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Tetraazapyrene (TAP), a nitrogen-substituted analogue of pyrene, features a planar and electron-deficient
n-conjugation system, and thus can act as a n-electron-acceptor. Despite its unique electronic properties,
it remains underexplored due to synthetic challenges and limited derivatization methodologies. Herein,
we report the first report of the selective cascade bromination of the TAP core in the presence of dibro-
moisocyanuric acid, affording 4,9-dibromo-TAP as a key intermediate. This precursor was subsequently
employed to construct a novel pyrene-TAP-pyrene trimer (1), in which a central TAP core is flanked by
two pyrene units via phosphodiester linkages. Similar to its all-pyrene-based analog in aqueous medium,
this trimer undergoes temperature-triggered self-assembly via inter- and intramolecular non-covalent
interactions, leading to the formation of supramolecular polymers featured with a donor—acceptor—
donor architecture. Upon self-assembly, trimer 1 exhibits distinct optical responses, including enhanced
monomeric pyrene fluorescence and unique exciplex emission. These phenomena are attributed to
enhanced electronic interactions between pyrene and TAP cores facilitated by their close spatial arrange-
ment in the resulting nanostructures. Our findings demonstrate the reversible and tunable nature of self-
assembled nanostructures, highlighting their potential in the development of stimuli-responsive materials.
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Introduction

n-Conjugated systems have garnered significant attention due
to their tunable molecular structures and outstanding opto-
electronic properties, which make them promising candidates
for a variety of electronic and photonic applications.”™ Among
them, polycyclic aromatic hydrocarbons (PAHs) represent an
essential class of n-conjugated organic compounds, consisting
of multiple fused aromatic rings that contribute to extended
n-electron delocalization and unique electronic
characteristics.*® The structural diversity and rigidity of PAHs
allow for precise control over their electronic behavior, render-
ing them appealing in the development of organic semi-
conductors, light-emitting diodes, and photovoltaic devices.®™®
Tetraazapyrene (TAP), a nitrogen-substituted analogue of
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pyrene as a prototype of N-PAHs, is an electron-deficient
n-type semiconductor.” Compared to pyrene, TAP has been
largely unexplored since its initial preparation due to difficul-
ties in synthesis and further derivatization.'® Additionally, the
incorporation of nitrogen atoms in the aromatic framework
leads to a low-lying LUMO and also red-shifted electronic tran-
sitions indicative of a low HOMO-LUMO gap. Insertion of
bulky alkyl groups at the 2 and 7 positions enhances solubility
while preserving the TAP’s intrinsic electronic properties.'**?
In contrast, substitutions at the 4, 5, 9 and 10 positions signifi-
cantly influence electronic characteristics. Very recently, we
have demonstrated that 4,5,9,10-tetrabromo-1,3,6,8-tetraaza-
pyrene forms a stable radical on the superconducting surface
of Pb(111), leading to the formation of a 2D spin lattice and
switchable topological superconductors, which is of prime
importance for the development of topological quantum
bits.'*'* However, the selective bromination of the TAP
scaffold remains synthetically challenging, thereby restricting
its application in advanced optoelectronic materials.

The formation of well-organized organic nanostructures at
the molecular level is essential for developing high-perform-
ance organic electronic materials."”* In our previous work, a
phosphodiester-linked 2,7-dialkynyl-substituted pyrene trimer
was found to self-assemble into nanosheets and nanotubes®
via intermolecular non-covalent interactions, such as electro-

This journal is © the Partner Organisations 2025
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static, m-7 interactions, van der Waals forces, hydrogen bonds
and hydrophobic effects. Similarly, supramolecular polymers
(SPs) consisting of anthracene,” and phenanthrene®® units
were formed in aqueous media upon self-assembly, showing a
variety of nanostructures, accompanied by distinct changes in
their optical spectra, including absorption shifts and emission
quenching. Such spectral changes are closely tied to the self-
assembly process, underscoring the critical role of molecular
organization in tuning optoelectronic behavior. To the best of
our knowledge, SPs containing both pyrene and TAP aromatic
cores, where TAP functions as a n-electron acceptor (A) and
pyrene as a m-electron donor (D), have not yet been investi-
gated, very likely due to synthetic challenges in the preparation
of mixed pyrene-TAP oligomers. We are particularly interested
in this unique D-A heterostructure because of several compel-
ling factors. Upon self-assembly, D and A moieties within the
resulting SPs are expected to align in a well-defined arrange-
ment, bringing them into close spatial proximity. This precise
molecular organization could enhance electronic interactions
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Chart 1 Chemical structure of the target trimer 1.

N=°N Pent-4-yn-1-ol

—_——
rt,3h

Cul cat.
45°C, 24 h

by

2a
37%

3
46%

N —cep

Scheme 1 Synthetic route for trimer 1.
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between D and A units, potentially leading to special photo-
physical properties.

Taking these points into consideration, we designed and
synthesized a pyrene-TAP-pyrene trimer (1) featuring a D-A-D
architecture. This trimer comprises a central TAP core flanked
by two pyrene units, with all chromophores connected via
phosphodiester linkages along short molecular axes, as illus-
trated in Chart 1. A key step in the synthetic route involves the
selective bromination to prepare 4,9-dibromo-TAP using dibro-
moisocyanuric acid as the brominating agent. The self-assem-
bly and disassembly behavior of 1 trimer was examined by
temperature-dependent absorption and emission spec-
troscopy, while the formation of the SPs was corroborated by
dynamic light scattering (DLS) and atomic force microscopy
(AFM). Remarkably, the emergence of an exciplex emission in
the SPs underlines its potential application in advanced
optoelectronics.

Results and discussion

The synthetic pathway of trimer 1 is depicted in Scheme 1. The
key intermediate, 4,9-dibromo-2,7-di-tert-butyl-1,3,6,8-tetraaza-
pyrene (2a) was successfully synthesized via selective bromina-
tion of 2,7-di-tert-butyl-1,3,6,8-tetraazapyrene (¢&-Bu-TAP) in the
presence of dibromoisocyanuric acid (DBI). It was purified by
column chromatography from the mixture of brominated
TAPs, as the regioselective dibrominated isomers 2a and 2b, as
well as the more substituted reaction products 2¢ and 2d, were
isolated (Fig. 1a). This finding is in contrast to the previously
reported bromination of 2,7-bis(trifluoroalkyl)-1,3,6,8-tetraaza-
pyrene by using DBI in concentrated sulfuric acid.’ In that
case, only 2-fold brominated-TAP derivatives were isolated in
poor yields (<20%) despite a large excess (8 equiv.) of DBI and
a long reaction time (48 h). We investigated the effects of DBI
equivalents, the reaction temperature and time to maximize
the yield of 2a (Table S1}). The reaction of #Bu-TAP with 1.5
equivalents of DBI at room temperature for 20 h afforded 2a in
37% yield, which represents the best result obtained so far.
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Fig. 1 (a) Synthesis of the 4,9-dibrominated precursor 2a along with
the concurrently formed isomers 2b-2d. (b) Crystal structure of 2a
(hydrogen atoms are omitted for clarity).

The relatively low yield is mainly due to the inevitable for-
mation of (4,10)-di-, (4,9,10)-tri- and (4,5,9,10)-tetrabrominated
TAP Dbyproducts (2b-2d). Remarkably, 2-fold bromination
under these optimized conditions proceeds with high regio-
selectivity, leading to the preferential introduction of bromine
atoms at the 4- and 9-positions of the TAP core, which is
unambiguously confirmed by the X-ray single crystal structure
shown in Fig. 1b and Fig. S2.7 Single crystals of the key inter-
mediate 2a were obtained by solvent layering method using di-
chloromethane and heptane, and its structure is elucidated in
Fig. S21 showing a packing diagram viea n-n interactions
(3.398 A) and Br---Br intermolecular contacts (3.561 A). Along
the b-axis, the planar TAP units are orientated at an angle of
120.5° to the adjacent ones, very probably due to steric hin-
drance of the bulky #Bu groups. They are alternatingly
arranged at a m-stacking distance of 3.398 A. Along the c-axis,
the molecular arrangement is characterized by contacts
between bromine atoms of two adjacent TAP molecules.

In Scheme 1, the Sonogashira coupling reaction of 2a with
pent-4-yn-1-ol, catalyzed by Pd(PPh;),Cl, and Cul, yielded 3 in
good yield. This diol was then reacted with 2-cyanoethyl-N,N-
diisopropyl-chlorophosphoramidite (CEP-Cl) to obtain the
corresponding bis-phosphoramidite (4) in 49% yield.
Following a well-established procedure,’ the protected trimer 5
was readily synthesized by coupling 4 with the mono-acetylated
pyrene derivative 6°° using 5-(ethylthio)-1H-tetrazole as the
activator and then oxidized with tert-butyl hydroperoxide. The
subsequent deprotection was accomplished by using a 2 M
solution of NH; in MeOH at 40 °C for 48 h, resulting in the
quantitative formation of the target trimer 1. The reaction
mixture was then lyophilized to afford the analytically pure
trimer 1 as a yellow solid, confirmed by HPLC and MS (see
ESIY).

As depicted in Fig. 2, the photophysical properties of the
trimer 1 in ethanol, along with reference compounds 3 and 6,
were evaluated by absorption and emission spectroscopy. All
of them absorb in the UV-visible region, which is consistent
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Fig. 2 UV-Vis absorption spectra of the compounds 3 (blue), 6
(orange), 1 (yellow) and the calculated spectra (the sum of 3 and 6 in a
ratio of 1: 2) (grey dotted) at a concentration of 10 yM in ethanol.

with their yellow color. Essentially, the absorption bands in
the 350-420 nm region correspond to the n—-n* electronic tran-
sitions. Compared to 6 (orange curve), 3 shows a bathochromic
shift of the lowest energy absorption band (blue curve), which
is attributed to the low energy of the HOMO-LUMO transition
because of the electron-deficient nature of the TAP core. The
absorption spectrum of the trimer 1 shows a slight bathochro-
mic shift in comparison to the calculated spectra, which is the
sum of the individual spectra 6 and 3 in a ratio of 2:1 (Fig. 2,
grey dotted curve). Upon excitation at 368 nm, 6 exhibits
strong fluorescence, consistent with previously reported behav-
ior of other pyrene derivatives®””*® while 3 shows almost no
fluorescence (Fig. S31). Interestingly, the molecularly dissolved
trimer 1 displays an emission profile like that of 6. All these
observations suggest a weak electronic coupling between the
TAP and pyrene moieties in 1 as they are linked through flex-
ible c-spacers.

Similar to its pyrene-based analog in aqueous medium,
the trimer 1 undergoes temperature-dependent self-assembly
under aqueous conditions, resulting in the formation of SPs. A
range of experimental conditions were explored to optimize
the self-assembly process. At elevated temperatures, the aggre-
gates disassemble completely into individual trimers, which
subsequently reassemble into SPs upon controlled cooling
(0.1 °C min™") to room temperature. These temperature-driven
self-assembly and disassembly behaviors were systematically
investigated using UV-Vis absorption and emission spec-
troscopy, allowing to monitor spectral changes of 1 in aqueous
media.

As shown in Fig. 3a, the controlled cooling of the trimer
solution led to a significant decrease in the intensity of two
intense absorption bands in the range of 350-400 nm by
approximately 60%. This noticeable hypochromicity is indica-
tive of the self-assembly process via strong n-n stacking inter-
actions between the pyrene and TAP cores. At 75 °C, the
absorption spectrum closely resembles that of individual
trimers (yellow curve, Fig. 2), as explicitly demonstrated by

29,30
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Fig. 3 (a) UV-Vis absorption spectra of 1 at 20 °C (red) and 75 °C (blue) and (b) fluorescence (solid line, 1ex = 368 nm) and excitation (dotted, e =

415 nm) spectra of 1 at 75 °C (red) and 20 °C (blue). Conditions: 1 uM 1, 10 mM sodium phosphate buffer pH 7.2, 10 mM sodium chloride, 2.5 vol%

ethanol.

their overlaid spectra (Fig. S4}), indicating nearly complete dis-
assembly of the SPs. This conclusion is further reinforced by
DLS measurements at 75 °C, which show no detectable supra-
molecular assemblies (Fig. S5t). Upon self-assembly, the n-n*
electronic transitions are slightly red-shifted by 2 nm, indica-
tive of proximal electronic coupling between pyrene and TAP
moieties in the resulting SPs.

To gain further insight into the reversible self-assembly
process, absorbance changes were monitored at the 390 nm
wavelength during the cooling process (Fig. S61). The results
suggest a nucleation-elongation mechanism,*'*? with self-
assembly starting around 65 °C and proceeding down to 55 °C,
as indicated by changes in absorbance at 390 nm.

Emission spectral changes upon annealing provide further
evidence for the proposed self-assembly process. At 75 °C, the
molecularly dissolved trimer shows emission peaks (395 nm
and 415 nm), correlating well with the monomeric pyrene
(Fig. 3b red curve). Upon cooling to 20 °C, a substantial
increase in the intensity of monomeric pyrene fluorescence is
observed, accompanied by a slight bathochromic shift of 3 nm
that correlates with the absorption features (Fig. 3a). These
observations suggest restricted molecular motion and close
spatial alignment of pyrene-TAP-pyrene within and between
trimers. Temperature-dependent quantum yield measure-
ments in aqueous medium (@ = 55% at 20 °C; &p = 31% at
75 °C, Table S2t) support this interpretation, revealing a mod-
erate decrease in pyrene-based fluorescence efficiency due to
thermal quenching. However, the observed changes in emis-
sion spectra are more pronounced than expected from
quantum yield alone. Remarkably, a broad and structureless
emission centered around 600 nm also emerges at 20 °C. This
new feature indicates thermally modulated interactions
between the TAP and pyrene moieties via self-assembly. Such
interactions are consistent with the formation of an exciplex
between the pyrene and TAP units, facilitated by their close

This journal is © the Partner Organisations 2025

spatial arrangement in the self-assembled structure as
observed in other pyrene-based systems in aqueous
media.**> Further evidence stems from control experiments

using a 1:2 mixture of compounds 3 and 6 (Fig. S7t) show no
exciplex-like emission, even at high concentrations, confirming
that the emission band around 600 nm predominantly arises
from an intramolecular exciplex formed between the covalently
linked pyrene and TAP units. Similar exciplex-based emission
systems have been studied in the context of photosynthesis
and photoinduced electron transfer, particularly in D-spacer—
A systems designed to achieve long-lived charge-separated
states, such as those incorporating porphyrins, fullerenes, and
carbon nanotubes.>**’

Additionally, the size of SPs formed via the self-assembly of
trimers was measured by DLS (Fig. S5at), indicative of a hydro-
dynamic radius of approximately 80 nm. The AFM image
(Fig. S8t) reveals nanoscale features consistent with supramo-
lecular assemblies, although the morphology appears irregu-
lar. This observation, together with the DLS data, supports the
presence of supramolecular assemblies.

Conclusions

In summary, this study presents the first report of the selective
cascade bromination of the TAP core by using DBI as the bro-
minating agent. The newly synthesized trimer 1 exhibits dis-
tinct optical responses, including exciplex emission, driven by
self-assembly via inter- and intramolecular non-covalent inter-
actions in aqueous medium. While our experimental findings
strongly support the formation of an exciplex, future theore-
tical studies could provide further insight into the excited-state
electronic structure and conformational dynamics of the
trimer 1. This work highlights the reversible and tunable
nature of self-assembled nanostructures, making such systems
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promising for the development of stimuli-responsive
materials. Particularly, the self-assembly triggered exciplex for-
mation holds great promise for potential applications in the
field of organic optoelectronics, including high-efficiency
OLEDs where exciplexes act as effective co-hosts,*® and organic
photovoltaics, in which they facilitate charge separation in low
dielectric environments.*”
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