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Graphitic carbon nitrides (GCNs) have garnered broad research interest due to their potential in various applications. This

study reveals a unique characteristic of heptazine, a repeating structural unit of GCN. Heptazine-trialkoxyl, Hz(OR)s,

undergoes nearly quantitative isomerization to trialkylheptazine-trione, HzZTO-R3, under solvent-free conditions. While most

of quantitative isomerization proceeds intramolecularly, this isomerization occurs through intermolecular rearrangement

reactions. The isomerization introduces three carbonyl groups, drastically altering the physical properties of the parent

molecules and making them ideal for stimuli-responsive materials. Since this isomerization proceeds efficiently under

solvent-free conditions, it can potentially be integrated into GCN-based materials, offering significant promise for the

development of novel GCN-based materials and their applications.

Introduction

Graphitic carbon nitride (GCN) is a graphene-like two-
dimensional polymer, composed exclusively of carbon and
nitrogen atoms. Since the metal-free photocatalytic properties
of GCN were first reported in 2009, researches of GCN have
experienced explosive growth.2® Now, its applications have
expanded far beyond catalysis, with developments in various
areas such as electrode materials leveraging its two-
dimensional structure.”? However, challenges remain in
achieving uniform synthesis of GCN, and its insolubility in
common solvents hampers detailed structural analysis.1%13 As a
result, fundamental properties of GCN have not been fully
elucidated in contrast to the remarkable development of its
applications. GCN is known to exist in two forms, characterized
by repeating structures of heptazine and triazine units,
respectively.’* 1> Recently, the unique properties inherent to
these structural units have begun to emerge. Specifically,
triazine has been reported to form dynamic covalent bonds
based on nucleophilic aromatic substitution (SnAr) reactions,®
17 enabling the development of recyclable and malleable
thermosets that capitalize on this feature.'® Meanwhile, our
research group successfully synthesized a cyclic triazine
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trimer—a repeating structural unit of triazine-based GCN—for
the first time and reported its exceptional basicity coupled with
anion-Tt interaction.'® Furthermore, we substantiated unusual
photophysical properties in heptazine, where the energetic
levels of singlet and triplet excited states are inverted, making
it an ideal candidate for OLED light-emitting materials.2° These
newly emerging properties, originated in the conjugated
structure of alternating carbon and nitrogen, indicating
significant potential for further advancements in GCN-based
materials. In this study, we report on the structural
isomerization of  trialkoxy-heptazine (Hz(OR)3) into
trialkylheptazine-trione (HzTO-R3) that proceeds almost
quantitatively under solvent-free conditions (Fig.1). The
isomerization progresses independently for each alkoxyl group,
and in Hz(OR)s;, it takes place consecutively three times,
ultimately resulting in the formation of three carbonyl groups in
the final isomerized products. Furthermore, detailed
experimental analysis unveiled that this isomerization proceeds
through intermolecular reactions. Generally, intramolecular
reactions tend to proceed faster than intermolecular reactions,
with fewer side reactions and higher yields. Notably, despite
being an intermolecular reaction, the isomerization of Hz(OR)s
achieves a remarkably high yield. Given its efficient progression
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Fig. 1 Schematic illustration of structural isomerization of
Hz(OR); to HzTO-R3(C;) and HzTO-R;(Ca).
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under solvent-free conditions, this isomerization reaction holds
significant promise for the development of stimuli-responsive
materials, as well as for further advancements in GCN-based
materials.

Results and Discussion

Isomerization is the process by which a molecule is
transformed into another molecule with the same chemical
formula but a different structure. Since the physical properties
of a molecule depend on its structure, if isomerization can be
spatiotemporally controlled, it will become a powerful tool for
stimuli-responsive materials. Isomerization is classified into
structural (constitutional) isomerization and
stereoisomerization.?2* The former brings about changes in
the bonding of functional groups and atoms, while the latter
alters the orientation of atoms in three-dimensional space. In
the context of materials,
stereoisomerization is more commonly utilized than structural
isomerization. A prominent the cis-
trans isomerization of azobenzene, which undergoes reversible
transformations in response to light and heat stimuli.2> 26 This
property has made azobenzene derivatives highly versatile for
applications such as film actuators, molecular switches, and
optoelectronic smart materials.?> 27-2° In contrast, structural
isomerization, such as the Cope and Claisen rearrangements,
are primarily employed as tools in organic synthesis rather than
in material design.3%34 To the best of our knowledge, only
proton transfers—specifically excited-state intramolecular
proton transfer (ESIPT), which involves the smallest structural
changes—are widely utilized in stimuli-responsive materials.3>
36 This distinction likely arises from the fact that structural
isomerization involves bond cleavage and reformation, which
restricts its reaction conditions and makes it challenging to
integrate into material design. isomerization
involving significant changes in molecular architecture has the
potential to induce substantial alterations in material
properties. Therefore, the discovery of large-scale structural
isomerization processes applicable to stimuli-responsive
materials could significantly advance the field of materials
science.

During our previous study,?® we observed an unusual
thermal behaviour in Hz(OR)s. Specifically, when Hz(OBu)s; was
characterized using differential scanning calorimetry (DSC) (Fig.
2a), an endothermic peak corresponding to melting was
observed at approximately 120 °C, followed by a pronounced
exothermic peak at around 240 °C during the first heating
process. Notably, no peaks were observed in subsequent
heating cycles. However, when Hz(OBu); was heated and cooled
between 0 °C and 150 °C, the melting/crystallization peaks
around 120 °C were consistently observed during both the
heating and cooling processes (Fig. S28). This clearly indicates
that the exothermic peak observed around 240 °C corresponds
to an irreversible change in Hz(OBu)s. Initially, we assumed that
Hz(OBu)s underwent thermal decomposition around 240 °C,
leading to the exothermic peak in the DSC chart. However,
thermogravimetric analysis (TGA) confirmed that no significant
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Fig. 2 (a) DSC curves of Hz(OBu); obtained at a heating/cooling
rate of 10 °C min™. (b) TGA curve of Hz(OBu)s. (c) LC
chromatograms of Hz(OBu)s before and after heating at 250 °C
for 30 minutes.

weight loss occurred below 260 °C (Fig. 2b), ruling out the
possibility that the observed exothermic peak results from
simple thermal decomposition of Hz(OBu); into smaller
fragments.

To understand this thermal behaviour, Hz(OBu); was heated
at 250 °C for 30 min and characterized by liquid
chromatography-mass spectrometry (LC-MS) (Fig. 2c). As
shown in Fig. 2c, the peak corresponding to the starting
material, Hz(OBu);, disappeared completely, and two new
peaks appeared in an approximate 3:1 ratio. Mass spectrometry
(MS) revealed that the chemical formula of these new products
were identical to the original compound. This strongly suggests
that the structural isomerization occurred under solvent-free
conditions, resulting in the formation of two structural isomers.
Interestingly, after the isomerization, only two peaks were
observed in LC chromatogram, and their combined isolation
yield exceeded 95% (Supplemental Table 1), indicating that the
isomerization proceeded almost quantitatively under solvent-
free conditions.

The resultant two isomers were isolated by column
chromatography and were characterized by NMR spectroscopy
(Figs. S23-S26). H and 13C NMR spectra clearly reveal that the
product corresponding to the smaller peak in LC chromatogram
(Fig.2c) has Cs-symmetry, similar to the starting material,
Hz(OBu);, while the symmetry of the larger appears to be
significantly lower than C; due to the presence of multiple

This journal is © The Royal Society of Chemistry 20xx
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that the isomerization proceeds via intramolecular

(E)/\O o fe) o . . . . . .
(/L L by L L e rearrangements, as illustrated in Fig. 3a. While this mechanism
NJ\N I . — NiNj"\N — Nj‘\Nj"\N — NiNj'\N/\ can explain the formation of the C; isomer, it cannot account for
IBNENy OJ G i;U\\NJ\OJ o \NC' » Ao the formation of the C; isomer. Hence, to explain the formation
g « P U of the C; isomer, we reconsider the possible reaction pathways
Isomer (1) Isomer () (CJJST“’(’)‘G';(?Z’)) and propose the intermolecular rearrangement reaction, as

= HzTOA
(b) O e e shown in Fig. 3b. Here, it is assumed that the reaction proceeds
o ° |-;\ N\(O L i J in a concerted manner. However, in this study, the reaction
N N

LN N) NN L mechanism has not been fully elucidated, and the possibility
N)\N Ca (N ) Nj o \N,go x2 that the reaction proceeds in a stepwise manner is not ruled
o)jl \NJioj\ out. It is clear that C; isomers cannot be formed without
y C,-Isomer (3¢) intermolecular reactions. To verify that the reaction proceeds
Isomer (2%) (= HZTOR; (Cy)) intermolecularly, we conducted a control experiment in which

Fig. 3 Proposed (a) intramolecular reaction pathway and (b)
representative intermolecular reaction.

peaks. Based on the number of peaks and their chemical shifts,
we concluded that Hz(OBu); was transformed into two
structural isomers, HzZTO-Bus(C;) and HzTO-Bus(C3), as depicted
in Fig. 1. The labels "C;" and "C3" were used to distinguish the
two isomers based on their molecular symmetries. The
transformation of Hz(OBu)s into HzZTO-R3(C;) and HzTO-R3(C3)
involves the cleavage and reformation of covalent bonds.
Initially, based on the high isomerization yield, we hypothesized

two trialkoxy-heptazines with different alkyl chain lengths,
Hz(OPr)3 and Hz(OBu)s, were mixed in a 1:1 ratio and heated at
250 °C for 30 minutes. This was done regardless of whether the
reaction proceeds via a concerted or a stepwise mechanism. If
the isomerization proceeds solelyvia the intramolecular
reactions, this mixed sample would yield four products; HzTO-
Pr3(C;), HZTO-Pr3(Cs), HzZTO-Bus(C;) and HzTO-Bus(Cs3). On the
other hand, if the isomerization proceeds via intermolecular
reactions, twelve kinds of the products would theoretically be
synthesized (Fig. 4). As shown in Fig. 4a, the resultant LC
chromatogram of the mixed sample displays exactly twelve
peaks. With the help of MS analysis, all of the observed peaks
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Fig. 4 (a) LC chromatograms of Hz(OBu)s (green) and Hz(OPr)s (orange) before heating, and the 1:1 mixture of Hz(OBu)s and Hz(OPr);
(blue) after heating at 250 °C for 30 minutes. (b) Molecular structures assigned to the peaks observed in (a).
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were assigned to these twelve isomers (Fig. S33-1 — S33-8).
Hence, it is evident that the isomerization of Hz(OR);3 proceeds
via intermolecular reactions. However, this result alone cannot
exclude the possibility that intramolecular reaction occur
alongside the intermolecular reaction. To address this,
Hz(OBu)s was heated under the dilute conditions in toluene at
250°C (under high pressure) for 30 minutes but no reaction
occurred, indicating that the intramolecular reaction, as
depicted in Fig. 3a, is not involved. Therefore, we conclude
that the observed isomerization proceeds exclusively via the
intermolecular reaction mechanism.

Hz(OMe); Isomer (1%t) Isomer (2") Cs-Isomer (3') C;-Isomer (3)
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Fig. 5 Energy diagram of Hz(OMe); and its corresponding
structural isomers.

Next, we investigated the driving force behind this
isomerization using DFT calculations (Fig. 5). Since the chemical
formula of the isomers are identical, it is possible to directly
compare their thermodynamic stabilities. The thermal free
energies at 298 K were estimated by DFT calculations at the
B3LYP/6-31G(d) level. As a result, it was revealed that the
thermodynamic stability increases as the isomerization
proceeds. This increased stability is attributed to the formation
of carbonyl groups, which is known as the thermodynamically
stable functional groups. On the other hand, the DFT
calculations indicate that C; isomer is more stable than C;
isomer by 5.6 kcal/mol. However, the yield of C; isomer is
almost three times larger than that of C;isomer. As discussed in
Supplementary Note (1), if the alkyl chain transfer occurs
randomly without positional selectivity, C; and C; isomers are
formed in 3:1 ratio statistically, which is consistent with the
observed HPLC Hence, we concluded that the
intermolecular rearrangements occur randomly under the

results.

conditions employed in this study. For our curiosity, we
extended the reaction time to 24 hours at 250 °C, while C;
isomer was not converted into C; isomer. Interestingly, a
detailed analysis of this energy difference reveals that the
degree of stabilization achieved from each isomerization
increases as the reaction progresses from the first to the second
and then to the third step (Fig. 5). This suggests that the second
isomerization is more likely to occur than the first, and the third
isomerization is even more likely to occur than the second. To
support this assumption, Hz(OBu); was heated at a lower
temperature, 150 °C (Fig. 6). After heating at 150 °C for 12

4| J. Name., 2012, 00, 1-3
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Fig. 6 LC chromatograms of Hz(OBu)s; (green), HzTO-Bus(C;)
(orange), and HzTO-Bus(C3) (cyan). Time-dependent HPLC analysis
of Hz(OBu); heated at 150 °C for different time; 12 hours (yellow),
24 hours (magenta), and 36 hours (blue).

hours, two new peaks were observed alongside the isomerized
products, but these peaks nearly disappeared after 36 hours,
indicating that they are intermediates of the isomerization into
HzTO-Bus(C;) and HzTO-Bus(Cs3) (like isomer(1st) and isomer
(2d) in Fig. 3a). Interestingly, although the starting material,
Hz(OBu);3, still remained after 24 hours, the sum of the peak
integration of these two intermediates was smaller than that of
the fully isomerized products. This observation aligns well with
the results of DFT calculations, suggesting that once the
isomerization begins, it is strongly driven to completion, which
accounts for the high yield and the minimal observation of
intermediates. We also conducted similar isomerization
experiments using Hz(OMe)s;, Hz(OEt);, and Hz(OPr); and
confirmed the similar quantitative isomerizations (See DSC, TGA,
LC chromatograms and isolation vyields in Supplementary
Information). On the other hand, regardless of temperature,
Hz(QiPr); consistently produced byproducts resulting from the
loss of one or two alkyl chains (Fig. S34). Since the elimination
of the alkyl chain was more frequently observed in the case of
the secondary alcohol, isopropanol, we propose that this
elimination reaction proceeds via the E2 mechanism. In the
case of Hz(OR); with tertiary alcohols, the same side reaction is
more likely to occur. It is worth noting that, in the case of
Hz(OBu)s;, side products resulting from the loss of one alkyl
chain were also occasionally observed. However, such side
reaction was suppressed by increasing the temperature and

Hz(OMe),

HzTO-Me, (C,)

HzTO-Me, (C)

Fig. 7 Electrostatic potential maps for (a) Hz(OMe)s, (b) HzTO-
Mejs (C3) and (c) HzTO-Me;s (C;).

This journal is © The Royal Society of Chemistry 20xx
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replacing the atmosphere with nitrogen. Hence, we assume
that the E2 reaction is accelerated by the presence of water
molecules.

For the application of the isomerization in stimuli-
responsive materials, significant changes in physical properties
accompanying the isomerization are highly desirable. Hence,
we scrutinized the changes before and after the isomerization.
The first noticeable, big change is the introduction of three
carbonyl groups. Carbonyl groups are polar and are known to
form dipole-dipole interactions and hydrogen bondings.3” In
fact, when calculating and comparing electron density maps, it
is evident that electron density is initially equally localized on
the peripheral oxygens and nitrogens, but shifts to the carbonyl
oxygens after isomerization (Fig. 7). Before isomerization,

Hz(OEt), HzTO-Me; (C,)
(M) 5
Hz(OMe),
@
Hz(OEt), HzTO-Me, (C5)

iers:

ARTICLE

Hz(OR); also contains three ether oxygens, but their polarity is
relatively low, and they form much weaker intermolecular
interactions compared to carbonyl oxygens.3” This assumption
is supported by the observation that the melting temperatures
of isomerized products, HzTO-Et3(C;) and HzTO-Ets3(C;) are
higher than that of Hz(OEt); by 70 °C. Similarly, regardless of the
length of their alkyl chains, the melting temperatures increased
after isomerization in all cases (Fig. S29). To understand the
origin of the enhanced intermolecular interaction between the
isomerized products, we attempted to characterize the single
crystal structures of the isomerized products and successfully
solved some of them with shorter alkyl chains such as HzTO-
Mes(C;), HzTO-Me;(C;), HzTO-Ets(C;), HzTO-Ets(C;), HzTO-
Pr3(C;), and HzTO-Pr3(C3). As illustrated in Fig. 8 and Fig.S37-542,

HzTO-Et, (C,)

HzTO-Et, (C,)

HzTO-Pr; (C;)
(9] -

HzTO-Et, (Cs) HZTO-Pr, (G,)

Fig.8 Crystal structures of Hz(OMe); (a), Hz(OEt); (b), HzZTO-Mes(C;) (c), HZTO-Mes(Cs) (d), HzTO-Et3(C;) (e), HzTO-Ets(Cs) (f), HzTO-Prs3(C;)
(g), and HzTO-Pr3(Cs) (h), blue, red, black, green, and white sphere represented nitrogen, oxygen, carbon, chlorine, and hydrogen
respectively. Hirshfeld surface analysis (dpom) of Hz(OMe)s (i), Hz(OEt); (j), HZTO-Mes(C;) (k), HZTO-Mes(Cs) (1), HzTO-Ets(C;) (m), HZTO-
Et3(Cs) (n), HZTO-Pr3(C;) (o), and HzTO-Pr3(Cs) (p). Close intermolecular contacts are highlighted in red, indicating regions of strong
interactions, while weaker or more distant interactions transition from white to blue.

This journal is © The Royal Society of Chemistry 20xx
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the resultant packing structures differ significantly depending
on the different lengths of alkyl chains. Furthermore, HzTO-
Mes(C3), HzZTO-Et3(C;), and HzTO-Et3(C3) were obtained as co-
crystals with solvent molecules. However, despite these
differences, we identified a common feature in all these crystals
in their Hirshfeld surface profiles.38 In Hirshfeld surface profiles,
red and blue regions correspond to shorter and longer contacts
than van der Waals interactions, respectively. As shown in Fig.
8c—h, all six isomerized products form strong intermolecular
interactions between the oxygen and m-plane in a similar
manner, indicating that this carbonyl-mt interaction plays an
important role in determining their packing structures. On the
other hand, we also successfully solved the single crystal
structures of Hz(OMe); and Hz(OEt); (Fig. 8 and Fig. S43). Their
Hirshfeld surface profiles revealed that both nitrogen and
oxygen simultaneously form relatively strong intermolecular
interaction with the m-plane in a similar manner between the
two crystals, although their packing arrangements themselves
are different. As mentioned earlier, due to the low polarity of
ether oxygens, we concluded that, in contrast to the carbonyl
oxygens in the isomerized products, both nitrogen and oxygen
need to interact cooperatively to form relatively stable
interactions. To support this assumption, we further
characterized the single crystals of Hz(OMe)s, HzTO-Mejz(C;),
HzTO-Me;(C;) using natural bond analysis (NBO).3° NBO analysis
allows for the identification and quantification of
intermolecular interactions. As summarized in Fig. S45-547,
NBO analysis revealed that the interactions highlighted in red
on the Hirshfeld surface profiles are electrostatic/charge-
transfer interactions between lone pairs of oxygen/nitrogen
and the anti-bonding orbital of the C-N bond in all three cases.
The magnitude of these interactions was shown to be much
larger for carbonyl oxygen, supporting the above hypothesis. It
is clear that the introduction of highly polar carbonyl groups
indeed brings significant changes to intermolecular
interactions.

Finally, we compare this study with related studies. To the
best of our knowledge, no similar isomerization of heptazines
has been reported. However, the tautomerization of Hz(OH); to
HzTO-Hs were already reported.*® 41 The equilibrium of this
tautomerization is biased to HzTO-Hs, but it is known that the
addition of a strong base, such as KOH, can revert it back to the
potassium salt of Hz(OH)s, Hz(OK)3,%° while the isomerization of
Hz(OR)3 to HzTO-R3 is irreversible. During our literature search,
we noticed that a similar type of isomerization has been
reported for triazine trioxyalkyl (Tz(OR)s3).4>%* More than 45
years have passed since the first report on the isomerization of
Tz(OR);, but the number of literatures reporting on this
isomerization is still fewer than 20. (See Supplementary
Note(2)). Furthermore, no detailed discussions on its
isomerization mechanism have been reported. In the case of
triazines, only a single type (Cs-sym) of product is formed during
isomerization, which has likely led to the assumption that the
reaction proceeds via intramolecular rearrangement reactions.
To verify the reaction mechanism, we mixed Tz(OEt); and
Tz(OPr)3 in a 1:1 ratio and heated the mixture at 250 °C for 1

6 | J. Name., 2012, 00, 1-3

hour. Gas chromatography-mass spectrometry (GC-MS)
analysis revealed the presence of products consisting of two
different alkyl chains, leading to the conclusion that the
isomerization of Tz(OR)s; also proceeds via the intermolecular
reaction mechanism (Fig. $35-536).42

Conclusions

In this study, we have reported the unique isomerization
exhibited by heptazines and elucidated its reaction mechanism.
Although a similar type of isomerization had been reported for
Tz(OR)s, it was not self-evident whether the same isomerization
would proceed in the larger n-conjugated system of heptazine. Both
triazine and heptazine are recognized as repeating structural units of
GCNs. Because it is relatively easy to combine this isomerization into
GCN-based materials, this study will contribute not only to
heptazine-based materials but also to the broader field of GCN-based
materials.
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