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Soft Crystal Chemiluminescence Systems | <o
Using Organic Peroxides

Takashi Hirano® and Chihiro Matsuhashi

Abstract Chemiluminescence (CL) is a phenomenon in which a chemical reaction
produces an excited-state product that emits light. Taking advantage of this prop-
erty, several analytical methods to study the CL reactions by photon detection have
been developed in the literature. By applying this methodology to molecular crystals,
soft crystal CL systems have been constructed to analyze the intracrystalline reac-
tions of chemiluminescent compounds. In this chapter, the fundamental concept and
applications of CL are presented. Using the example of the CL reactions involving
organic peroxides, important characteristics of CL such as chemiexcitation, quantum
yield and emission wavelengths are discussed. Furthermore, CL in solid state and in
molecular crystals are described. Finally, the application of organic peroxides as a
soft crystal CL system and the characteristics of their intracrystalline reactions such
as crystal structure-dependencies, reaction kinetics and inductions of phase transi-
tions are elucidated. This chapter concludes with a brief outlook towards the future
of soft crystal CL systems.

Keywords Chemiluminescence + Organic peroxide - 1,2-Dioxetane -
Crystalline-state reaction + Real-time analysis

9.1 Introduction: Research Significance of Soft Crystal
Chemiluminescence Systems

Chemiluminescence (CL) is a phenomenon in which light is emitted during a chem-
ical reaction that yields an electronically excited product [1-3]. Soft crystal CL
systems are a group of crystalline materials that demonstrate CL during chemical
reactions in crystals with soft properties. A “soft property of a crystal” means that
the crystal has a property to undergo its facile structural transformation and phase
transition in response to weak but specific stimuli. Basic and applied research studies

T. Hirano (X)) - C. Matsuhashi

Department of Fundamental Science and Engineering, Graduate School of Information Science
and Engineering, The University of Electro-Communications, Chofu, Tokyo 182-8585, Japan
e-mail: thirano@uec.ac.jp

© The Author(s) 2023 155
M. Kato and K. Ishii (eds.), Soft Crystals, The Materials Research Society Series,
https://doi.org/10.1007/978-981-99-0260-6_9


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-0260-6_9&domain=pdf
http://orcid.org/0000-0002-1369-9047
http://orcid.org/0000-0002-7520-5057
mailto:thirano@uec.ac.jp
https://doi.org/10.1007/978-981-99-0260-6_9

156 T. Hirano and C. Matsuhashi

Action

'ébft 2 Progress of
Crys_taf//,"_ﬁ> hv chemiluminescence

o reaction

Visualization of the progress of the reaction via photon detection

- Fundamentals in soft crystal science

- Crystal structure-dependent reactivity

- Crystal structure-dependent luminescence

- Energetics and kinetics of a crystalline-state reaction

- Induction of a phase transition by accumulation of the
products

- Quantum chain reaction

- Stimulus-responsive switching property

Fig. 9.1 Application of chemiluminescence in soft crystal science

on CL have been conducted as CL is a useful analytical technique when used along
with photon detection, especially in the crystalline state chemistry (Fig. 9.1). For
instance, if CL is induced by a mechanical force, as seen in the mechanochemistry of
polymers described below, the applied stress can be optically detected. In this way,
the chemical reaction in the crystal can be visualized.

A crystalline-state reaction has the advantage of yielding a selective product that
reflects the crystal structure of the reactant. In fact, crystalline-state photochemical
reactions of organic compounds and photochemical and thermal polymerizations of
alkynes in crystals have been studied for a long time [4—6], which provided important
reaction modes. Recently, mechanochemical methods, which involve mixing crystals
mechanically, have been developed for organic synthesis [7, 8], to pioneer environ-
mentally friendly reactions. In the field of pharmaceutical sciences, drugs are often
dosed in the crystalline state; therefore, it is necessary to understand the reactivity
of these drugs, especially the kinetics, in the crystalline state to understand their
stability [9, 10]. Because of all of these current and potential applications, studying
the basic theory of the chemical reactions that occur in crystals is important. In partic-
ular, the “soft property of crystals”, i.e., a property of the crystal that changes the
molecular and crystal structures during chemical reactions, is an important research
topic (Fig. 9.1) [11]. However, several unresolved problems must be addressed in
crystalline-state chemical reactions which require an understanding of the relation-
ships between crystal structures and reactivities, the energetics and kinetics of reac-
tions, the mechanism of tuning the luminescence properties within crystals, and
the mechanism of “action” responsiveness based on the fundamental theories. Soft
crystal CL systems are a valuable tool to address these problems and to visualize
and track the progress of intracrystalline reaction. In this context, in recent years,
efforts to elucidate the reaction mechanisms of crystalline-state CL reactions and to
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construct a fundamental theory of intracrystalline reactions have been underway. In
this chapter, first, we will discuss the fundamentals and general usefulness of the CL
reactions of organic peroxides, followed by the features of peroxide CL in the solid
state and condensed state and those in molecular crystals. In particular, characteris-
tics of intracrystalline reactions that have recently been revealed by soft crystal CL
systems will be described, followed by a future perspective.

9.2 Characteristics of the Chemiluminescence Reactions
of Organic Peroxides

9.2.1 Real-Time Analysis by Photon Detection

As described above, CL is luminescence caused by a chemical reaction, which
includes bioluminescence (BL) seen in a firefly or a sea firefly. In analytical chem-
istry, we exert an “action” on a “sample” and detect its “response” to obtain the
necessary information, such as the concentration, mass, or physical properties, on
the target material in the sample. Because a CL reaction generates photons, we can
recognize that “a chemical reaction has occurred” by photon detection (Fig. 9.2).
Therefore, CL is widely used as an analytical method because the “response” to the
“action” of the CL during the reaction can be detected optically [12]. It is well known
that the CL of luminol is used for bloodstain detection and the firefly BL reaction is
used for ATP detection; these reactions are based on the fact that the analyte is an
essential factor in the reaction progression. For instance, hemoglobin in the blood
catalyzes the acceleration of the CL reaction of luminol, and ATP is the reagent
responsible for the activation (adenylation) of firefly luciferin (Fig. 9.3). Because the
presence or absence of an analyte and its abundance can be confirmed by photon
detection, information on the production, consumption, and transfer of the analyte
can be traced by relying on the luminescence.

A representative example of this is the firefly BL reaction. Firefly BL is based
on the luciferin-luciferase (L-L) reaction involving the substrate, firefly luciferin
and the enzyme, luciferase; this reaction requires ATP and oxygen to react with
luciferin and Mg?* to activate the enzyme [13, 14]. All the above substrates and
reagents are essential to produce photons in the L-L reaction; hence, all of them can
be marked as analytes whose presence can be confirmed by luminescence. Luciferase
is created through gene expression in a cell and is lost due to degradation. Since ATP,
oxygen, and Mg?* are normally present in the cell, gene expression and migration
of luciferase in the cell can be tracked by photon detection by injecting luciferin
into the cell (Fig. 9.2e). The same analysis can be performed in vivo in a mammal,
such as a mouse, enabling us to “watch” (analyze) the reaction in a living organism
in real time via BL imaging [15-17]. This ability of “real-time analysis” by photon
detection is the most attractive aspect of CL [18, 19].
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9.2.2 Chemiexcitation, Quantum Yield
and Emission-Wavelength Regulation

For a chemical reaction to produce photons, in most cases, the reaction must be
exothermic, in which the energy emitted must be equivalent to that required for the
production of photons. The CL reaction of luminol proceeds with O, or hydrogen
peroxide under basic conditions via a cyclic peroxide intermediate, whose thermal
decomposition gives the excited-state product, which emits light (Fig. 9.3a). In the
firefly BL reaction, the adenylated form of luciferin gives a cyclic peroxide inter-
mediate via oxygen addition and its thermal decomposition gives the excited-state
product (Fig. 9.3b). Many chemiluminescent compounds involve such peroxide
intermediates in their reactions. Thus, the essence of CL lies in the fact that a
peroxide intermediate acts as a high-energy compound, which yields the essential
emissive excited-state product by thermal decomposition (Fig. 9.4). This process
is called “chemiexcitation”. For chemiexcitation to occur, the process must be an
exothermic reaction and the energy difference between the transition state of the
high-energy compound and the ground-state products must be sufficient to emit light.
The peroxide intermediates described above satisfy the chemiexcitation conditions.

Notably, the peroxide intermediate in the firefly reaction is a 1,2-dioxetanone,
which is a derivative of the 1,2-dioxetane and a historically key structure involved
in the BL reactions [2, 3]. 1,2-Dioxetanes have a strained four-membered ring struc-
ture with an O—O bond, which easily undergoes a ring-opening reaction to yield two
carbonyl products by the cleavage of O—O and C—C bonds. Among the 1,2-dioxetane
derivatives, 3,3,4,4-tetramethyl-1,2-dioxetane (TMD) has been studied the most, as
a representative derivative, to develop the energy diagram for the thermal decom-
position reaction to yield the excited singlet (S;) or excited triplet (T;) states of
the product acetone (Fig. 9.5) [20, 21]. The activation energies of the thermolytic
reactions and the efficiencies for generating excited-state products of 1,2-dioxetane
derivatives have been widely studied [22, 23].

The efficiency with which the excited-state product is generated by the thermal
decomposition of a 1,2-dioxetane derivative is termed as chemiexcitation efficiency,
which is an important CL property. For instance, the L-L reaction using firefly
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Fig. 9.5 Chemiluminescence reaction of TMD

luciferin and North American firefly luciferase produces photons with an efficiency
of 41% [24], which means that 41 photons are produced from 100 molecules of
luciferin. This efficiency is otherwise known as the BL quantum yield (@gy). The
light-emitter in the L-L reaction is oxyluciferin, which is the oxidation product of
luciferin, and this oxyluciferin emits photons in the S; state. Because the chemiexci-
tation from the 1,2-dioxetanone intermediate to give the S;-state oxyluciferin is part
of the multistep process in the L-L reaction, the chemiexcitation efficiency will be
more than 41%. The contents of @p| is similar to those of the CL quantum yield
(@) as explained later.

It is expected that 1,2-dioxetanes undergo efficient chemiexcitations; however,
in practice, efficient chemiexcitations are limited to a few cases such as the firefly
BL reaction. An example of an inefficient chemiexcitation is the thermolysis of
TMD in benzene, in which the S| and T states of acetone molecules were produced
with 0.3 and 48% efficiencies, respectively (Fig. 9.5) [21]. Similar to TMD, several
alkyl-substituted 1,2-dioxetanes mainly yield T;-state products by chemiexcitation
processes, however, with different chemiexcitation efficiencies from that of the firefly
BL reaction. The differences in the chemiexcitation efficiencies are attributed to
the substituent effects on 1,2-dioxetanes [2]. The methyl groups in TMD do not
exert strong electronic substituent effects on the homolytic bond cleavages of the
1,2-dioxetane ring. Theoretical calculations indicate that the O—O bond cleavage
starts first as a rate-limiting step, followed by the C—C bond cleavage [25, 26]. The
homolytic progression of the O—O bond cleavage gives the 1,4-dioxy biradical, in
which the energies of the singlet and triplet states are close to each other, leading to
the efficient formation of a T -state product. In contrast, in the firefly BL reaction, the
1,2-dioxetanone ring in the intermediate is spiro-linked to the m-conjugated moiety
of luciferin (Fig. 9.3b). The m-conjugated moiety containing the phenolate anion
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is electron-donating (D) and the 1,2-dioxetanone is electron-accepting (A), which
leads to an intramolecular electron transfer and subsequent decomposition of 1,2-
dioxetanone generates the oxyluciferin radical and the CO; radical anion. When the
CO; radical anion transfers an electron to the oxyluciferin radical, oxyluciferin in the
S; state (phenolate anion) will be generated with high efficiency [27]. This mech-
anism is called the CIEEL (chemically initiated electron exchange luminescence)
mechanism.

Subsequent theoretical calculations lead to a modification of the CIEEL mecha-
nism to the CTIL (charge transfer induced luminescence) mechanism, in which the
reaction proceeds by intramolecular charge transfer instead of electron transfer [28].
In the CTIL mechanism, unlike the homolytic bond cleavage mechanism described
above, the chemiexcitation proceeds through the transition state in the S; state which
has a high charge-transfer ability and a reduced biradical character. The CTIL mech-
anism of the 1,2-dioxetanone intermediate of the firefly BL reaction proceeds so
rapidly that the intermediate has not been directly observed to date; however, its
existence has been confirmed by isotope experiments. In general, CL reactions via
the CTIL mechanism proceed rapidly. On the other hand, stable 1,2-dioxetane deriva-
tives have been found, including TMD, whose thermolytic reactions proceed by the
homolytic bond cleavage mechanism. Three groups of compounds with the adaman-
tane moiety are representative examples of stable 1,2-dioxetanes (Fig. 9.6: Adox, Ad-
0OSi, and Ad-Acr) [29-31]. Among them, adamantylideneadamantane 1,2-dioxetane
(Adox) has the highest thermal stability [3, 32]. The stability of these derivatives is
attributed to the inhibition of the elongation of the O-O bond to give a trapezoidal
shape to the 1,2-dioxetane ring before the homolytic bond cleavage. This deforma-
tion results in a spatial proximity between the substituents attached to C3 and C4 of
the 1,2-dioxetane ring. In the case of the thermal decomposition of Adox, the two
adamantane moieties must be brought spatially closer, which requires a relatively
high activation energy. Then, Adox has a thermal stability. Other 1,2-dioxetanes
with the adamantane moiety also have a thermal stability in the similar manner to
Adox. Among the three compounds Adox, Ad-OSi, and Ad-Acr, Ad-OSi demon-
strates a reactivity change by silyl-deprotection [30]. Ad-OSi is easily converted
to unstable Ad-O~ by a reagent for silyl-deprotection. The 1,2-dioxetane ring in
Ad-O~ is connected to the electron-donating moiety and activates the CTIL mecha-
nism, leading to a fast reaction rate and generation of the S;-state product with high
efficiency. Thus, the stability of a 1,2-dioxetane derivative can be manipulated by
deprotection. Moreover, this technique is useful for analyzing a deprotection reagent.
For example, by replacing the silyl group of Ad-OSi with the acetyl group, the enzy-
matic action of an esterase for ester hydrolysis can be analyzed by photon detection
(Fig. 9.2¢) [33].

As the important characteristics of CL reactions, the regulation of the efficiency
and reaction rate of the chemiexcitation have been discussed. The chemiexcitation
efficiency is an important component of the CL quantum yield (@ ¢y). That is, for a
CL reaction that emits photons from the S; state products, the @ ¢, value is described
as follows:
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where @y is the reaction efficiency to afford the main products in the ground and
excited states, @g is the chemiexcitation efficiency to yield the product in the S,
state by decomposition of the high-energy intermediate, and @ is the fluorescence
emission efficiency of the product in the S; state. Eq. (9.1) is applicable to the analysis
of a @y value. In the case of the thermolytic reaction of a 1,2-dioxetane, two carbonyl
products are obtained quantitatively, indicating @r = 1. Thus, the equation becomes

CDCdeJSx CDF (92)
Another important characteristic of the CL reactions is the emission wavelength,

which is determined by the nature of the excited-state product of the reaction. Most
of the CL reactions including BL reactions produce light from the S -state products.
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For instance, in the CL reaction of luminol, blue emission occurs from the S; state
of 3-aminophthalate (Fig. 9.3a). In the firefly BL reaction, the phenolate anion of
oxyluciferin, which is in the S excited state, emits green to red light (Fig. 9.3b) [34].
The visible light emission wavelength (i.e., color) can be varied by adjusting the
stability of the S; state of oxyluciferin in the active site of luciferase. The thermolytic
reaction of TMD shows violet emission from the S; state of acetone, while its @ ¢
value is low, owing to the low @g value to generate the S;-state acetone and the low
@ value of acetone Eq. (9.2).

To analyze CL, a desired emission wavelength must be obtained. To achieve
this, one method is to adjust the m-electronic system of the excited state product.
In the case of the CL reaction of a 1,2-dioxetane derivative, the fluorescence emis-
sion wavelength of either of the two carbonyl products can be adjusted. The ther-
molytic reaction of the stable 1,2-dioxetane derivative Ad-Acr, for instance, yields
2-adamantanone (AdCO) and acridone as the products. Because acridone has a wider
nt-electronic system than AdCO, the S; state of acridone is preferentially generated
by chemiexcitation and shows blue-light emission (Fig. 9.6) [31].

Chemiluminescence resonance energy transfer (CRET) is another method to
achieve a desired emission wavelength. When a fluorophore is linked to a chemilumi-
nescent moiety in a non-conjugated manner, intramolecular Forster-type resonance
energy transfer can take place from the S;-state product of the chemiluminescent
moiety to the fluorophore moiety [35], thus achieving emission from the fluorophore
moiety. This mechanism is named CRET, similar to fluorescence resonance energy
transfer (FRET), which is the resonance energy transfer between two fluorescent
dyes. If the product generated from the chemiluminescent moiety has a low @ value,
CRET can be applied to improve @ ¢ . When the intermolecular distance between the
chemiluminescent and fluorophore moieties is shortened, CRET aids in modulating
the emission wavelength. Several living organisms, such as the jellyfish Aequorea,
have also utilized CRET in their BL reactions [36]. This jellyfish has a photoprotein,
aequorin, which has the chemiluminescent compound in the apoprotein, and a green
fluorescent protein (GFP), which has a fluorophore within a p-barrel structure. The
S;-state product generated within the apoprotein of aequorin usually emits blue light.
However, aequorin and GFP, which are in close proximity to each other, experience
energy transfer from the S;-state product of aequorin to GFP, resulting in the emis-
sion of green luminescence. This mechanism is called bioluminescence resonance
energy transfer (BRET), which is a BL version of CRET. On a related note, aequorin
has a Ca*-chelating site (EF hand), and this Ca?*-binding triggers the BL reaction in
aequorin. Therefore, aequorin has been used as a BL indicator for Ca®* (Fig. 9.2a).

In this section, we reviewed the chief characteristics and reaction mechanisms of
CL, including BL. For the explanations, we described the thermolytic reactions of
1,2-dioxetanes, which are the representative high-energy compounds. The bicyclic
peroxide intermediate derived from luminol was also an example of a high-energy
compound for chemiexcitation (Fig. 9.3a). As other peroxides for CL reactions,
two examples will be introduced here. One is diphenoyl peroxide (Fig. 9.7), which
shows CL when in combination with an electron-donating aromatic compound. This
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peroxide was used to elucidate the CIEEL mechanism [37]. Another is an endoper-
oxide of an aromatic hydrocarbon. Interestingly, endothermic thermolytic reactions
of endoperoxides of naphthalenes and anthracenes show CL [38]. For example, the
endoperoxide of 9,10-diphenylanthracene (DPA) (Fig. 9.7) thermally decomposes
to give DPA and a singlet oxygen [39]. The singlet oxygen is converted to the triplet
state accompanied by near-infrared light emission (1270 nm), demonstrating that
it is a CL reaction. Although this reaction is endothermic and not exothermic, CL
is achieved because the singlet oxygen is generated according to the spin conser-
vation law. Thus, the CL reactions of the endoperoxides of aromatic hydrocarbons
have different chemiexcitation character from those of other peroxides including
1,2-dioxetanes.

9.3 Chemiluminescence in the Solid State and Condensed
State

CL is a useful analytical tool for photon detection; therefore, studies have focused
mainly on its application in solution. Although CL in the solid state has been known
for a long time, there have only been a few systematic studies. In 1926, Moureau
et al. reported that heated crystals of rubrene endoperoxide (Fig. 9.7) emitted red
light; the reaction mechanism remains unresolved to date [40, 41]. Crystals of Adox
were also known to glow during thermal analysis [42]. In addition, studies of CL
were conducted by heating the solid samples to analyze the subsequent reaction and
to access the condensed state. A condensed state including the crystalline state is a
state of high concentration, in which intermolecular interactions and energy transfer
are expected to be favored.

In a condensed state, the photoreactivity of 1,2-dioxetane is related to the CL
reaction, to make a quantum chain reaction [43]. In the photoreaction reaction of 1,2-
dioxetane, the carbonyl products are formed in the S| and T states similar to the ther-
molytic reaction. When the photoreaction of the 1,2-dioxetane derivative is conducted
in a condensed state, the excited-state product enables energy transfer to the unre-
acted 1,2-dioxetane derivative, resulting in its decomposition. This process triggers a
quantum chain reaction with a high quantum yield. For example, the quantum chain
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photoreaction of TMD in a solution has a quantum yield that exceeds 200 [44]. A
similar reaction was reported using solid-state Adox where a condensed state was
obtained by concentrating a mixed solution of Adox and a lanthanide ion complex
such as Eu(fod); [45]. A lanthanide ion complex catalyzes the thermal decomposition
of 1,2-dioxetane, in addition to acting as an energy acceptor for light emission. There-
fore, this combination of Adox and a lanthanide ion complex in the condensed state
demonstrates a successful synergistic CL with the quantum chain reaction. Another
example of CL in condensed state was demonstrated with a stable 1,2-dioxetane
derivative with the acridane moiety, Ad-Acr(ester) (Fig. 9.7) [46]. Ad-Acr(ester)
derivatives, which are used for the surface modification of silica nanoparticles, were
employed to design an analytical technique for the CL analysis of a biomolecule in
a condensed state on the surface of nanoparticles.

Furthermore, the mechanochemical applications of CL have recently been
reported in the field of polymer chemistry [47, 48]. Adox, a stable chemiluminescent
moiety, was introduced into polymers to synthesize various chemically modified
derivatives. The mechanochemical CL properties of these modified polymers were
then investigated. When the two ends of a polymer film were pulled in opposite direc-
tions, the applied stress induces bond cleavage of the 1,2-dioxetane rings of the Adox
moieties, resulting in CL. The bond cleavage can be observed by photon detection in
real time (Fig. 9.2d). This idea was realized by a rubber-like network polymer with an
Adox structure inserted into poly(methyl acrylate) [49]. When the polymer film was
cleaved mechanically by applying sufficient stress until the stretching force exceeded
a certain threshold, CL was observed. By using this methodology, the molecular
mechanism of the damage in the polymer chains depending on the magnitude of
applied stress has been elucidated. Similar experiments on the mechanochemical
damages were conducted on various polymers such as polyamides and polyesters [47,
48]. Moreover, the use of fluorescent dyes in Adox-bearing polymers to effectively
modulate CL via CRET has also been reported [47, 48].

9.4 Chemiluminescence in Molecular Crystals

9.4.1 Mechanistic Studies of Chemiluminescence Reactions
in Crystals

Studies on the reaction mechanisms of the crystalline-state CL have been reported
recently [50, 51]. A single-step reaction such as the thermolytic reaction of 1,2-
dioxetane can be applied to the study of crystalline-state CL; therefore, CL reactions
of organic peroxides have been investigated using their molecular crystals.

The first studies to correlate the crystal structures with luminescence properties
in crystals were the CL reactions of the stable 1,2-dioxetane derivative Ad-OH and
the bicyclic dioxetane derivatives Dx-AOH, Dx-BOH and Dx-AOCH; (Fig. 9.8a)
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[50]. The bicyclic dioxetane structure has been precisely designed by taking advan-
tage of the stabilizing factors in the molecular structure of Ad-OH as explained in
Sect. 9.2.2 [52]. The stability of these compounds is advantageous for preparing
crystal samples with a purity to study. In Dx-AOCH3, the phenolic hydroxy group
is protected by the methyl group. Ad-OH, Dx-AOH and Dx-BOH yielded the corre-
sponding phenolate anions by the action of a base in solution. The anions promptly
decomposed to exhibit CL via the CTIL mechanism. The phenolate anions of the
3-hydroxybenzoate moieties (the CL reaction of Ad-O~ in Fig. 9.6), which are the
light-emitters, showed emission with the maxima at 460-500 nm. Crystal samples of
the four dioxetanes were heated at temperatures below their melting points to initiate
their CL reactions. While the methoxy derivative Dx-AOCH3 showed only weak CL,
the CL emission spectra for the hydroxy derivatives were measurable. The CL of Ad-
OH and Dx-AOH was emitted from the excited states of the phenolate anions of their
3-hydroxybenzoate moieties, whereas that of Dx-BOH was emitted from the excited
state of the neutral 3-hydroxybenzoate moiety. The crystal structures of Dx-AOH
and Dx-BOH indicated that the hydroxy groups of the 3-hydroxyphenyl moieties
form hydrogen bonds with the oxygen atoms of the 1,2-dioxetane rings (Fig. 9.8b).
When the crystal samples were heated, the oxygen atom of the 1,2-dioxetane ring
assisted the deprotonation of the phenolic hydroxy group via hydrogen bonding,
which promoted the decomposition of the 1,2-dioxetane ring via the CTIL mech-
anism. Because the donor—acceptor distance in the hydrogen bonding in Dx-AOH
is relatively short (1.93 A), the phenolate anion of the 3-hydroxybenzoate moiety
is effectively generated as the excited-state product for light emission (Fig. 9.8b).
In the case of Dx-BOH, the hydrogen bonding donor—acceptor distance is relatively
long (2.02 A); therefore, the deprotonation does not occur and the excited state of
the neutral 3-hydroxybenzoate moiety is responsible for light emission (Fig. 9.8b).
These results confirmed that the crystal structures determine the CL behavior. More-
over, the CL reaction of the crystalline-state Dx-AOH which is heated to 100 °C
demonstrated first-order reaction kinetics. This relationship between the reaction
kinetics and the crystallinity is a significant issue to consider because a reaction in
the crystalline state destroys the crystal structure.

Crystalline-state CL reactions of lophine hydroperoxide (LHP) were also studied
by photon detection [51]. Lophine is the first artificially synthesized CL compound,
which reacts with O, under basic conditions to demonstrate CL via the hydroper-
oxide anion of LHP [53]. A plausible reaction mechanism is the formation of a
1,2-dioxetane intermediate from the LHP anion, which undergoes chemiexcitation
upon thermal decomposition to yield the S;-state benzoylamidine anion for light
emission (Fig. 9.9) [54]. LHP was prepared by the ene reaction of lophine with a
singlet oxygen. In solution, the CL reaction of LHP can be initiated by the action of
a base via the abovementioned pathway. Recrystallization of LHP yielded cm-size
crystals, which were used for crystalline-state CL reactions. The thermolytic reaction
of crystalline LHP produced the major products lophine and O, along with the minor
products benzoylamidine and an unidentified product in less than 5% yield. During
this reaction, the bubbling of oxygen from the heated crystals was observed. The CL
emission maximum observed at 530 nm suggests the emission of phosphorescence
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from the T, state of the lophine anion (Fig. 9.9). Furthermore, the study reported
the CL emission spectra of the heated crystal samples of Adox, rubrene endoper-
oxide, and benzoyl peroxide. This study by Schramm et al., like the study reported
by Watanabe et al. on the crystalline-state 1,2-dioxetane derivatives, also raises an
important question regarding the dynamic relationship between the reaction progress
and the structural change in crystals.
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Fig. 9.9 Chemiluminescence reactions of lophine and lophine hydroperoxide (LHP)

9.4.2 Exploring the Science of Intracrystalline Reactions
with Soft Crystal Chemiluminescence Systems

Mechanistic studies on the progress of crystalline-state reactions and the corre-
sponding dynamic changes in the crystal structures owing to the accumulation of
reaction products were conducted based on the concept of soft crystal science [11].
That is, a “soft property of a crystal” is expected to allow the structural change and
phase transition of the crystal in response to the accumulation of reaction products.
In this section, the relationships between the crystal structures, the luminescence
properties and reactivity were elucidated with soft crystal CL systems.

Matsuhashi et al. adopted Adox derivatives as the CL substrates for their soft
crystal CL system to study intracrystalline reactions. Adox derivatives were synthe-
sized by linking fluorophore moieties to tune the CL properties of the crystals
(Fig. 9.10) [55, 56]. Adox derivative 1 with a fluorophore side chain (FL1: N-(4-
trifluoromethylphenyl)phthalimide) has two stereoisomers (syn-1 and anti-1). In the
case of di-substituted derivative 2, there are three stereoisomers (cis-syn-2, cis-anti-
2, and trans-2) and 5-(4-methoxyphenyl)-N-(4-trifluoromethylphenyl)phthalimide
was used as a fluorophore moiety FL2. Utilization of the stereoisomers is advanta-
geous in the evaluation of a reactivity change caused by the difference in the crystal
structures, because the isomers have similar reactivity in solution. In addition, the
fluorophore moieties in 1 and 2 will accept energy from the excited state of a neigh-
boring AdCO moiety viathe CRET mechanism as previously explained in Sect. 9.2.2.
Because AdCO has a low @ of approximately 0.001 in solution, the @ ¢y, value was
expected to improve after the energy transfer. Furthermore, the fluorophore moiety
was expected to tune emission wavelength, control crystallinity and form an excited
dimer or complex. For the design of di-substituted derivative 2, the fluorophore FL.2
was adopted in place of FL1, because FL2 showed stronger fluorescence than FL1.
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Fig. 9.10 Chemiluminescence reactions of the isomers of fluorophore-linked Adox derivatives 1
and 2

Mono-substituted derivatives syn-1 and anti-1 showed clear differences in crystal
structures, CL emission properties and reactivities [55]. When the crystal samples
of syn-1, anti-1, and Adox were heated to 160 °C, they all showed CL with the
emission maxima of 465 nm, 440 nm, and 430 nm, respectively. Interestingly, the
CL of syn-1 is caused by distinct energy transfer. Upon heating, the CL intensity
for syn-1 was stronger than that for Adox, while the CL intensity for anti-1 was
weaker than that for Adox. This is because the CL intensity depends on both the
CL quantum yield @¢, and the reaction rate (—d[R]/dt, where [R] is the reactant
concentration). Because the reaction rate in crystals for syn-1 was faster than that for
anti-1, syn-1 had the higher CL intensity. Morphological observations of the heated
crystals also showed a characteristic difference. The crystals of syn-1 started melting
at approximately 3 min after the heating had begun, whereas anti-1 maintained its
crystalline state for approximately 15 min after the heating had begun. It is evident
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that the differences in the luminescence properties, reaction rates, and the abilities
to maintain the crystalline state upon heating reflect the differences in the crystal
structures. In fact, syn-1 has a crystal structure in which Adox and FL1 moieties are
stacked alternately along the b-axis, whereas anti-1 has a crystal structure in which
Adox and FL1 moieties are in separate aggregated layers (Fig. 9.11). The thermolytic
reactions of syn-1 and anti-1 generated the excited states of either AdCO or the AACO
moiety in AdCO-FL1 (Fig. 9.10). In the crystal of syn-1, the energy transfer from the
excited state of either AdCO or the AdCO moiety to the FL1 moiety in a neighboring
molecule is efficient because of the alternated layer structure of the crystal in which
both the species are in close proximity to each other. On the other hand, in the crystal
of anti-1, the excited-state of either AdCO or the AdCO moiety in AACO-FL1 and a
FL1 moiety are farther apart owing to the separately layered structure, rendering the
efficiency of the energy transfer lower than that of syn-1. In addition, in the crystal of
anti-1, there are more COeeeHC interactions between the neighboring FL1 moieties
than that in the crystal of syn-1. Thus, the softness of anti-1 crystal structure is lower
than that of syn-1. As a result, the intracrystalline CL reaction of anti-1 is slower and
the crystal of anti-1 is more resistant to collapse of the crystalline state during the
progress of the reaction.

Because the CL intensity corresponds to the amount of decomposition of the
reactant per unit time, the duration of the CL emission and the magnitude of CL
intensity indicate the continuity and rate of the reaction, respectively. Figure 9.12
shows the plot of CL intensities as a function of time for the reactions of syn-1 and
anti-1 crystals heated to 140 and 160 °C, respectively. In contrast to the first-order
reaction kinetics of the CL reaction of syn-1 in solution, the crystalline-state kinetics
data showed a nearly constant CL intensity for 10 min, followed by decay. In the case
of anti-1, a gradual increase in the CL intensity was observed for 15 min, followed
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Fig. 9.11 Crystal structures of syn-1 and anti-1
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by rapid decay. In large crystals such as the LHP crystals, the CL reaction will begin
from the heating surface where the crystal is in contact with the heater. Because the
syn-1 and anti-1 crystals are in the size range of 1—300 pm, it is expected that the
entire crystal will reach the desired temperature immediately after the heating has
begun, resulting in instant CL reactions. However, a nearly constant CL intensity for
syn-1 and the gradual increase in the CL intensity for anti-1 were observed during the
time range f.. These data indicate that the CL reaction exhibits zero-order kinetics, in
which the reaction rate is independent of the concentration of the reactant; a constant
number of the reactant molecules per unit time and per unit volume undergo the CL
reaction (Fig. 9.13). The gradual increase in the CL intensity observed for anti-1
suggests that in addition to exhibiting zero-order kinetics, the reaction is accelerated
owing to the generated products. Therefore, the crystal structure of the reactant is
maintained until the product accumulation reaches a certain threshold, beyond which
a phase transition to the molten state occurs in both syn-1 and anti-1 (Fig. 9.14).

To confirm the zero-order kinetics of the CL reaction in crystals, it is necessary
to analyze the reaction kinetics in a single crystal. Matsuhashi et al. investigated the
CL reactions of a single crystal of Adox, which has a crystal size of 10—1000 pm
[57]. When a single crystal of Adox was heated to 140 °C, the CL intensity remained
constant for 20 s to 10 min after the heating had begun and then decayed with
time. Morphological observations of the heated crystals indicate that during the time
interval of constant CL intensity, the crystalline state was maintained and the decay of
the CL intensity correlated with the crystals being finely crushed. Because the values
of the constant CL intensities are proportional to the volumes of the crystals used,
it was concluded that the reaction rate depended on the number of molecules in the
crystal. The constant CL intensity indicates that the CL reaction exhibits zero-order
reaction kinetics.
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reaction of syn-1 crystals W 0’\@13. e i O
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Fig. 9.14 Phase transitions induced by the accumulation of the products for the crystalline-state
chemiluminescence reactions of syn-1, anti-1, cis-syn-2, and cis-anti-2

The Johnson—Mehl-Avrami-Kolmogorov (JMAK) model, which was proposed
for the kinetics of crystalline phase transitions, was used to analyze the CL reaction
in a single crystal of Adox. The zero-order reaction kinetics were confirmed by
the analysis with the Sharp-Hancock equation for the JMAK model. After that, the
first-order-like kinetics of the reaction were observed when the crystal was finely
crushed. The CL reaction of Adox with a powder sample obtained by grinding bulk
crystals also showed a first-order-like kinetic decay of the CL intensity, indicating
that the reaction exhibits zero-order kinetics only with crystals of a certain size. The
minimum compartment size of a reactant cluster in a crystal to exhibit zero-order
kinetics will depend on the properties of the crystal (Fig. 9.13). Thermophysical
measurements confirmed that a constant thermal diffusivity was maintained in the
inside of a single Adox crystal during the zero-order reaction kinetics, indicating that
the reaction field in the crystal was homogeneous and has become a thermal steady
state. The accumulation of AdCO during the progress of the CL reaction causes
crystal fracturing, which induces a change in the reaction kinetics.
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The heated crystals of syn-1 and anti-1 showed a phase transition to the molten
state induced by the accumulation of the products (Fig. 9.14). In the case of the
di-substituted derivative 2, which has two FL2 side chains, only one type of the
product, AdCO-FL2 was produced by the CL reaction. Thus, the crystalline-state
CL reactions of 2 were expected to show a change in the phase transition behavior.
Solid-to-solid phase transitions were observed in the CL reactions of cis-syn-2 and
cis-anti-2 in the crystalline state [56]. The crystals of cis-syn-2 contain methylene
chloride and n-hexane as crystalline solvents. When the crystals of cis-syn-2 were
heated to 130 °C, desorption of crystalline solvent molecules occurred during the first
15 min accompanied by a significant increase in the CL intensity. Thus, heating the
crystals induced a transition from the crystalline phase containing crystalline solvents
to the crystalline phase without the crystalline solvents (Fig. 9.14). Desorption of the
crystalline solvents caused a change in the crystalline environment resulting in bent
crystals and caused the acceleration of the CL reaction. In the subsequent 3 h, the
accumulation of the product induced a transition from the crystalline phase without
the crystalline solvents to the amorphous phase (Fig. 9.14) which correlated with a
gradual increase in the CL intensity. The CL emission also showed a spectral change
accompanied by these phase transitions, indicating that the molecular environment
in the crystal was continuously changed by the phase transitions. The solvatochromic
fluorescence property of the FL2 moiety in 2 and that of AdCO-FL2 were utilized
to monitor the change in the intracrystalline environment. In contrast, the crystal
of cis-anti-2 heated to 160 °C maintained its crystal structure until 4 h of heating
while the CL reaction progressed. The schematic diagram of the progress of the
crystalline-to-crystalline phase transition from the phase of cis-anti-2 to the phase
of the mixture of cis-anti-2 and AdCO-FL2 is shown in Fig. 9.14. During this phase
transition, the intensity and the maximum wavelength of CL showed a characteristic
change with time.

The relationship between the progress of an intracrystalline reaction and a phase
transition has been first reported in the denitrogenation reaction of triazoline deriva-
tives in crystals [58, 59], but more information is required to establish a general theory
to explain the phase transition mechanisms. The data of phase transitions obtained
by the crystalline-state CL reactions of 1 and 2 provide a basis for analyzing the
relationship between the accumulation of the products and the lattice energy, as
the accumulation of the products leads to the destruction of the crystal lattice. The
relationships between the phase transitions and the kinetics of the CL reactions of
cis-syn-2 and cis-anti-2 remain unclear. They are next challenging problems.

The CL reactions of Adox and its derivatives 1 and 2 proceed within a temperature
range in which the crystalline states were maintained. Thus, they are soft crystal CL
systems. However, if a crystal has a low melting point, its intracrystalline reactions
cannot be studied by heating at a temperature above its melting point. Furthermore,
a crystal lattice may reduce the reactivity of a CL substrate. For example, the ther-
molytic reaction of DPA endoperoxide (Fig. 9.7) does not proceed in the crystalline
state when heated to 160 °C for 1 min, while its lifetime in solution is estimated to be
only a few seconds at 160-200 °C. Interestingly, a crystal sample of DPA endoper-
oxide heated to 200 °C resulted in a singlet oxygen emission and the melting of
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the crystal, indicating that the CL reaction proceeds with breaking the crystal lattice
[60]. Thus, the crystal lattice structure has an important role to govern the reactivity
by restricting the molecular motion for the reaction.

In this section, it was confirmed that the crystals of Adox and its derivatives 1
and 2 are soft crystals, which can undergo thermolytic reactions within the crystals.
Hence, they are soft crystal CL systems, in which ongoing CL reactions can be
tracked in real time by photon detection. The real-time analyses of their CL reactions
provided valuable information on the intracrystalline reaction kinetics and the phase-
transition inductions by the reaction progress, while there are still many unsolved
problems described above. To establish the reaction theory to explain the relationships
between crystal structures and reactivities, the energetics and kinetics of reactions, it
is necessary to accumulate more data of intracrystalline reactions. For this purpose,
the crystals of Adox and its derivatives 1 and 2 will be useful as role models to
design novel soft crystal CL systems. Furthermore, it is expected that soft crystal CL
systems exhibit molecular functions such as a stimulus-responsive property based on
the unique CL reaction properties within the crystals. We expect further development
of the chemistry of soft crystal CL systems learned from this text.
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