The residue was purified via a quick silica chromato-
graphy (ethyl acetate/petroleum ether=1/20 to 1/10) to produce
octane-1,8-diyl bis(3-oxobutanoate) (di-keto) as a colorless oil (29.6 g,
94% yield).

The obtained di-keto (3.14g, 10 mmol), thiourea (2.28¢g,
30 mmol), and benzaldehyde (2.12g, 20 mmol) were dissolved in
DMF (10 mL), then TMSCI (4.35g, 40 mmol) was added dropwise to
the mixture at room temperature (-25 °C). The mixture was stirred at
80°C for 2h, then precipitated into cold water. The sediment was
recrystallized in isopropyl alcohol to obtain the Ph-B, monomer as a
white solid (5.22g, 86% yield). The Cz-B, monomer was similarly

prepared as a bright yellow solid (7.41g, 88% yield) using N-ethyl-3-
carbazolecarboxaldehyde instead of benzaldehyde.

Preparation of the bulk materials and polymer films

Bulk materials. Tri-acrylate monomer (A; monomer, 1.0 mmol) and di-
DHPMT monomer (Ph-B, monomer: 0.91g, 1.5 mmol or Cz-B, mono-
mer: 1.51g, 1.8 mmol) were mixed in a silicon rubber mold (5¢cm x5
cm) and stirred on a thermal plate (set at 160 °C) until homogenous.
The mold was removed from the thermal plate, and DBU (0.034 g,
0.225 mmol, i.e., 0.075 eq relative to the DHPMT groups) was added
dropwise into the mixture under vigorous stirring. The mixture
became highly viscous or solid within 0.5-1 min, then the rubber mold
was put back on the thermal plate and heated for additional 10 min for
complete polymerization. The crosslinked polymer was obtained as a
light-yellow (the Ph polymer) or orange (the Cz polymer) bulk material.
The molecular weight of A; monomer as well as the feed ratio of A;
monomer and B, monomer can be adjusted to obtain polymers with
different properties.

Polymer films. The as-prepared bulk materials were hot-pressed at
160 °C under 2 MPa for 10 min to obtain a transparent light-yellow film
(the Ph film) or orange film (the Cz film).

Chemical resistance and gel content test

Small rectangular samples (15mm (L) X 3.0 mm (W) x 0.2 mm (7)) of
the Ph polymer (M(A3) = 692 g mol™) were immersed in 0.1 M HCI (aq),
0.1M NaOH (aq), 3wt% NaCl (aq), tetrahydrofuran (THF), dichlor-
omethane (DCM), ethanol (EtOH), and DMF, respectively. The samples
were kept in these solvents at 25°C for 24 h, then the solvents were
drained, and the remaining residues were dried in an oven (100 °C) for
24 h. The weights of the samples were measured before and after the
test to determine the gel content in each solvent following the method
in Supplementary Section 4.10.

Reprocessing and reshaping experiments of the bulk material
Reprocessing. A Ph film (M(As) =428 gmol™) was fragmented into
small pieces. These polymer fragments were then reprocessed by hot
pressing (160°C, 2MPa) to form a uniform polymer film. This
fragmentation-reprocessing cycle could be conducted repeatedly.

Reshaping. A Ph film (M(As) = 692 g mol™) was cut into a strip (35 mm
(L) x 3.0 mm (W) x 0.2 mm (T)). This strip was spirally wound around a
metal bar with both ends held by tapes. The metal bar along with the
sample was heated in an electric heating jacket (100 °C) for 5 min, then
cooled to room temperature (-25 °C). The sample was removed from
the metal bar, and the permanent shape of the sample was turned
to helix.

Self-healing test

A rectangular Ph film (M(A3)=692gmol™) sample (20 mm
(L) x3.0 mm (W) x 0.2 mm (7)) was cut into two equal pieces along its
length. These two sections were placed on a flat surface and gently
touched at room temperature (-25°C). For the pressure-assisted
healing test, a vertical pressure (-0.1 MPa) was applied to the two
pieces of sample during the healing process. Multiple sets of self-
healing tests were parallelly performed. After different healing times
(0, 2, 5,10, and 20 min), the microscopic images and the mechanical
data of the samples were collected to monitor the healing process.
The recovery rate at a certain time was calculated following the
method in Supplementary Section 4.14.

Data availability

Data supporting the findings of this study are included in the Article
and its Supplementary Information. All data are available upon
request.
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