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Abstract

The unique and complex heat release processes of dianthracene-based molecular solar thermal
energy storage compounds were elucidated by comprehensive solid-state analyses of their
chemical and physical changes using isothermal time-dependent DSC, PXRD, and solid-state
NMR. Our study reveals that dianthracenes undergo chemical dissociation, formation of a mixed
intermediate phase, and phase transition to the final anthracene crystal, during the triggered energy
release process. The solid-state kinetic analysis shows auto-catalyzed cycloreversion and heat
release from the energy storage compounds, which is facilitated by the partially cooperative
transformation of molecules in the crystalline state. The chemical and physical transformations

contribute to the overall energy release to different extents, unveiled by the calculation of lattice
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energy and dissociation energy changes during the cycloreversion. The fundamental insights into
the solid-state transformations will aid in designing advanced energy storage materials and

controlling energy release processes.

Introduction

Molecular solar thermal (MOST) energy storage in light-responsive molecules has emerged as an
effective method of storing solar photon energy in chemical bonds and releasing the energy on
demand in the form of heat.!* Common MOST compounds including norbornadienes,® >
azo(hetero)arenes,%® hydrazones,” dihydroazulenes,!® ! and fulvalene diruthenium derivatives'?
13 typically isomerize in the solution state, forming metastable isomers in which the photon energy
is stored. The energy-releasing reverse isomerization from the metastable to the
thermodynamically-stable isomer can be triggered by light irradiation, heating, chemical catalysis,
and electrocatalysis.!* 15 Recently, MOST systems that operate in condensed phases, particularly
in solid-state, have been developed to increase the gravimetric and volumetric energy storage
densities of the systems and to prevent the leakage of liquid phase during energy storage.!®
However, the low conformational freedom of common molecular switches in crystalline phases
limits their photoisomerization, thus constraining their potential for MOST energy storage
applications in the solid form.!” Exceptional systems that are engineered to enable solid-state
photoswitching have been reported,'®-?3 but their ability to store energy has been either
uninvestigated or insufficient. This necessitates the development of specific molecular designs that
can perform energy storage and release reversibly in the solid state. Reversible topochemical
cycloaddition reactions,?*3* which occur completely in crystalline states, can be promising
candidates, because they produce metastable cycloadducts that can store energy. Compared to

molecular switches that undergo large structural changes during isomerizations, the topochemical
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reactions are accompanied by smaller structural changes during the bond formation and

dissociation among prearranged molecules in the crystals.34-36

Recent investigations of reversible solid-state photochemical reactions, e.g., [2+2] or [4+4]
intermolecular cycloadditions,?”-3® have opened up opportunities to achieve MOST energy storage
in crystalline states. The topochemical [2+2] photocycloaddition of styrylpyryliums and [4+4]
photocycloaddition of anthracenes occurs via crystal-to-crystal transformations, storing photon
energy in strained cycloadducts.?” 3% The cycloreversion of the cycloadducts is triggered by
thermal activation or UV irradiation, which releases the stored energy. Notably, a recently-reported
anthracene system with a donor and an acceptor substituent at the 9- and 10-position exhibits a
remarkable energy storage and release (~0.2 MJ/kg),’® compared to the styrylpyrylium system with
energy storage densities lower than 0.1 MJ/kg.3” This advance is attributed to the dearomatization
of highly-conjugated anthracenes upon photo-induced dimerization, which enlarges the energy

difference between the anthracene and dianthracene states. In addition, the energy storage values

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

of dianthracenes are comparable to the activation energies of their thermal cycloreversion, which
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Figure 1. (a) A proposed mechanism of thermally-induced cycloreversion of dianthracene (D) to
anthracene (A) via an intermediate mixed crystalline phase. (b) A broad and unsymmetrical
exothermic peak of 1-D, (c) a sharp and distorted exothermic peak of 2-D, and (d) multiple
exothermic peaks of 3-D measured by DSC, during their cycloreversion. Complete DSC profiles
showing exothermic cycloreversion and subsequent melting of anthracene are available in Figure

S1.

The reported dianthracene derivatives (1-D, 2-D, and 3-D) have been revealed to undergo
topochemical cycloreversion to anthracenes (1-A, 2-A, and 3-A) upon heating (Figure 1a),
supported by their crystal structure analysis. Interestingly, the thermally-induced cycloreversion
of the dianthracenes was discovered to show unusual non-Gaussian exothermic features in
differential scanning calorimetry (DSC) (Figures 1b-1d). Conventionally, exotherms from
thermal isomerizations (e.g., Z-to-E back conversion of azo(hetero)arenes) or solid-state
topochemical reactions (e.g., cycloreversion of cyclobutanes to styrylpyryliums and azide-alkyne

cycloaddition to triazole rings) display Gaussian-shaped DSC profiles, owing to the simultaneous
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chemical transformations and molecular rearrangements in condensed phases.?” 3% 40 Thus, the
prominent multiple exothermic features observed during the dianthracene cycloreversion may be
attributed to the formation of a transient intermediate mixed phase that is stable enough to be
detected (Figure 1a). However, so far, any mechanistic or kinetic understanding of the remarkable
energy release processes in the solid state has not been achieved due to the challenging analysis of
convoluted chemical and physical transformations that occur during the cycloreversion. Herein,
we examine the solid-state cycloreversion mechanism of dianthracenes, employing a suite of
comprehensive solid-state analyses, including isothermal DSC, time-dependent powder X-ray
diffraction (PXRD), and time-dependent solid-state NMR spectroscopy, which enables elucidating

the intricate energy release processes of the solid-state MOST system.

Results and Discussion
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Figure 2. Isothermal DSC plots of dianthracene a) 1-D, b) 2-D and ¢) 3-D obtained at 48 °C, and
the isothermal PXRD patterns of dianthracene d) 1-D, e) 2-D and f) 3-D obtained at 49 = 1 °C.
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In order to delineate the solid-state mechanism that contributes to the large energy release
during the cycloreversion of dianthracenes, we first monitored the overall process under a mild
thermal condition that allows for the slow and gradual solid-state conversion over hours. We
selected a thermal activation temperature slightly below 50 °C, which can be consistently applied
in multiple solid-state analysis methods with a small margin of error. The isothermal DSC traces
of all dianthracenes measured at 48 °C show non-Gaussian exothermic curves (Figures 2a-2c),
similar to the variable-temperature DSC results (Figures 1b-1d), indicating the presence of
multiple exothermic events over the course of their cycloreversion to anthracenes at a constant
temperature. To correlate the exothermic events and the structural changes of compounds during
the cycloreversion, we also monitored the time-dependent PXRD of the dianthracenes heated at
49 + 1 °C (Figures 2d-2f). For the first 4 hours of heating for 1-D and 2-D, and 2 hours for 3-D,
only minor PXRD peak shifts were observed, which are marked by orange arrows, indicating small
changes to the overall crystal structures during the initial exothermic process. New PXRD signals
corresponding to the final anthracene crystalline phase emerge only after 4 hours of heating for 1-
D and 2-D, and 2 hours for 3-D, which is marked by the blue arrows. These results suggest that
the initial exothermic chemical transformation (i.e., bond dissociation of dianthracene) leads to the
formation of a transient intermediate phase of anthracene resembling the dianthracene crystal,
which then undergoes a gradual phase transition to the final anthracene crystalline state, as
proposed in Figure la. Importantly, through comparison of DSC and PXRD data both the
chemical transformation and phase transition are revealed to contribute to the overall energy

release during the cycloreversion.
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Figure 3. Series of isothermal solid-state '*C NMR spectra showing the conversion of (a) 1-D to
1-A, (b) 2-D to 2-A and (c) 3-D to 3-A at 49 + 1 °C. The expanded view of the aromatic-carbon
signals in (a) and (c) shows the appearance of an intermediate form of the anthracene with a
maximum at 3 h for compound 1 and 1.5 h for compound 3, i.e. before the final anthracene crystal
formation. The peaks of the intermediate phase that initially grow and then disappear are

highlighted in the yellow boxes.

To understand the chemical composition of such a transient intermediate phase, we
employed isothermal solid-state NMR spectroscopy. We note that the initial dianthracenes do not
contain any anthracenes and are stable at room temperature in the solid state; however, they
completely convert to anthracenes upon heating over 3—10 hours, based on the solid-state NMR
(Figures S2-S4). The produced anthracenes are clean, in the absence of any thermal decomposition
byproducts, and can be irradiated in solid again to generate dianthracenes via [4+4] cycloaddition.
Solution-state NMR, on the other hand, does not accurately assess the composition of samples
(Figures S5-S10), due to the solvation-induced D-to-A reversion, which directed us to using solid-
state NMR spectroscopy. Time-dependent solid-state NMR spectroscopy of dianthracenes subject
to in-situ heating at 49 = 1 °C (Figure 3) also enabled the analysis of the reaction kinetics of
dianthracene cycloreversion to anthracene (vide infra). First, the gradual decrease in the '*C NMR
signal intensity of dianthracene with the concurrent formation of new signals assigned to
anthracene confirms the successful cycloreversion process. Especially, the disappearance of
dianthracene quaternary carbon signals (marked as »” and ¢’ in Figure 3) at < 90 ppm along with
the emergence of new '3C NMR signals, for instance of the C9 carbon of anthracene near 100 ppm
(marked as c in Figure 3), validate the aromatization of the central ring of the product. Inspection
further shows that the signal positions of the R substituents on the C10 carbon (marked as b in
Figure 3) are often slightly different between dianthracene and anthracene. The sharpness of the
major 3C NMR signals throughout the process indicates the preserved crystallinity of solid

8
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compounds during the reaction and supports the notion of a crystal-to-crystal phase transition as

observed in PXRD analysis.

Closer inspection of the NMR spectral series, in particular in the inset of Figure 3a and
Figure 3c, reveals that some of the anthracene peaks have two components that are more or less
resolved, which offers insight into the transient intermediate phase. For 1-A two anthracene signals
with different time courses are seen most clearly at 137 and 132 ppm (C10, marked as b in Figure
3a), for 2-A at 158 and 156 ppm (C10, marked as b in Figure 3b), and for 3-A at 132 and 133 ppm
(bridgehead carbons) as well as 103 and 102 ppm (C9, marked as ¢ in Figure 3c). The first
anthracene signal appears early, passes through an intensity maximum and then disappears, while
the appearance of the other component is delayed; its chemical shifts are those of the final
anthracene crystal. The first component matches the definition of an intermediate in chemical
kinetics, confirming the hypothesis from isothermal DSC and PXRD. Based on the chemical shifts,

the transient species are identified as anthracenes. Therefore, they can be convincingly attributed

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

to pairs of anthracenes formed by dianthracene decomposition. By necessity, these anthracene
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pairs are initially mostly surrounded by dianthracene molecules in a dianthracene crystal. This

(cc)

packing environment is different than in a neat anthracene crystal, resulting in slightly different
chemical shifts of the newly formed anthracene molecules. In other words, the intermediate phase
consists of a dianthracene crystal filled with a mix of dianthracenes and anthracene pairs, with the

latter becoming more abundant with time.

This variable composition is reflected in the gradual shift of the Bragg peaks in PXRD at
early to intermediate times (Figure 2). In compounds 1 and 3, the intermediate component
becomes the dominant species at intermediate times, which is confirmed by the quantitative

analysis of the NMR data (vide infra). At that point, the dianthracene peaks broaden (e.g., near
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140 ppm, see Figure 3a), which can be attributed to the various packing environments of the
remaining dianthracene molecules surrounded by a mix of new anthracene pairs and other residual
dianthracenes. The signals of neat anthracene crystal increase significantly only when the

intermediate peaks pass their maximum concentration, which is at different levels for compounds

1, 2 and 3.
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Figure 4. Time dependence of the fractions of dianthracene (grey triangles), intermediate
anthracene in dianthracene crystals (orange diamonds), and final anthracene crystals (blue squares)
during the cycloreversion of (a) 1-D to 1-A, (b) 2-D to 2-A, and (c¢) 3-D to 3-A, as derived from
solid-state NMR. The dashed fit curves were obtained by the microscopically detailed models
described below. The solid curve has been obtained from a modification of Avrami theory with
partial cooperativity, and a cooperativity parameter (C) has been derived from it for each

cycloreversion process.

The time dependence of the fractions of the three components (dianthracene, intermediate
anthracene, and final anthracene) detected by NMR in the three samples is shown in Figure 4. 1-
D and 2-D undergo about 80% cycloreversion within 4 hours of heating at 49 + 1 °C, and the
anthracene in the transient intermediate phase, which first grows and then disappears, is detected
before the formation of the stable anthracene crystalline phase (Figures 4a and 4b). This
intermediate anthracene, which is marked in orange, shows different maximum fractions for each

dianthracene. The degree of accumulated intermediate phase reflects the activation energy barrier

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

for the transition from the intermediate to the final anthracene phase. The continued heating

beyond 4 hours induces the conversion of the intermediate phase to the final crystalline anthracene

Open Access Article. Published on 04 setembro 2024. Downloaded on 09/09/2024 01:12:46.

phase, marked in blue. A similar mechanism of cycloreversion was detected for 3-D, involving the

(cc)

growth of anthracene in an intermediate phase, followed by the conversion of the intermediate
phase to the stable anthracene crystals (Figure 4¢). For 3-D, which reverts more rapidly than the
other two dianthracenes, solid-state NMR measurements were also conducted at 25 °C to follow

the process in more detail (Figure S11).

We also note that the sigmoidal shape of dianthracene conversion over time (grey line)
reflects its auto-catalyzed cycloreversion in the solid state, and the kinetic analysis reveals different
levels of molecular cooperativity for the cycloreversion of 1-D, 2-D, and 3-D. The decay curves

of dianthracenes were fitted with the analytical equation of a partially cooperative 3D Avrami

11
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theory, Vp = exp(Kty*) exp(—K(t+1y)*), where K is the Avrami constant and 7, is the pre-nucleation
time factor*? that controls the ratio between random conversion and cooperative growth. A
cooperativity parameter can be calculated as C = exp(—V2 K" 1)),4! ranging from 0 where the
system approaches noncooperative first-order kinetics, to 1 where growth is fully cooperative.
Compound 1 (R = CHj3) showed the lowest cooperativity (C = 0.48), while compounds 2 (R =
OCHj3) and 3 (R = OAc) exhibited higher cooperativity (C=0.67 and 0.56, respectively). In highly-
cooperative solid-state reactions, the local formation of intermediates and/or products facilitates

further reactions, as a result of the structural changes in the solid that lower the activation energy

of reaction for the neighboring molecules.*3 44

Figure 5. Snapshots of simulated conversion of dianthracene (grey) to anthracene pairs (yellow)
in dianthracene crystals (i.e., an intermediate phase) followed by nucleation and growth of
anthracene crystals (blue) for (a) 1-D, (b) 2-D, and (c) 3-D, producing the fit curves to the NMR

data shown in Figure 4.

12
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The observed behavior was then visualized by modeling the microscopically-detailed,
partially-cooperative conversion in the dianthracene crystal, followed by conversion of
anthracene-rich regions to neat anthracene crystals. Snapshots at five different time points are
shown in Figure 5. The spatial distribution and growth of the intermediate phases (yellow regions)
are more uniform for compounds 1 and 3 (note that 3 at 1 h resembles 1 at 3 h) than compound 2,
corroborating their relative cooperativity. Compound 2 displays a clustered formation of the
intermediate phase, reflecting its high molecular cooperativity for the solid-state reaction, which
then rapidly generates the final anthracene crystalline phase (Figure Sb, blue region at 2h). Such
locally-formed anthracene crystals propagate until the entire area is filled with the final anthracene

phase.

Lastly, we investigated the relative contribution of chemical and physical transformations
to the total energy release process, using density functional theory (DFT) calculations carried out

using Quantum ESPRESSO (QE) code.*® The energetics of the overall cycloreversion can be

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

described by the following three energy terms: AE crys AE it and AE|,. Based on Hess’s law,

Open Access Article. Published on 04 setembro 2024. Downloaded on 09/09/2024 01:12:46.

only the initial dianthracene crystals and the final anthracene crystals were analyzed, without the

(cc)

consideration of the intermediate phase structure.*® The following equations were developed to

define each energy term (see SI Section S6 for details).

cry —

Bory(®) _ Bery(A)
n n p

)

n

— 1
AE e = ) (Ei(D) — E(AA))(2)

i
AElatt = AEcry - AEunit(3)

E.: the energy of the crystallographic unit cell containing multiple dianthacenes (E.,(D)) or

anthracenes (E¢ry(A))

13
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AE : the difference between the averaged energy of anthracene and dianthracene unit in crystals

(E¢ry divided by the number of cycloaddition units (n) in the unit cell) (Figures S12-S14).

AE ,;it: the averaged dissociation energy of an individual dianthracene that is isolated by the cubic

unit cell with the edge of 20 A after the optimization using QE (Figures S12-S14).

AE ), the difference in the lattice energy, which represents the environmental effect in the

crystalline state during the cycloreversion process.

As per theoretical calculations, the AE cry Tepresents the total energy released during the
dianthracene cycloreversion, which is ascribed as the sum of chemical dissociation energy, AE ,pit,
and crystal lattice stabilization energy, AE ). Table 1 shows that for all compounds, the chemical
dissociation serves as the main contributor to the overall energy release, whereas the lattice energy
change during the cycloreversion offers a minor extra energy release. Even though the calculated
values of total energy release are larger than the experimental ones, the relative degrees of AE ;¢
and AE . provide important insights on the solid-state energy storage in the anthracene system,

which can guide the further design of solid-state MOST energy storage systems.

Table 1. Energy values of AE .y, AE ¢, and AE 1, (k] /mol) calculated using QE.

AE,, AE it AE ¢
1 191.7 157.6 34.1
2 185.9 169.2 16.7
3 187.4 154.1 333
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Conclusions

The initial formation of a transient intermediate phase, featuring anthracene pairs in dianthracene
crystals, was discovered and followed by the subsequent phase transition to the final anthracene
crystals through isothermal time-dependent DSC, PXRD, and solid-state NMR. The fundamental
understanding of the convoluted process allowed for the qualitative and calculation-based
quantitative distinction between the chemical transformation and phase transition, both of which
contribute to the overall energy storage and release in the anthracene-based MOST compounds.
The solid-state kinetic analysis of cycloreversion revealed the molecular cooperativity in the auto-
catalytic reaction for the anthracene derivatives. Solid-state NMR and PXRD probed the formation
of an intermediate phase containing progressively more anthracene pairs within the dianthracene
crystal, which at high anthracene loading exothermically converts to the stable anthracene crystal.
The fundamental insights gained and the solid-state analytical methods discussed in this work will

shed light on designing and studying novel solid-state MOST energy storage compounds that store

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

solar photon energy and release heat through auto-catalysis.
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