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INTRODUCTION: Heating accounts for nearly half of global energy valence isomerization while maintaining low molecular weight.
consumption. However, nearly two-thirds of heating still relies on Upon excitation at 300 nm, pyrimidones underwent valence
fossil fuels, such as natural gas, oil, and coal. As a result, heating is a  isomerization to form the corresponding Dewar isomers.
major direct source of carbon emissions. Achieving a sustainable Differential scanning calorimetry showed that the Dewar
energy future, therefore, requires not only carbon-free electricity isomers released exceptionally high AHgiorage On thermal activa-
generation but also effective strategies for storing and delivering tion. The Dewar isomer reached a record-high gravimetric energy
clean heat. density of 1.65 MJ kg™! (227.6 kJ mol™), exceeding values reported

Molecular photoswitches have recently emerged as media for for leading MOST photoswitches. To demonstrate practical heat
renewable solar energy storage and release. This concept is known release and transfer, Dewar pyrimidone was dissolved in water,
as molecular solar thermal (MOST) energy storage. In MOST and an acid catalyst was used to promote the back isomerization.
systems, photon energy is stored in the strained chemical bonds of a  Addition of hydrochloric acid (HCI) to Dewar pyrimidone (107 mg
metastable photoisomer. Upon activation by an external stimulus, in 0.46 ml of water) increased the solution temperature to 100°C
the metastable photoisomer reverts to its thermodynamically stable and induced boiling within 1 s, demonstrating rapid macroscopic
form, releasing the stored energy as heat (AHsiorage)- heat transfer to an environmentally benign medium under

In this work, we report a MOST system based on 2-pyrimidone ambient conditions.
and its Dewar isomer, engineered for solvent-free operation and
water compatibility. The system delivers a record-high gravimetric CONCLUSION: We developed a pyrimidone-based MOST system

energy density under both neat and dilute aqueous conditions, guided by two central design principles: (i) leveraging a highly
enabling heat release and transfer sufficient to raise water to its strained, dearomatized aza-bicyclic scaffold to maximize stored
boiling point under ambient conditions. energy and (ii) incorporating nitrogen at the reactive site to enable

controllable thermal release. Together, these features yield a
RATIONALE: Inspired by the aza-bicyclic framework of DNA compact molecular architecture with an energy density of 1.65 MJ
lesions, we designed Dewar isomers that fuse highly strained kgL As a proof of concept, we demonstrated that heat output
1,2-dihydroazete and diazetidine units to enhance the ring strain. sufficient to boil 0.46 ml (460 mg) of water could be generated
We also incorporated a nitrogen atom at the reaction site, enabling using 107 mg of Dewar pyrimidone. This result highlights the
labile C-N bond formation and cleavage. We hypothesized that potential of MOST technology as a practical route toward
combining high ring strain with a high-energy C-N bond would scalable, on-demand heat delivery for water heating, cooking,
increase the energy of the metastable Dewar isomer, maximizing and surface defrosting. [

AHgorage and enabling controlled thermal release.

) - e . . *Corresponding author. Email: grace_han@ucsb.edu (G.G.D.H.); houk@ucla.edu (K.N.H.)
RESULTS: Pyrimidone derivatives were designed and synthesized Cite this article as H. P. Q. Nguyen et al., Science 392, eaec6413 (2026). DOI: 10.1126/

with different alkylation patterns. This approach promoted efficient science.aec6413
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ENERGY STORAGE

Molecular solar thermal energy
storage in Dewar pyrimidone
beyond 1.6 megajoules

per kilogram

Han P. Q. Nguyen'?, Alexander J. Maertens®, Benjamin A. Baker?,
Nathan M.-W. Wu?, Zihao Ye, Qingyang Zhou®, Qianfeng Qiu?,
Navneet Kaur?, David B. Berkinsky?, Katherine E. Shulenberger?,
K. N. Houk*, Grace G. D. Han'?*

Storing sunlight in a compact and rechargeable form remains a
central challenge for solar energy utilization. Molecular solar
thermal (MOST) energy storage systems, which harness photon
energy and release it as heat on demand, provide a direct
approach but have long failed to meet practical benchmarks.
Inspired by the architecture of DNA, we report a pyrimidone-
based MOST system that stores energy in the strained Dewar
photoisomer upon excitation at 300 nanometers. Designed with
sustainability in mind, the system operates solvent free and
remains compatible with aqueous environments while
overcoming one of the field's greatest hurdles—the controlled
extraction and transfer of stored heat. When catalyzed by acid,
the Dewar isomer releases enough heat to boil water (~0.5
milliliters). These advances help point the way toward
decentralized solar heat storage and off-grid energy solutions.

Heating accounts for nearly half of the global energy demand (7).
Keeping homes warm in winter, providing hot water for daily use, and
cooking meals are essential energy services that depend heavily on
reliable heat supply. Yet almost two-thirds of this heating energy still
comes from fossil fuels, such as natural gas, oil, and coal, which makes
heating one of the largest direct sources of carbon emissions (2). The
transition to a sustainable energy future therefore requires not only
carbon-free electricity generation but also clean and storable heat.

Conventional off-grid heating relies on liquid fuels, such as heating
oil, which can be easily stored and transported while presenting high
combustion energy densities (40 MJ kg™") (3). In renewable systems,
lithium-ion batteries are widely used for energy storage, with an effec-
tive energy density of 0.9 MJ kg™ (4). When paired with solar panels,
home battery systems can store electricity and power electric heaters,
stoves, or boilers through Joule heating, in which electrical energy is
directly converted into heat (5), enabling renewable thermal energy
storage and release.

Recent advances in molecular photoswitches have opened up op-
portunities across a wide range of fields. These materials can reversibly
transform between two or more distinct states under light, enabling
applications in soft robotics (6), switchable catalysis (7), CO, capture
(8), temperature sensing (9, 10), protein modulation (7I), and mechani-
cally interlocked molecule synthesis (12).

Beyond these functions, molecular photoswitches have recently
emerged as media for renewable solar energy storage and release—a
concept known as molecular solar thermal (MOST) energy storage. In
these systems, photon energy is captured and stored in the strained
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chemical bonds of a metastable photoisomer, which can later be triggered
to revert to its thermodynamically stable form, releasing heat. Represent-
ative MOST systems include the photoisomerizing azo(hetero)arenes
(13, 14), hydrazones (I15), dihydroazulenes (16, 17), fulvalene diruthe-
nium (78-20), norbornadienes (21-28), bicyclooctadienes (29), azabori-
nines (30, 3I), and curved anthracenes (32).

The performance of a MOST compound is determined by several
key parameters, which include enhanced light absorption (33-36),
robust resistance to fatigue (37-40), efficient isomerization with high
quantum yield (41-43), tunable activation energy for reversion to the
thermodynamically stable state (AHi) (44-46), and large energy stor-
age density (AHgiorage) (31, 32)—1i.e., the energy difference between the
stable and metastable states. The latter two properties are particularly
crucial because a sufficiently high AH' enables long-term energy reten-
tion (47, 48), whereas the historically low AHgiorage has limited the
translation of the MOST concept into practical heating applications
(49, 50). To maximize AHjorage, it is advantageous to focus on small
molecules that undergo photoisomerization to highly strained meta-
stable isomers (51).

Photoinduced valence isomerization, a pericyclic reaction occur-
ring in some small molecules, has been demonstrated in MOST sys-
tems. For instance, norbornadiene undergoes an intramolecular
[2+2] photocycloaddition to form quadricyclane, thereby storing
energy in a strained cyclic structure (26). This system exhibits one
of the highest gravimetric energy storage densities of 0.97 MJ kg™
(89 kJ mol™") among all MOST compounds. Another type of valence
isomerization—i.e., Dewar isomerization, which involves photoin-
duced loss of aromaticity—holds promise for maximizing AHgorage-
Recently, azaborinines and their Dewar isomers were reported as an
emerging MOST system with gravimetric energy densities of up to
0.65 MJ kg™ (201 kJ mol™) per active monomeric unit (30, 31). The
notably high molar energy density of this system could be due to the
loss of aromaticity upon isomerization, which increases the energy
gap between the stable aromatic isomer and the metastable nonaro-
matic isomer (52-54).

However, the absorption of norbornadienes is restricted to the ul-
traviolet C (UV-C) range (<280 nm), requiring artificial light sources
(55) for energy storage. Although functionalization strategies have red
shifted their absorption profile to harness the solar spectrum more,
they also increase molecular weight, thereby reducing gravimetric
energy densities to 0.10 to 0.73 MJ kg™ (22-24). Similarly, azaborinines
offer higher molar energy densities but require bulky substituents to
prevent side reactions, such as polymerization, which again compro-
mises gravimetric energy densities (31). Furthermore, like many MOST
systems reported to date, both norbornadiene and azaborinine operate
in solution (56, 57), which substantially lowers their effective gravi-
metric and volumetric energy densities for fuel applications. Finally,
other areas of material research have demonstrated successful incor-
poration of water-compatible designs (58-61). By contrast, the general
incompatibility of MOST systems with aqueous environments restricts
their integration into water-based or environmentally sustainable
heating applications.

As a result, there is a critical need for MOST systems that offer
high energy density, function under solvent-free conditions (62), and
incorporate sustainable features such as compatibility with aqueous
environments. To address this, we looked to nature for inspiration.
A fascinating photochemical process in DNA suggests a new direction
for photochemical fuel development. When exposed to high-energy
UV light (UV-B or UV-C), nucleobases in DNA can form a derivative
of 2-pyrimidone called a (6-4) lesion (63). Further irradiation with
lower-energy UV input (UV-A or UV-B) induces the formation of the
Dewar isomer. These Dewar lesions are thought to disrupt DNA rep-
lication, causing mutations that may lead to cancer (64, 65). Evolution
has led to the development of (6-4) photolyase, an enzyme capable
of converting the Dewar isomer back into the thermodynamically

1of9

9202 'T0 A2\ U0 SBD ‘SOBAUd [RoIWaYD J0 81NIsu| Uelfeq e B10°80Us 105 MMM //STNY W) papeojumod


mailto:grace_han@​ucsb.​edu
mailto:houk@​ucla.​edu

RESEARCH ARTICLE

stable 2-pyrimidone (63). Inspired by this reversible Dewar valence
isomerization reaction, we became interested in the potential of
2-pyrimidone as a MOST system along with two related scaffolds,
2-pyridone and 4-pyrimidone.

Derivatives of 2-pyridone and 4-pyrimidone can undergo both for-
ward and reverse Dewar isomerization, but low conversion makes
them suboptimal candidates for MOST systems. For example, irrevers-
ible [4+4] intermolecular dimerization of 2-pyridone suppresses
Dewar formation (66, 67). Dewar isomers of 4-pyrimidones fail to re-
vert quantitatively because of side reactions during thermal activation
(68, 69). By contrast, 2-pyrimidone has demonstrated both quantitative
photoinduced isomerization and thermally induced reversion (70),
which makes it a more promising scaffold.

In this study, we report a MOST system based on 2-pyrimidone and
its Dewar isomer, engineered for both solvent-free operation and water
compatibility. By systematically tuning substituents at the 1-, 4-, and
6-positions of the aromatic core, we optimized energy storage perfor-
mance while maintaining reversible switching behavior. Notably, our
system demonstrates a record-high gravimetric energy density under
neat and dilute aqueous conditions, enabling thermal release at a level
sufficient to bring water to its boiling point under ambient conditions.

Molecular design

Pyrimidones 1 to 4 (50 mg, 4 to 20 mM) in acetonitrile (ACN) were
irradiated in a photoreactor equipped with commercially available
300-nm lamps. After 24 hours, the formation of the corresponding
Dewar isomers was observed. The Dewar isomers were isolated and
characterized by 'H and **C nuclear magnetic resonance (NMR) spec-
troscopy (figs. S1 to S8), which showed upfield shifts consistent with
loss of aromaticity, in agreement with previous studies of pyrimidone

valence isomerization (70, 7I). We discovered that the Dewar isomers
in neat liquid states reverted to their pyrimidone forms when heated
above 170°C, confirming the reversibility of the photo-thermal cycle
(vide infra).

This reversible photoisomerization behavior establishes the pyrimidone-
Dewar pair as a viable MOST system. In this system, pyrimidone (P) un-
dergoes valence isomerization to form Dewar (D) isomers, which can be
thermally activated to revert to their thermodynamically stable pyrimi-
done forms, releasing stored energy (AHgiorage) (Fig. 1A). Inspired by the
distinct aza-bicyclic architecture of DNA lesions, these Dewar isomers
fuse highly strained 1,2-dihydroazete (72, 73) and diazetidine (74) units,
resulting in a compounded strain (75). We also strategically incorporated
a nitrogen atom at the reaction site, enabling labile C-N bond formation
and cleavage (47). We hypothesized that this combination of com-
pounded strain and high-energy C-N bond in the Dewar isomer would
increase the energy of the metastable state, enhancing AHgorage and
efficiently controlling thermal release.

To maximize gravimetric energy density, we prioritized lightweight,
compact molecular design. Because tautomerization (i.e., keto and
enol) competes with the desired photochemical pathway (76), the sp®
secondary nitrogen was methylated to suppress this process. However,
attempts to isomerize 1-methyl-2-pyrimidone were unsuccessful, yield-
ing no detectable Dewar isomers using NMR spectroscopy, which was
rationalized computationally (vide infra). Therefore, to promote effi-
cient valence isomerization while maintaining a low molecular weight
(<138 g mol ™), additional methyl substituents were introduced to the
pyrimidone ring. Three methylated derivatives with distinct substitu-
tion patterns—1,4-dimethyl-2-pyrimidone (1), 1,6-dimethyl-2-pyrimidone
(2), and 1,4,6-trimethyl-2-pyrimidone (3)—were synthesized (Fig. 1B).
All three compounds can be obtained through one-step nucleophilic
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Fig. 1. Energy storage and release through reversible Dewar isomerization. (A) An energy diagram illustrating solar photon energy storage through Dewar isomerization and
energy release by triggered electrocyclic ring opening. (B) Reversible photoinduced Dewar isomerization of pyrimidone derivatives 1 to 4 with varied alkylation patterns. (C)
Dewar isomerization quantum yield of P-1 to P-4 and fluorescence quantum yield of P-3 in ACN. (D) Normalized UV-Vis spectral changes upon the photoisomerization of P-4 in
ACN obtained from irradiation at 310 nm. a.u., arbitrary units. (E) Normalized thin-film UV-Vis absorption spectra of P-4 and D-4 obtained from irradiation at 310 nm. Insets
display optical images of the thin film before and after irradiation corresponding to the UV-Vis spectra. (F) More than 20 cycles of reversible isomerization of D-3 in DMSO

induced by thermal treatment at 105°C and subsequent irradiation at 310 nm.
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substitution or condensation from inexpensive, commercially available
precursors. Compound 3 was synthesized on a multigram scale, which
highlights its low cost and potential for commercial scalability.

Although the more compact structures of compounds 1 and 2 were
initially expected to deliver superior energy storage performance, com-
pound 3 exhibited the highest gravimetric energy storage capacity,
establishing the 1,4,6-substitution pattern as optimal. Building on this
insight, we designed a liquid-phase derivative, 4,6-dimethyl-1-hexyl-2
-pyrimidone (4), tailored to undergo isomerization and thermal rever-
sion under solvent-free conditions. All compounds were fully charac-
terized by NMR spectroscopy and high-resolution mass spectrometry
(figs. S9 to S16).

Light-induced isomerization of pyrimidones

Our computational mechanistic investigation of the natural orbitals
obtained using extended multistate complete active space second-
order perturbation theory (XMS-CASPT2) calculations of the ground
state and Franck-Condon (FC) point suggests that the photochemical
Dewar isomerization of pyrimidone is initiated by n-n* excitation to
the S; excited state (figs. S17 and S18). The predicted excitation wave-
length for P-3 (A.y = 311 nm) is in good agreement with the experi-
mentally measured absorption maximum (Apa.x = 307 nm) (fig. S19).
When irradiated with a 300-nm or 310-nm lamp, the characteristic
n-n* absorption band of P-8 decreased over time, indicating the forma-
tion of D-3, consistent with our NMR characterization. To assess pho-
tocharging efficiency, the photoisomerization quantum yields of P-1
to P-4 under 310-nm irradiation were measured in ACN and found to
range from 0.9 to 7.8% (Fig. 1C, fig. S20, and table S1).

Excited-state [XMS-CASPT2 and density functional theory (DFT)]
calculations indicate that the parent pyrimidone, 1-methyl-2-pyrimidone,
exhibits a fast rate of intersystem crossing (ISC) from the S; n-m*
surface to the Ty n-n* excited state (ksc sim ~ 10'° s77), consistent with
El-Sayed’s rule (77), followed by rapid (kisc t1—s0 ~ 107 s7Y) nonradiative
decay back to the ground state (fig. S18). As a result, both fluorescence
(kpr, ~ 10° s"l) and phosphorescence (kphosp ~ 10! s are disfavored. This
suggests that the prominent nonradiative decay process, rather than
photoluminescence, contributes to the low photoisomerization quan-
tum yields. An experimentally measured photoluminescence quantum
yield of 0.2% for P-3 (Fig. 1C and fig. S21) corroborates this theory.

At present, the pyrimidones that we have studied absorb primarily
in the UV-A and UV-B region [~5% of the solar spectrum (78)] (Fig. 1D
and fig. S19), and the relatively low photoisomerization quantum
yields further contribute to the extended charging durations under
solar irradiation. To investigate whether future modifications might
improve the charging process, we have studied computationally
whether substitutions can red shift the absorption of pyrimidone.
Computations summarized in table S2 indicate that introducing a
strong donor -NMe, at the 4-position or an electron-withdrawer or
conjugator -CN and -Ph at the 4- and 6-positions, respectively, will
induce a bathochromic shift. These substitutions result in a modest
reduction in gravimetric energy density owing to the increased molecu-
lar weight. Exploration of such compounds in the future is planned.

Pyrimidones 1 to 4 and their Dewar isomers exhibit minimal spec-
tral overlap in the n-n* absorption region (Fig. 1D), which enables
high (90 to 93%) conversion in compounds 1 and 2 and quantitative
conversion (100%) in compounds 3 and 4 under continuous irradia-
tion in ACN (figs. S1to S8). The results were consistent across multiple
runs with less than 5% variation in conversion. Notably, liquid-state
P-4 also underwent effective isomerization under neat conditions
(Fig. 1E), eliminating the need for solvent. However, we note that heat
release under neat conditions can lead to self-heating (50) and poten-
tial thermal runaway. We therefore opted to conduct the thermal dis-
charge of the Dewar isomer in organic or aqueous media to ensure
controlled heat release. Detailed conditions for energy release in neat
and solution states are illustrated in the next section.
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To further underscore practicality, we demonstrated the long-term
chemical and thermal stability of our pyrimidone over multiple energy
storage and release cycles. We aim to create a MOST system capable
of storing and releasing heat with total usable energy comparable to
conventional heating oil for decentralized residential heating.
Conventional heating oil provides heat through a linear, single-use
process that involves (i) crude oil extraction, (ii) refining, (iii) distri-
bution, and (iv) combustion (fig. S22A) (79, 80). Each heating cycle
consumes the fuel irreversibly, generating (v) greenhouse gas emis-
sions. By contrast, a MOST system—e.g., pyrimidone-Dewar—operates
in cycles (fig. S22B, steps 3.1 to 3.3). After initial synthesis and dis-
tribution to end users, pyrimidone can be charged by light to store
energy in its metastable Dewar isomer. The stored energy is retained
until heat is required, at which point activation releases the stored
heat and regenerates the pyrimidone form. This charge-discharge
process is reversible, allowing energy to be extracted multiple times
from the same material until performance degradation ultimately
necessitates its replacement. Given that the combustion energy of heat-
ing oil is ~40 MJ kg"1 (3), a MOST compound storing 1.5 to 2 MJ kg"1
per cycle and operating reversibly for at least 20 cycles could deliver
a comparable cumulative thermal output at a similar mass. On this
basis, compound 3 was selected for cyclability testing on account of
its facile synthesis and representative energy-release performance
(vide infra).

Charge-discharge cycling of compound 3 (5 x 10™° M, 3 ml) was
monitored by ultraviolet-visible (UV-Vis) spectroscopy (Fig. 1F).
Photocharging was carried out by irradiation at 310 nm, whereas ther-
mal discharge was activated by heating using a temperature-controlled
cuvette holder with built-in stirring. To efficiently induce the thermal
reversion [half-life (/2) = 481 days at room temperature], the D-3 solu-
tion was heated to 105°C, the maximum operational temperature of
our cuvette holder. As a result, dimethyl sulfoxide (DMSO) was selected
to ensure chemical stability and avoid solvent loss during repeated
heating (~75 min) and irradiating (~15 min) cycles. Under these condi-
tions, the system showed negligible degradation over more than 20
photoisomerization-thermal reversion cycles in DMSO, confirming
the robustness and reversibility.

Remarkable energy storage in Dewar pyrimidones

Pyrimidones exhibit different phase behavior depending on function-
alization. Pyrimidones 1 to 3 are solids at room temperature, whereas
pyrimidone 4 is intrinsically liquid per design (Fig. 2A and fig. S23).
By contrast, the Dewar isomers generated by irradiating pyrimidones
are all obtained as liquids, storing energy. Using differential scanning
calorimetry (DSC), we observed and quantified the exothermic heat
release (AHgorage) associated with the D—P reversion in neat condi-
tions. When heated at 10°C min ' from room temperature to above 170°C,
Dewar isomers undergo D—P electrocyclic ring opening, releasing the
stored energy (AHsiorage) and generating molten pyrimidones at high
temperatures. Pyrimidones 3 and 4 exhibit excellent thermal stability
even at high temperatures, showing negligible thermal decomposi-
tion (fig. S24). The NMR spectra of restored pyrimidones after DSC
are shown in figs. S25 to S32.

Notably, both molecular and gravimetric energy storage densities,
measured as exotherms, reach values of 1.65 MJ kg ™! or 228 kJ mol ™
(Table 1). The storage capacities per mass of the pyrimidone system sur-
pass those of leading photoswitches by at least 65%, including trimeric
azaborinine [0.99 MJ kg™ (81)], norbornadiene [0.97 MJ kg™! (26)],
and Dewar anthracene [0.65 MJ kg™' (32)] (Fig. 2, B and C). The rel-
evant thermal parameters for the electrocyclic ring-opening processes
are summarized in Table 1, and additional physicochemical properties
are provided in tables S3 and S4.

The observed outstanding performance of pyrimidones aligned with
our hypothesis, confirming the effectiveness of our strategic molecu-
lar design. First, the Dewar structure was engineered to experience a
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Fig. 2. Energy storage capacity of Dewar pyrimidones. (A) DSC thermograms of P-3 and D-3 measured during the first
heating (black) and cooling (blue) cycle. Red highlighted area represents the exotherm of reversion (AHstorage). Tm-p. Melting
point of pyrimidone; T¢c.p, cold crystallization point of pyrimidone; Ty, peak thermal reversion temperature. The black dot on
each plot marks the onset of data recording at ambient temperature. (B) Gravimetric energy densities of Dewar isomers 1to 4
compared with prior MOST photoswitches. (C) Chemical structures of prior MOST compounds—i.e., (left to right, top to
bottom) azaborinines (30, 31,81), norbornadienes (23-28), bicyclooctadienes (29), azo(hetero)arenes (95-103), hydrazones
(15), curved anthracenes (32), ortho-dianthrylbenzenes (104,105), and fulvalene dirutheniums (19,20).

Table 1. Thermal parameters for the retro-electrocyclization processes. Trey, peak thermal reversion temperature; AHstorage,
energy storage density; AH*, enthalpy of activation; t1,», extrapolated half-life of Dewar isomer at 298 K; AH.,, DFT-calculated
energy storage density; AH* ., DFT-calculated enthalpy of activation; N/A, not applicable.

Mechanistic investigations

Our theoretical studies elucidate the
photochemical and thermal reaction
mechanism of the pyrimidone system
(Fig. 3A). Quantum mechanical calcu-
lations suggest that Dewar isomeriza-
tion of P-8 proceeds through photon
absorption, which initially excites the
molecule to the FC n-n* singlet state
(fig. S37), then rapidly relaxes to a
minimum on the S; excited-state sur-
face, the adiabatic point (Ad). This
excited state advances to the conical
intersection (CI) point, followed by
fast decay to the ground state with ac-
companying heat evolution, forming
D-3. Pyrimidones 1, 2, and 4 follow
similar mechanistic pathways, with
only minor differences in the ener-
getic profiles (fig. S38). The parent
pyrimidone, 1-methyl-2-pyrimidone,
displays an energetically elevated FC
point (405 kJ mol ™), which potentially
accounts for its unsuccessful Dewar
isomerization.

Calculation of the 4m-electrocyclic
ring-opening reaction coordinate of
each pyrimidone highlights the influ-
ence of the methyl groups at the 4- and
6-positions on the thermal reversion
Kkinetics of Dewar isomers. Compared
with I-methyl-2-pyrimidone (AH' .y =

C Prior Structures (1939-2025)

cr Ay A
T O
3 3

S= %

L
-
OC,\RU—HU/\CO ‘
I\
oC CO

AH* AHcal AH:l:cal —1
DoP  Ter(C)  AHstorage (KIMOI™Y)  AHuorage (MIkg™) (kImol™) tyz(days) (kJmol) (kJmorl) 150 KJ mol™), compounds 2 to 4
bearing a 6-methyl group exhibit a
1 1763 +33 | 1329 +1.2% 1.070 + 0.009%* N/A§ N/A§ 225 156 lower AH*cal (Table 1). Conversely, com-
2 1346+05 |1832+37t 1476 +0.0301 1000+3.1 | 80 222 135 pound 1, which features a 4-met§1y1
3 1487+05 | 2276+ 14 1648 + 0,010 131423 | 481 215 137 substituent, displays a higher AH'ca.
Furthermore, computational studies
4 159.8+01 |1947+06 0.935+0.003 1156+ 09 | 1240 225 152

*Estimated AHstorage 0f 100% D-1 derived from experimentally obtained AHstorage of 93:7 D-1:P-1 mixture.
experimentally obtained AHstorage 0f 90:10 D-2:P-2 mixture.
80°C in DMSO, preventing the determination of reliable kinetic parameters.

compounded strain within the fused bicyclic motif. Second, replac-
ing the traditional C-C bond that is formed and cleaved in MOST
systems with a more labile C-N bond enables substantially higher
AHgiorage compared with Dewar anthracene and azaborinine systems
that store less than 201 kJ mol~". Finally, Dewar isomerization of
pyrimidone also results in a complete loss of aromaticity, in contrast
to systems such as Dewar anthracene, where aromaticity is only
partially disrupted upon photoisomerization (32, 53). Together,
these features produce markedly strained and high-energy Dewar
pyrimidones, reaching energy storage levels previously inaccessible
to MOST systems.

Additionally, we experimentally determined the thermal activa-
tion energies (AHi) and extrapolated half-lives (#y/,) for the electro-
cyclic ring opening of the Dewar isomers in DMSO (figs. S33 to S36
and table S5). The Dewar isomers 2 to 4 demonstrate outstanding
thermal stability in solution, with ¢;/, values ranging from months
to 3 years (Table 1), despite their high energy states compared with
the parent pyrimidones. The long ¢;/, values highlight their strong
potential for durable, long-term energy storage even under fluctuat-
ing temperature conditions. We note that the thermal reversion
kinetics of D-1 were not successfully obtained because of side reac-
tions upon heating.
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‘tEstimated AHstorage 0f 100% D-2 derived from
§D-1did not exhibit a clean thermal reversion to P-1 and instead underwent decomposition below

on a series of theoretical analogs re-
vealed these substitution effects to be
consistent and additive (fig. S39). Our
experimental measurements of AH'
and the reversion temperature (7iey)
in DSC showed excellent agreement with the theoretical predictions.

‘We sought to further explore the mechanism behind the observed
methyl group substitution effect. Hirshfeld charge and spin analysis
reveal that the 6-methyl substituent lowers the thermal reversion bar-
rier by stabilizing the TS (Fig. 3B). Whereas the TS of 1-methyl-2-
pyrimidone exhibits diradical character, that of P-3 features " charge
accumulation at C6 and zwitterionic character. The polarization of the
highest occupied natural orbital (HONO) and the lowest unoccupied
natural orbital (LUNO) stabilizes the TS, thereby lowering AHical (figs.
S$40 and S41) (82). Natural orbital analysis from multireference calcula-
tions [complete active space self-consistent field (CASSCF)] of the two
transition states corroborates this observation (fig. S42). Stabilization
energy analysis derived from an isodesmic reaction model confirms
that the 6-methyl substituent stabilizes the TS more strongly than the
Dewar isomer (Fig. 3C). The analysis also finds that the 4-methyl group
stabilizes the Dewar isomer more than the TS, which in turn increases
the AH" ;1. We hypothesize that the 4-methyl group contributes to D-2
stabilization through hyperconjugation (83, 84). The computational
details are included in figs. S43 to S45 and table S6.

We then shifted focus to connect our understanding of the reaction
thermodynamics to structural mechanistic features of the pyrimidone
by constructing a univariate linear free energy relationship. We evaluated
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Fig. 3. DFT calculations of reversible Dewar isomerization process. (A) Photochemical Dewar isomerization mechanism of P-3 (purple line) and thermal electrocyclic
ring-opening mechanism of D-3 (black line). (B) Hirshfeld charge and spin analysis of 1-methyl-2-pyrimidone and P-3 in the transition state (TS) during the thermal reversion of
their respective Dewar isomers. (C) lllustration of the stabilizing effect of a methyl substituent at the 4- and 6-positions on the Dewar 2-pyrimidone and the TS. (D) Correlation
between HOMA of pyrimidone derivatives and their TS energy. AH, calculated energy storage density; AH*., calculated enthalpy of activation. All enthalpies were calculated
using: (U)wB97X-D/def2-TZVPP/PCM(DMF)//(U)wB97X-D/def2-SVP/PCM(DMF) at 298.15 K and 1 atm. Excited-state electronic energies were calculated at XMS-

CASPT2(10e,80)/def2-TZVPP//XMS-CASPT2(10e,80)/def-2-SVP.

the aromaticity of several pyrimidones using the harmonic oscilla-
tor model of aromaticity (HOMA) (Fig. 3D) (85, 86). A clear cor-
relation between increasing aromatic character (1-methyl-2-pyrimidone
< P-1 < P-3 < P-2) and 4=n-electrocyclic ring-opening activation
energy was observed, indicating that progressive stabilization of the
pyrimidone ring accelerates thermal reversion. According to the Bell-
Evans-Polanyi principle (87-89), greater stabilization of the ground-
state pyrimidone leads to a more stabilized TS, thereby lowering the
activation barrier (i.e., AHi) to thermal reversion (fig. S46). Taken to-
gether, the interplay between aromaticity and the selective effects of
the methyl substituents at the 4- and 6-positions explain the trend
in both experimental and calculated AH* values (Table 1).

Calculated energy storage density (AH.,) values across the deriva-
tives are generally high, exceeding 200 kJ mol~! (fig. $39). These
values are much greater than the experimental AHjorage for com-
pounds 1, 2, and 4 but are comparable to that of compound 3 (Table 1).
We propose that the thermal decomposition of compounds 1 and 2
(figs. S23 and S24) occurs in parallel with the thermally activated
reversion pathway, thereby suppressing the overall heat release at-
tainable from the system. The deviation observed in compounds 3
and 4 may be attributed to the different intermolecular interactions.
Specifically, compound 4 contains a long hexyl chain, which intro-
duces van der Waals interactions that may disrupt n-x stacking among
the parent pyrimidones, thereby destabilizing it. As a result, com-
pound 4 exhibits a lower AHggrage than compound 3, both on a per-mole
and per-mass basis.
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Despite the lower AHgorage, compound 4 was specifically tailored
for solvent-free operation and a longer energy storage period (3 years
versus 1 year). By contrast, compound 3, with its compact structure
and high thermal tolerance, delivers record-high energy density of
1.65 MJ kg™! and 228 kJ mol ™.

Heating water with Dewar pyrimidone
MOST systems offer a promising strategy for the controllable capture,
storage, and release of solar energy. Over the years, this field has en-
visioned their integration into a scalable device with a closed-loop
architecture (Fig. 4A) (90, 9I). In this concept, a MOST compound is
dissolved in a circulating solvent that flows through a channel exposed
to sunlight. As the solution passes through the illuminated region, the
molecules convert from their thermodynamically stable form to a
metastable, energy-rich isomer, thereby storing solar energy in chemi-
cal bonds. The charged solution is then collected in a reservoir, where
the stored energy can be retained for later use. When needed, the solu-
tion is directed through a trigger module containing a catalyst embed-
ded within the flow channel. The catalyst triggers the reversion of the
metastable isomer to its thermodynamically stable form, releasing the
stored energy as heat. This thermal energy is transferred through a
heat exchanger to a heat-transfer fluid (e.g., cold water), enabling
controlled and efficient heat extraction for practical use, such as space
and water heating.

In this work, we present a simplified proof of concept showing direct
heat release and transfer to a typical heat-transfer medium or water.
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Fig. 4. Macroscopic heat release and transfer. (A) Schematic representation of a conceptual MOST energy storage
and release device operating in a closed-loop configuration (90, 91). (B) Schematic of the experimental setup. A
custom-made cylindrical glass vessel (15 mm in diameter) was used to hold the stirred sample solution. Temperature
changes were recorded using a high-resolution IR thermal imaging camera, and physical changes were captured

with a digital camera positioned at a tilted angle. (C) Mechanism of acid-triggered thermal reversion of D-3 to P-3.
(D) Acid-triggered heat-transfer experiments 1to 5 conducted on different substrates—i.e., D-3, P-3, diazetidine, and
cis-azobenzene. (E) Temperature profiles from experiments 1to 5. Temperatures were extracted from the hottest pixel
(hotspot) on the surface of the solution. (F) DSC-measured heat release (AHpsc) compared with IR-measured heat
transfer (AHr) in experiments 1to 5. (G) Summary of key factors influencing the heat-transfer process. (H) Optical
and IR images showing the physical and temperature changes of D-3 solution during acid-triggered heat release,
demonstrating sufficient energy output to induce water boiling in experiment 2.

In this experiment, the Dewar isomer, dissolved in water (Fig. 4B),
reverts to its pyrimidone form upon triggering, releasing heat to the
aqueous solution. To promote the reversion, we used an acid catalyst—
i.e., hydrochloric acid (HCl)—which efficiently accelerates the back
isomerization (Fig. 4C). This strategy was only made possible by the
deliberate incorporation of a nitrogen atom at the bridgehead position
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of the Dewar isomer (fig. S47). Computa-
tions indicate that protonation of the ni-
trogen lowers AHical by twofold, thereby
enabling spontaneous reversion at room
temperature. After heat release, the pro-
tonated product can be neutralized to
regenerate the original pyrimidone, fol-
lowed by photo-recharging to form the
Dewar isomer. The cyclability of the process
was confirmed experimentally (fig. S48).

‘We note that the use of homogeneous
acid catalysts (e.g., HC]) necessitates a
neutralization step, which leads to salt
accumulation that reduces the total en-
ergy density. In a practical device configu-
ration, a heterogeneous catalytic process
would be preferable because it would
eliminate the need for post-energy re-
lease treatment (30). Efforts to develop
heterogeneous catalysts to facilitate the
electrocyclic ring opening of Dewar py-
rimidones represent a promising and
important avenue for our future work.

To quantify the heat transfer from D-3
to water activated by a catalyst (i.e., HCI),
we devised experiment 1, in which the
solution temperature was monitored by
infrared (IR) thermal imaging (Fig. 4, B
and D). We note that deviations are ex-
pected between DSC-measured values
(AHpsc) and macroscopic IR measure-
ments of heat transferred to a medium
(AH1R). This is because DSC measure-
ments are performed on neat samples
(<5 mg) under thermally insulated con-
ditions with dynamic heating, whereas
acid-catalyzed heat release from D-3
(>50 mg) occurs in a heat-transfer me-
dium, accompanied by heat dissipation
to the surroundings.

In experiment 1, upon addition of HCI
(0.5 mmol, 2 M) under ambient condi-
tions, D-8 (51 mg in 0.50 ml of water)
rapidly reverted within 1.8 s, producing
a temperature increase (ATir) of 40°C
(Fig. 4E). This corresponds to a heat trans-
fer of 85 J (AH;R) to the aqueous medium
(Fig. 4F and table S7), which is compa-
rable to AHpsc (85 J).

Building on the benchmark experi-
ment 1, we calculated the amount of D-3
needed to boil water. Raising 0.50 ml of
water from room temperature to its boil-
ing point (AT ~ 75°C) requires ~165 J of
thermal energy, corresponding to 100 mg
of D-3 (table S7, entry “calc”). However,
boiling of the aqueous solution requires
additional energy to overcome the en-
thalpy of vaporization [2.3 kJ g7' (92)].

Therefore, the concentration of D-3 was slightly increased by using
107 mg in 0.46 ml of water.

In experiment 2, we demonstrated that addition of HCl (1.0 mmol,
4.5 M) to D-3 solution raised the solution temperature to 100°C and
induced boiling within 1 s (movie S1). IR thermal imaging measured
a AT of 76°C, corresponding to a AHgr of 153 J transferred to the
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aqueous solution (Fig. 4, E and F), whereas 107 mg of D-3 is expected
to release 176 J (AHpsc). We therefore attribute the energy difference
(AAH = 23J) to the boiling process, an amount sufficient to vaporize
~10 pl (2.2%) of water. After reaching the initial peak, the water tem-
perature decreased gradually (movie S1).

We note that additional exotherm from the protonation process
contributes to the measured heat transfer (AHr) in experiments 1
and 2. To quantify the exotherm, we performed a control experiment
3, where P-3 (106 mg in 0.46 ml of water) was protonated to increase
the temperature by only 7°C, corresponding to 14 J of heat transfer
(Fig. 4, E and F). This confirms that the substantial total heat transfer
observed in experiments 1 and 2 primarily originates from the energy
released from the reverse Dewar isomerization rather than from
protonation.

Previously, quadricyclanes have been shown to release heat in highly
controlled experiments using a thermally insulated vacuum chamber
to minimize heat loss (90). In such experiments, a solution of quadri-
cyclane (1.5 M) in toluene was continuously flowed (5 ml h™ through
a catalytic channel consisting of cobalt phthalocyanine on an alumina
surface. The reversion induced a maximum temperature increase of
63°C after 2.5 min. Under these conditions, ~70 mg of quadricyclane
transferred 27 J of thermal energy to 0.21 ml of solution, corresponding
to a normalized transferred energy of 0.38 MJ kg"l, which is compa-
rable to the energy density measured by DSC (0.40 MJ kg™). In our
work, D-3 with a substantially higher energy density (1.65 MJ kg™
enables rapid heating and boiling of water under ambient conditions
at comparable or lower concentrations.

Beyond quadricyclanes catalyzed by metal complexes, we also per-
formed acid-catalyzed heat-release experiments using other represen-
tative MOST compounds, namely diazetidine and cis-azobenzene (Fig.
4D, experiments 4 and 5). Because both diazetidine and cis-azobenzene
are poorly soluble in water, benzene was used as the heat-transfer
medium, and trifluoroacetic acid (1.0 mmol, 4.5 M) was used as the
catalyst. Under comparable mass loadings (~106 mg), D-3 transferred
substantially more heat (153 J) to the medium compared with diazeti-
dine (14 J) and cis-azobenzene (11 J) (Fig. 4F). This trend is consistent
with the higher gravimetric energy density of D-3 (1.65 MJ kg ™) com-
pared with those of diazetidine (0.32 MJ kg_l) and cis-azobenzene
(0.23 MJ kg ™) (table S7). The heat-release processes and the NMR analy-
sis confirming complete reversions are illustrated in detail in movies
S2 to S5 and figs. S49 to S56.

We note that benzene has a lower heat capacity (1.7 J g7 K) than
water (4.2 J g_1 K’l) (93, 94). Therefore, diazetidine and cis-azobenzene
reach maximum temperatures of 42° and 34°C, respectively, despite
transferring only 14 J and 11 J of energy to the medium (Fig. 4, E and
F, experiments 4 and 5). On the basis of these results, we conclude
that the maximum attainable temperature of the medium is governed
by three parameters: (i) the gravimetric energy density of the MOST
compound, (ii) the heat capacity of the medium, and (iii) the mass of
the MOST compound dissolved (Fig. 4G).

Moreover, the difference between the released enthalpy measured
by DSC and the heat transferred to the medium (AAH = AHpsc —
AH7y) is substantial for diazetidine and cis-azobenzene (Fig. 4F, experi-
ments 4 and 5), despite the absence of boiling. Specifically, only 42
and 48% of the released energy was delivered to the medium for di-
azetidine and cis-azobenzene, respectively (table S7). These results
suggest that, even under similar experimental conditions, the heat-
transfer efficiency (AHr/AHpsc) depends strongly on the reaction
rate. For diazetidine, which is initially insoluble in benzene and slowly
dissolves upon protonation (fig. S49), it takes 7.6 s to reach the maxi-
mum temperature during the heat release and transfer, thereby it is
subject to greater heat loss to the surroundings (Fig. 4E). In the case
of cis-azobenzene, despite its high solubility, the protonation and heat-
release process appear to be slower (2.4 s) than those of Dewar pyrimi-
done, which similarly contributes to heat loss to the surroundings
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during heat release and transfer. Therefore, we propose that both (i)
solubility and (ii) reaction rate are important factors influencing heat-
transfer efficiency under ambient conditions (Fig. 4G).

Overall, we show that high-energy density Dewar pyrimidone
(1.65 MJ kg ™) can be efficiently catalyzed to release its stored heat and
transfer it to an environmentally benign medium, such as water (Fig. 4H).
Although this proof-of-concept experiment has not yet been optimized,
it highlights the potential of this molecular fuel for practical heating
applications. Future work will focus on integrating heterogeneous cata-
lysts immobilized within the channel near a heat exchanger (Fig. 4A),
allowing the Dewar solution to flow through and be activated in situ
without the need for post-heat release treatment before recharging. The
released heat can be extracted through a heat exchanger and delivered
to a heat-transfer fluid (e.g., water) for heating applications.

Conclusions
In this work, we developed a pyrimidone-based MOST system guided
by two key principles: (i) the incorporation of a highly strained, dearo-
matized aza-bicyclic scaffold to maximize stored energy and (ii) nitro-
gen incorporated at the reactive site to provide precise control over
thermal release. Together, these features yielded a compact molecular
architecture with an energy density of 1.65 MJ kg ™. As a proof of concept,
we demonstrated heat delivery sufficient to boil 0.46 ml (460 mg) of
water using 107 mg of a MOST material. This result marks an impor-
tant step in advancing MOST technologies from concepts to practical,
scalable solutions for water heating, cooking, and surface defrosting
in everyday settings.

Materials and methods are available in the supplementary materials.
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Editor’'s summary

Most fuels produce heat through combustion reactions that are hard to reverse. Photoswitches offer the opportunity
to store light energy from the sun and then release heat in a sustainable cycle; however, they tend to release
comparatively little heat. Nguyen et al. now report a pyrimidone compound that isomerizes under ultraviolet irradiation
to form a highly strained bond between a nitrogen and the diametrically opposite carbon. Upon treatment with acid,
that bond breaks to release more than a megajoule per kilogram of the compound, enough to rapidly boil water from a
solution. —Jake S. Yeston
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