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ABSTRACT: Heptazine derivatives have attracted significant inter- 1 [
est due to their small S;-T gap, which contributes to their unique @ ¢
elec‘tronic and optical prqperties. However, the nature of the lowgst NJN:N JN\N A
excited state remains ambiguous. In the present study, we characterize O)QN)QNJ\E:L
the lowest optical transition of heptazine by its magnetic transition P RN
Monomer ¥

dipole moment. To measure the magnetic transition dipole moment,
the flat heptazine must be chiroptically active, which is difficult to
achieve for single heptazine molecules. Therefore, we used supra-
molecular polymerization as an approach to make homochiral stacks
of heptazine derivatives. Upon formation of the supramolecular
polymers, the preferred helical stacking of heptazine introduces
circular polarization of absorption and fluorescence. The magnetic
transition dipole moments for the S; < Syand S; — S, are determined to be 0.35 and 0.36 Bohr magneton, respectively. These high
values of magnetic transition dipole moments support the intramolecular charge transfer nature of the lowest excited state from
nitrogen to carbon in heptazine and further confirm the degeneracy of S; and T.

u0.2D

B INTRODUCTION longer negligible compared to the wavelength of light. The
magnetic transition dipole moment (m) describes the circular
component of the change transfer, indicating the rotation of
electrons during the transition; thus, is crucial for unveiling the
nature of the lowest excited state.'’ In a truly breathtaking
development over the last few years, improvements in synthesis
have resulted in molecules with chromophoric centers
containing sp® hybridized atoms with high m.'"*™*" These

In organic molecular materials, the mean free path of an
electron is usually severely limited, and its angular momentum
is heavily quenched.' Quantum Hall effects, topologically
protected conduction states, and other quantum conduction
phenomena are practically impossible to realize with organics.
The limited size of the molecules, strong coupling with

vibrations, and an abundance of crystal defects are to blame. largel oated ch h intrinsically chiral and
To improve electron delocalization, there is a global effort to gy comjugated CAromophores are ntrinsically chural an

design and synthesize molecules with monodisperse mass are the result of the impressive synthesis and separation of
distribution and extended conjugation.”~” enantiomers. The magnetic transition dipole moment of the

Among extended conjugated carbon nitrides, heptazine has enantiomers of chlral mc?lecu!es can be quantitatively
L L . . determined from circular dichroism spectroscopy. To date,
garnered significant attention in recent years owing to its

. ) . . . the determination of the magnetic transition dipole moments
unique electronic and optical properties, for instance, thermally of molecules with flat 7 svsters remains challeneine. especiall
activated delayed fluorescence (TADF).”” By designing Y §ing esp U

specific structures, inverted singlet and triplet excited states for heptazine, which presents a synthetic challenge when

. ) ttempting t te chiral variants.
are proposed, which breaks Hund’s rule.'”'' Furthermore, attemphing fo generate ciiral variants .
) I - . . Supramolecular chirality, which refers to the nonsymmetric
heptazine derivatives find applications in various fields, for

. . s — . arrangement of molecules within a noncovalent system,>”>®
instance, photocatalysis of water splitting.”'>~"> These unique 8 ystem,

: ; . . emerges as one of the most promising approaches for
electronic and optical properties are closely related to its & P & P

lowest excited state.*”"* However, the precise nature of the

lowest excited state of heptazine remains unclear. Received:  February 12, 2024
The magnetic transition dipole is among the first-order Revised:  May 15, 2024
terms in a series expansion of the interaction of the molecule Accepted:  May 16, 2024

underdoing the transition with the electromagnetic field.'® As a Published: May 30, 2024

result, it reflects the nonlocal response of the molecules that is
expected when the coherence length of the wavefunction is no
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Figure 1. (a) Molecular structure of S-H and cartoon of a supramolecular polymer of S-H with circularly polarized luminescence (CPL) (b)
Concentration-dependent UV—vis absorption spectra of S-H (10—240 uM) in toluene, inset: &€ at 375 nm of S-H in toluene at different
concentrations, and (c) enlarged spectra between 400 and 525 nm. (d) CD and UV—vis absorption of toluene solution of S-H in the 1 mm cuvettes
at 10 and 160 uM, separately. Inset: CD and UV—vis absorption spectra at the region of 400—525 nm. (To increase the resolution of spectra at the
400—52S nm region, the samples were measured in a 1 cm cuvette). (e) Values of dissymmetry factor of absorption (lg,,,/) of S-H in toluene at
different concentrations. (f) CD spectra of a toluene solution of S-H (160 #M) upon cooling with a rate of =2 K min™".

5-38
? Supramolecular

chiroptoelectronic®® and spintronics.
polymers, as one-dimensionally ordered assemblies,””*" are
one of the best systems for introducing supramolecular
chirality.*' = They are formed by noncovalent bonding and
therefore have significant advantages in terms of dynamics and
pathway complexity.** ™" Their high degree of tunability and
versatility provides a valuable complement to traditional
covalent polymers and contributes to the creation of adaptive
systems and innovative materials.”' ~>°

In the present study, we show that supramolecular
polymerization can induce a high circular polarization in the
optical transition between the ground and the lowest excited
singlet state and thus reveal the spatial coherence of the
electronic states of molecules. The achiral heptazine core was
substituted with chiral alkyl chains, which offer a chiral bias to
the helical stacking of heptazine (S-H) (Figure la). The
resulting supramolecular polymer exhibits circularly polarized
absorption and fluorescence with high dissymmetric factors.
The dissymmetric factor and quantum yield of the solution can
be controlled by altering the ratio of the solvent mixture.
Notably, the resulting high degree of circular polarization in
the optical transition between the ground and lowest excited
singlet state offers a method to characterize the magnetic
transition dipole moment through supramolecular polymer-
ization.

B RESULTS AND DISCUSSIONS

The synthesis of S-H is detailed in the Supporting Information.
The assembly behavior of S-H was studied in toluene by using
circular dichroism (CD), UV—vis absorption, '"H NMR, and
FT-IR spectroscopy. The absorption spectrum of monomeric
dissolved heptazine shows a strong S, < S, absorption band at
300—375 nm and a very weak S; « S, absorption band at
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420—515 nm with molar extinction coefficients (&) of 1.2 X
10° and S X 10* M™! cm™}, respectively, which is comparable
with other heptazine derivatives (Figure 1b,c).” Concentration-
dependent UV—vis spectroscopy measurements in toluene
revealed a broadening of the absorption band of S, < S, with a
clear isosbestic point at 351 nm (Figure 1b) due to
aggregation, while the shape of the band of S; « S, remained
consistent (Figure 1c). The critical aggregation concentration
(CAC) of approximately S0 uM was determined based on the
sharp transition observed in the curve of absorption as a
function of concentration (Figure 1b). The formation of one-
dimensional aggregates was confirmed by the atomic force
microscopy (AFM) studies, in which the diameter of fibers is
around 1.2 nm (Figure S1). This diameter closely corresponds
to the distance between the center N atom in the heptazine
core and the terminal C atom of the alkyl chain in the
molecule.

Above the CAC, toluene solutions of S-H exhibit CD signals
at both bands (Figure 1d), suggesting the formation of chiral
supramolecular polymers. Changes in the CD signal and UV—
vis absorption spectra can be reversibly controlled by heating
and cooling (Figures 1f and S2). Plotting the CD signal at 360
nm against different temperatures results in a nonsigmoidal
curve with a sharp transition at T, (Figure S3). To analyze the
cooling curves of S-H at different concentrations, we employed
a thermodynamic mass-balance model (details in SI). The
fitting results revealed that the supramolecular polymerization
of S-H follows a cooperative mechanism, characterized by an
elongation enthalpy AH, of —49.2 kJ mol™!, an entropy AS of
—84.0 J mol™! K™', and a nucleation penalty (NP) of 10.2 kJ
mol™' (Table S1). We further measured the FT-IR spectra of
S-H in toluene, which indicated the presence of hydrogen-
bonded species in the solution, as evidenced by the N—H

https://doi.org/10.1021/jacs.4c02174
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Figure 2. Normalized absorption (gray curve), excitation (green curve), and emission spectra (orange curve) of (a) S-H monomer (10 gM) in
deaerated toluene and (b) supramolecular polymer of S-H (10 4M) in deaerated toluene/MCH (1/3). g,,, and g, wavelength curves of the (c) S-
H monomer in toluene and (d) the supramolecular polymer of S-H in deaerated toluene/MCH (1/3).

stretching vibration at 3257 cm™' and the C=O stretching
vibration at 1625 cm™" (Figure S4). Temperature-dependent
"H NMR spectra revealed the upfield shifts of aromatic protons
(H* and H") upon cooling, suggesting the occurrence of 7—7
stacking among these phenyl groups (Figure SS). Therefore,
the heptazine monomers are stacked on top of each other
through 7—n stacking and hydrogen bonding to form
homochiral supramolecular polymers, following a cooperative
mechanism.

When fully aggregated, the dissymmetry factor of the S to S;
transition (g,,) is —0.067 (Figure le), which is much larger
than that of the S, to S, transition (g,,, = 0.001). Usually, the
pure magnetic dipole transitions in the optical frequency range
are extremely weak in intensity. Then the associated magnetic
transition dipole moment is difficult to determine because
extremely small perturbations of the molecular structure (e.g.,
molecular vibrations) can lead to the mixture of an excited
state with an electronic dipole-allowed transition. As a result of
this mixing of excited states, the original transition probability,
due to the magnetic dipole, can easily be overwhelmed by the
admixed electronic dipole strength. However, the significant
Zaps of S-H suggests a magnetically allowed transition between
S, and S, offering the possibility to determine the magnetic
transition dipole moments.

For determining the magnetic transition dipole moment, we
assume Dj symmetry for the heptazine molecule in the helical
aggregate and the lowest excited singlet state of the z—n*
nature. The lowest 7—7* state must then have A, symmetry in
order to be connected to the ground state (S,) via a magnetic
dipole-allowed transition. A, symmetry for the lowest excited
singlet state is consistent with recent quantum chemical
studies.”” The transition between the S, and S,(A,) excited
states is also electric dipole allowed. Both m and p are parallel
to the 3-fold symmetry axis and thus the angle between m and
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} can be taken zero. Lastly, when evaluating the magnitude of
the component of y parallel to the 3-fold axis, contributions to
the total electric dipole in a direction perpendicular to the axis
induced via vibronic mixing should be eliminated. This is
possible because these in-plane components only contribute to
the higher vibronic transitions and a procedure to eliminate
these contributions is known.*®

Therefore, we calculated m;._,, through the following
functions: '

_ 2(g — &) _ 4eIm(imy _o i, )
b g ey i+ P (1)

Here Ae = g - & denotes the circular differential molar
decadic extinction coefficient, ¢ is the speed of light, m, _, and
H 1<0
moments for the transition from the singlet ground state O
to the lowest excited singlet state 1. The sign “Im” indicates
that the imaginary component should be taken. From §; to S,
the electronic dipole moment y; ., was determined to be 0.18
D, and the magnetic transition dipole moment m; _,, was
determined as 0.35 Bohr magneton (see details in SI).

For the fluorescence associated with the reverse transition
from S, to Sy, we studied the circular polarization, the decay
after pulsed excitation, and the quantum yield. The emission
and excitation spectra of S-H were measured in deaerated
toluene. Monomerically dissolved S-H (10 uM) displayed two
excitation bands at 420—515 and 300—375 nm (Figure 2a).
Upon excitation, S-H emitted green light, with a maximum at
537 nm in the emission spectra (Figure 2a). Monomeric
dissolved S-H did not exhibit circular dichroism (CD) or
circularly polarized luminescence (CPL) due to its inherent
symmetry of the heptazine core and lack of absorption in the
UV—vis region of the chiral alkyl chains. Consequently, both

are the magnetic and electronic transition dipole

https://doi.org/10.1021/jacs.4c02174
J. Am. Chem. Soc. 2024, 146, 15843—15849
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Figure 3. (a) Quantum yield (®) and dissymmetric factors (lgy,,/) of S-H (10 yM) in the toluene/MCH with different solvent ratios. (b)
Photoluminescence traces of S-H monomer (10 yM) in deaerated toluene and supramolecular polymer (10 mM) in deaerated toluene and (10
uM) in deaerated toluene/MCH (1/3). (c) Distribution of electron density in HOMO and LUMO of S-H calculated at the hybrid-B3LYP level.

values of g,,, and g, were found to be zero (Figure 2c). In
toluene, a high concentration of S-H is required to obtain a
high degree of aggregation. This high concentration of 5—10
mM hindered accurate CPL measurements due to self-
absorption and nonpolarized emission contributed from
monomers (Figure S6).

To increase the degree of polymerization at lower
concentrations, we introduce MCH as a cosolvent. In the
mixture of toluene and MCH, UV absorption and CD intensity
of S-H (10 uM) at 360 nm exhibit an increasing trend until
MCH exceeded 60% (v%) and then leveled off until MCH
exceeded 80% (Figure S8), which suggests that S-H was fully
aggregated in solvent mixtures containing 60%—80% of MCH.
Therefore, we used solvent mixtures containing 75% of MCH
(toluene/MCH = 1/3) for the following study. The emission
spectrum shows a band centered at 537 nm, the same band as
that of the monomer (Figure 2b). Unlike the S-H monomer,
the supramolecular polymer exhibits intense CPL emission
(Figure S7). The maximum values of g, and g, were
determined to be —0.078 and —0.068, respectively (Figure 2d).
Interestingly, we found that the g, of S-H increased with the
ratio of toluene/MCH until 1/3, after which the g, decreased
slightly, while the quantum yield (®) decreased from 33% to
4% as the MCH ratio increased (Figure 3a). These alterations
in photophysics may be attributed to the degree of supra-
molecular polymerization (Figure S10). Time-correlated
single-photon counting studies revealed a multiexponential
photoluminescence decay with two distinct emission lifetimes:
54 and 162 ns of supramolecular polymer in the deaerated
toluene/MCH with a ratio of 1/3. After obtaining the data, we
calculated m;,_,,, through the following functions:

— 2(11, - IR) — 4cIm(r711_>0-ﬁ1_)0)
lum I +1 I Lol + i, o

)

Here, 7, and fi,_ correspond to transition dipole
moments for the emissive transition from the lowest excited
singlet state back to the ground state. The electronic dipole
moment ., was determined to be 020 D from the
fluorescence decay curve and quantum yield via the Strickler—
Berg equation (details in SI). Then, the magnetic transition
dipole moment m,_,,, was determined as 0.36 Bohr magneton,
which is close to 0.35 Bohr magneton of m;. .. These values
are also consistent with the result of 0.4 Bohr magneton from
quantum chemical calculation of the magnetic transition dipole
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moment of the heptazine moiety (CsH;N, 1,3,4,6,7,9,9b-
heptaazaphenalene) with D, symmetry (see details in SI).
These results confirm that the transition between the lowest
excited states and the ground state is electronically forbidden
but magnetically allowed.

Multiexponential photoluminescence decay was also ob-
served for the monomer of S-H in deaerated toluene with two
emission lifetimes of 122 and 351 ns (Figure S13). In the
presence of oxygen, the lifetimes of the S-H monomers slightly
decrease to 104 and 237 ns, respectively (Figure S13). The
emission quantum yield (®) decreased from 33% in deaerated
toluene to 25% in aerated toluene due to the quenching of
triplet excited states by oxygen (Figure 3a). The emission
spectrum of S-H remains the same in the presence of oxygen
(Figure S12). The small influence of the oxygenation of the
sample on the decay of the fluorescence and @ suggests that
the TADF slightly contributes to the emission. Temperature-
dependent photoluminescence decay revealed a slight increase
of 7 upon cooling, suggesting that nonradiative decay is
suppressed at low temperatures (Figure S14). In deaerated
toluene, the emission lifetimes of supramolecular polymers of
S-H were determined to be 62 and 209 ns, whereas in the
deaerated toluene/MCH (1/3), the lifetimes were found to be
54 and 162 ns (Figure 3b). Both of them are shorter than the
lifetimes of monomers. The reduced lifetime and @ of
supramolecular polymers indicate faster nonradiative decay in
the aggregates. In the presence of oxygen, the lifetime and @ of
supramolecular polymers slightly decrease (Figures S15 and
S16), which is consistent with the behavior of monomers and
suggests the limited contribution from TADF.

To gain further insights into the photophysics of S-H, its
electronic structure was calculated using time-dependent
density functional theory (TDDFT) with the three-parameter
Becke—Lee—Yang—Parr hybrid density functional (hybrid-
B3LYP). The highest occupied molecular orbital (HOMO)
was found exclusively located on the peripheral nitrogen atoms
of the heptazine core, with some on the benzoic amide
substituents (Figure 3c). Conversely, the lowest unoccupied
molecular orbital (LUMO) is primarily distributed on the
carbon atoms and the central nitrogen atom of the core. This
negligible overlap between the HOMO and LUMO indicates
an intramolecular charge transfer nature of the lowest excited
state from nitrogen to carbon, which led to a small electronic
transition dipole moment but a large magnetic transition
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dipole moment between the S, and S, states. The small
electronic transition dipole moment was consistent with the
low molar extinction coefficient observed in the UV—vis
absorption spectra for the band centered at 465 nm. At the
same time, the significant difference in charge distribution on
carbon and nitrogen atoms results in a very low exchange
energy and an extremely narrow energy gap between the §;
and T, states.

B CONCLUSION

Incorporating the planar heptazine chromophore into a
homochiral supramolecular polymer results in a high degree
of circular polarization in the optical transition between the
ground and the lowest excited singlet state. From the circular
polarization, the magnetic transition dipole moment for this
forbidden transition can be determined and is found to be a 0.4
Bohr magneton. The high value of the magnetic transition
dipole moment is consistent with the limited overlap of
HOMO and LUMO orbitals and the intramolecular charge
transfer nature of the lowest excited state from nitrogen to
carbon. This spatial separation of the orbitals is responsible for
the small singlet—triplet energy splitting and the charge
transfer nature. The present study offers a method for probing
the lowest excited states of conjugated flat chromophores with
a magnetically allowed transition via supramolecular polymer-
ization. We propose that such a photophysical understanding
will pave the way for designing heptazine-based chiral materials
for spin-controlled reactions such as water splitting.
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