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The development of non-alternant nanographenes has attracted considerable attention due to their unique
photophysical properties. Herein, we reported a novel aza-doped, non-alternant nanographene (NG) 1 by
embedding the cycl[2,2,4]azine unit into the benzenoid NG framework. Single-crystal X-ray diffractometry
suggests saddle or twisted nonplanar geometry of the entire backbone of 1 and coplanar conformation of
the cycl[2,2,4]lazine unit. DFT calculation together with solid structure indicates that NG 1 possesses
significant local antiaromaticity in the azepine ring. By oxidative process or trifluoroacetic acid treatment,
this nanographene can transform into a mono-radical cation, which was confirmed by UV/Vis
absorption, *H NMR, and electron paramagnetic resonance (EPR) spectroscopy. The antiaromaticity/
aromaticity switching of the azepine ring on 1'* from 1 enables the high stability of this radical cation,
which remained intact for over 1 day. Due to the electron-donating nature of the nitrogen and the

unique electronic structure, NG 1 exhibits strong electron-donating properties, as proved by the
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Accepted 14th December 2023 intermolecular charge transfer towards Cgo with a high association constant. Furthermore, selective

modification of NG 1 was accomplished by Vilsmeier reaction, and the derivatives 7 and 8 with

DOI: 10.1039/d35c055152 substituted benzophenone were obtained. The photophysical and electronic properties can be tuned by
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Introduction

Non-alternant topological polycyclic conjugated hydrocarbons
(PCHSs) have recently received significant attention due to their
intriguing optoelectronic properties, antiaromatic characteris-
tics, and open-shell features." Among non-alternant ring struc-
tures, azulene is a prominent bicyclic unit because of its unique
physicochemical properties, and it is the most commonly
employed non-alternant building block for constructing non-
alternant nanographenes (NGs).> Meanwhile, various
hydrocarbon-based non-alternant NGs containing three or
more non-benzenoid rings have recently been developed by in-
solution or on-surface chemistry.> In comparison with their
benzenoid counterparts, these non-alternant NGs normally
exhibit significantly different structural conformations and
electronic properties.>®***

Introducing heteroatoms or non-alternant units into benze-
noid polycyclic aromatic hydrocarbons (PAHs) is an efficient
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the introduction of different electronic groups in benzophenone.

strategy to alter or tailor their intrinsic optoelectronic proper-
ties.>** Notably, phenalene (Fig. 1a), as an odd alternant non-
Kekulé tricyclic hydrocarbon, has drawn great attention in
multiple areas and is normally showed in phenalenyl form.®
Phenalenyl molecules can exist in three different redox states:
cation, radical, and anion, which can be generated from phe-
nalene by abstracting a hydride ion, hydrogen atom, and
proton, respectively. In contrast, by doping nitrogen into the
phenalene center, cycl[3,3,3]azine (Fig. 1a), as the nitrogen-
doped phenalene, can be obtained,” which shows stable
Kekulé structure in comparison with phenalene. Due to the
unique electronic structure of phenalenyl, so far, the (aza)-
phenalenyl-based NGs like triangulene, aza-triangulene, and
rhombene ([4]-rhombene as an example, Fig. 1b) show attractive
magnetic or open-shell properties due to the formation of di- or
poly-radicaloid high spin states.®

To explore interesting nitrogen-doped, non-alternant NGs,
significant efforts have so far resulted in some aesthetically
pleasing nitrogen-doped non-alternant NGs by “bottom-up”
strategies.” Herein, we reported a newly cycl[2,2,4]azine-
embedded NG 1 (Fig. 1d) containing 16 fused rings. Cycl
[2,2,4]azine is a non-alternant, non-Kekulé building block
(Fig. 1c)" containing 12 atoms with nitrogen-centred, 5/5/7
fused ring system. Interestingly, a computational study sug-
gested that the cycl[2,2,4]azine cation and cycl[2,2,4]azine anion
(Fig. 1c), possessing 12 and 14 electrons, exhibited aromaticity

Chem. Sci., 2024, 15, 1511-1519 | 1511


http://crossmark.crossref.org/dialog/?doi=10.1039/d3sc05515a&domain=pdf&date_stamp=2024-01-20
http://orcid.org/0000-0002-7887-3050
http://orcid.org/0000-0002-2313-5181
https://doi.org/10.1039/d3sc05515a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc05515a
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC015004

Open Access Article. Published on 14 December 2023. Downloaded on 3/5/2026 9:23:57 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

Phenalene

Alternant
Non-Kekulé

Cycl[3,3,3]azine
Alternant
Kekulé

[4]-Rhombene: 16 benzenoid rings
Kekulé structure

non-Kekulé structure

(c) E(d) This work: N-doped non-alternant nanographenesi

16 Fused rings

Non-planar 3D structure

Cycl[2,2,4]azine
Non-alternant, Non-Kekulé

4 N//
9 =)
' '

N[2,2,4] N[2,2,4]"

Anti-aromaticity

Open shell property

: Nitrogen-induced ly

Fig.1 (a) Structures of phenalene and azaphenalene (cycl[3,3,3]azine).
(b) Closed-shell Kekulé and open-shell non-Kekulé structures of
rhombus-shaped nanographene [4]-rhombene. (c) Structures of cycl
[2,2,4]azine, cycl[2,2,4]azine anion, and cycl[2,2,4]azine cation. (d) The
designed cycl[2,2,4]lazine-embedded nanographene.

and antiaromaticity, respectively.'* By the introduction of this
tricyclic unit, NG 1 holds 48w electrons, the same as [4]-
rhombene (Fig. 1b), and an extra lone pair of electrons on the
nitrogen. The single-crystal structure demonstrates the curved
structure of 1. Notably, with this unique electronic structure,
NG 1 acquiring a highly antiaromatic azepine ring, can form
relatively stable radical cations with switching the aromaticity
of azepine ring by losing one electron. Due to the high degree of
electron-rich property, NG 1, as an electron donor, can readily
transfer the electron to electron-withdrawing Cg, species with
a significantly high association constant. Moreover, owing to
the electron-donating effect of the nitrogen atom, the site-
selective functionalization of NG 1 is demonstrated, and the
optoelectronic properties can be tuned by introducing different
benzoyl groups.

Results and discussion
Synthesis of nitrogen-doped nanographene 1

As shown in Scheme 1, cycl[2,2,4]azine-embedded nano-
graphene 1 was synthesized in a five-step process by taking
advantage of the azepine-containing hexaphenylbenzene 2
synthesized in our previous work." Reaction of 2 with acetyl
chloride in the presence of 4-dimethylaminopyridine (DMAP)
provided the Ac-protected nanographene precursor. Scholl-type
cyclodehydrogenation by the treatment of the above precursor
with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ, 10.0
equiv.) in the presence of triflic acid (11.0 equiv.) in DCM in an
ice-water bath resulted in the fully fused Ac-NG 3 within 12
minutes in 80% yield in two steps with the formation of five new
C-C bonds. The deprotection of the acetyl group with LiAlH, in
tetrahydrofuran (THF) afforded aza-NG 4 in 55% yield.

1512 | Chem. Sci,, 2024, 15, 1511-1519

View Article Online

Edge Article

1) AcCl, DMAP LiAIH,, THF, rt, 55%
tBu—————

e L P ta

t-Bu
2) DDQ, TfOH, DCM, 80%

| . NaOtBu Pd(PCy3),Cl
tBu 1

Pd(OAC),, P(1BU)sHBF s, 80%, g, +Bu DBU, DMAC, 85%

Scheme 1 Synthesis of cycl[2,2,4]azine-embedded nanographene 1.

Then, the palladium-catalyzed C-N coupling between 4 and
2,6-dichloroiodobenzene afforded 5 in 80% yield. Finally,
intramolecular cyclization of 5 in the presence of [Pd(PCys),Cl,]
and an excess amount of 1,8-diazabicyclo[5.4.0Jundec-7-ene
(DBU) in N,N-dimethylacetamide (DMAc) furnished NG 1 in
85% yield. All the purified compounds were structurally eluci-
dated by '"H and C NMR spectroscopy and high-resolution
MALDI-TOF-MS. The 'H NMR spectrum of NG 1 clearly
showed four distinct singlets at 6 from 9.1 to 8.5 and two AX
spin systems (Fig. S267), indicating a Cy symmetry.

Structural analysis of NG 1 and its radical cation NG 1'+

The exact structure of nanographene 1 was elucidated by single-
crystal X-ray analysis, which indicated its nonplanar geometry
(Fig. 2a-c, Table S1t). In detail, NG 1 crystallized in a triclinic
space group P1 with two conformations (1:1) presented in the
crystal structure: a saddle-shaped, negatively curved structure
(Fig. 2b) and a twisted, nonplanar structure (Fig. 2c). For the
saddle-shaped conformation (Fig. 2a and b), it exhibited
a nearly symmetric structure, and the depths of the saddles
defined as the perpendicular distance from the center of ring A
to the line across C10 and C11 and the distance between the
center of ring A to the plane (C9-C12-C13) were 1.0, and 0.8 A,
respectively. Conversely, the twisted geometry of 1 revealed an
asymmetrical torsional conformation, in which the torsion
angles were 15.9° and 0° for C14-C15-C16-C17 and C18-C19-
C20-C21, respectively (Fig. 2c). The nitrogen center is nearly
planar with the three C-N-C angles summing to 356° and 353°
for saddle and twisted-shaped structures, respectively, sug-
gesting sp® hybridization of the nitrogen center (Fig. 2a and
S1bt). Moreover, the seven-membered azepine ring revealed an
almost planar conformation, in which the sum of seven angles
is close to 900° (893° and 894° for twisted and saddle-shaped
conformations, respectively, Fig. S17). The bond lengths of the
azepine ring adopted an uneven distribution. For example, with
respect to the saddle-shaped conformation, the two N-C bonds
(N1-C2 and N1-C7) were 1.38 and 1.37 A, respectively, which
falls between the typical lengths for carbon-nitrogen single
bonds and carbon-nitrogen double bonds, respectively, while
the bonds of C2-C3 and C6-C7, close to 1.40 A, were within the
typical range for carbon-carbon bonds in benzene rings. In
contrast, the bond lengths of C3-C4 and C5-C6 were 1.49 and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) X-ray crystallographic structure of nanographene 1 with 50% probability of thermal ellipsoids.?? Inset: zoomed view of the nitrogen

atom in the structure 1 with C—N-C dihedral angles. Side view of nanographene 1 with saddle-shaped (b) or twisted (c) conformations. (d)
Isosurface map of localized orbital locator-m (LOL-7) of nanographene 1, isovalue = 0.4. (e) Isosurface map of valence electron density of
nanographene 1, isovalue = 0.26. (f) Electrostatic potential (ESP) map and the energy color bar of nanographene 1.

1.50 A, respectively, similar to that of carbon-carbon single
bonds. The alternating bond lengths indicate the low aroma-
ticity of the azepine ring. Meanwhile, the localized orbital
locator (LOL)*? of 7 molecular orbitals calculated based on the
DFT-optimized structure revealed that the electrons were
localized on the eight hexagonal rings as well as on the
nitrogen, and the electrons were not fully delocalized around
the cycl[2,2,4]azine unit (Fig. 2d). The valence electron density*?
of NG 1 (Fig. 2e) also suggested that the electron densities of the
C3-C4 and C5-C6 bonds were remarkably lower than those of
the other carbon-carbon bonds due to the lack of 7 electrons.
Although the cycl[3,3,3]azine unit in NG 1 displayed planar
conformation, the X-ray, LOL-7, and valence electron density
suggested a low aromaticity of the seven-membered ring. In
addition, the electrostatic potential (ESP) plot of NG 1 revealed
a fairly homogeneous distribution of electrons on the sp>
carbon plane with a negative potential of up to —19 kcal mol *
(Fig. 2e). Due to the introduction of the nitrogen, an ESP
maximum of —2.33 kcal mol™" was observed on the surface
above nitrogen.

Since the azepine ring adopted 8w electrons, we sought to
test the single-electron oxidation process to acquire the stable
radical cation of NG 1. Chemical oxidation titrations of NG 1 in
CH,Cl, with AgSbF, (0-10.0 equiv.) changed the solution color
from yellow to brown (Fig. 3a) with a loss of fluorescence
(Fig. S2at). The absorption exhibited a gradual decrease in the

© 2024 The Author(s). Published by the Royal Society of Chemistry

absorption bands at ~350 nm and ~375 nm and the appearance
and growth of new peaks at ~500 nm and ~580 nm with a tail
that extended to ~700 nm. The fluorescence emission peak at
530 nm gradually decreased upon the addition of oxidant
(Fig. S2b¥). The oxidized species can be ascribed to the forma-
tion of radical cation NG 1'*. As monitored by "H NMR spectra
(Fig. S31), 8 proton signals in the aromatic region disappeared
upon adding 10.0 equiv. of AgSbF,, suggesting the generation of
the open-shell species. The radical character was further evi-
denced by electron paramagnetic resonance (EPR) spectros-
copy. The EPR spectrum of NG 1'* solution in CH,Cl, at 298 K
displayed a single line with a Lorentzian line shape and a g value
of 2.003 (Fig. 3c). The spin density theoretical calculation of NG
1" (CAM-UB3LYP/6-311G*) suggested that the spin densities
were delocalized mainly at the central nitrogen and the three
benzene rings fused with azepine (Fig. 3d). The radical cation
1"* proved to be highly stable. The UV/Vis absorption spectra
indicated no detectable degradation for 5 h in open air at room
temperature or 1 day under argon atmosphere at 0 °C (Fig. 3b).
The half-life was determined as ~5 days in open air at room
temperature by monitoring the changes in the UV/Vis spectra
(Fig. S41). Interestingly, the radical cation 1" could also form by
the protonation of NG 1 with trifluoroacetic acid (TFA). A similar
spectral change of the UV/Vis, fluorescence emission, and 'H
NMR spectra of 1 was observed when 100 equiv. of TFA was
added (Fig. S3 and S5t) in comparison with the oxidation

Chem. Sci., 2024, 15, 1511-1519 | 1513
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Fig. 3 (a) Oxidation titration of nanographene 1. The spectral changes

in the UV/Vis absorption spectra in CH,Cl, were recorded by gradually
adding AgSbFg; inset: photographs of nanographene 1 solution before
and after adding 10 equiv. of AgSbFe under ambient conditions. (b)
Time-dependent UV/Vis spectra of 10~° mol L™ nanographene 1°*;
inset: time-dependent UV/Vis spectra between 460 and 780 nm for
nanographene 1'* at 0 °C in argon atmosphere. (c) EPR spectrum (v =
9.8525 GHz, 3500 + 200 G) of nanographene radical cation 1°*. (d)
Spin density distribution of nanographene 1'* (UCAM-B3LYP/6-311G*;
blue: positive spin, white: negative spin; isosurface plotted at 0.003).

process, which indicated that the radical formation was
induced by protonation. This acid-induced radical cation
formation suggested that NG 1 exhibits electron-rich properties
with high reducing ability.

Further insights into the aromaticity of NG 1 and its radical
cation 1'* were obtained through DFT calculations. Nucleus-
independent chemical shift (NICS)* calculations [at the GIAO-
B3LYP/6-311+G(d,p) level of theory] were first performed for 1
and 1'". The average of NICS(1) (determined as the average
value of NICS(1) on both sides of each plane) was selected as the
criterion for aromaticity because the two sides of the curved
molecules are not strictly equivalent. As shown in Fig. 4a, rings
A, D, E, G, and ] showed typical aromatic features with NICS(1)
values ranging from —7.43 to —10.97. Rings B, F, I, and H
exhibited a weakened aromatic nature with corresponding
NICS(1) values ranging from —5.72 to —1.6. In contrast, the
NICS(1) of the seven-membered ring was 7.08, indicating local
antiaromaticity.

The calculated harmonic oscillator measure of aromaticity
(HOMA)*® provided the same tendency, whereby rings A, D, G,
and J showed a high degree of aromaticity with HOMA values
close to 1, indicating Clar sextets. Whereas the azepine ring gave
the lowest level of aromaticity with the smallest HOMA value of
0.019. Notably, the azepine ring in NG 1 exhibited a more
positive NICS(1) value (7.08 vs. 2.62) and a smaller HOMA value
(0.019 vs. 0.184) than the azepine ring in compound 4 (Fig. S67),
which were in accord with the 3D iso-chemical shielding surface
(ICSS) map (Fig. S7t), suggesting a higher degree of anti-
aromaticity of the cycl[2,2,4]azine ring pattern than the simple
azepine ring in a polycyclic conjugated ring system. Compared
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with closed-shell NG 1, radical cation 1'* displayed significantly
higher aromaticity with NICS(1) of —2.15 and HOMA of 0.185 for
its seven-membered ring. The 3D ICSS map'® clearly revealed
a deshielding green cavity in the central heptagon ring in NG 1,
but almost all blue shielding surfaces for NG 1'* (Fig. 4b and
S87), suggesting a higher aromaticity of 1" than that of 1.
Likewise, the antiaromatic azepine ring was also visualized in
2D ICSS(1)zz plots with a negative value; thus, the entire
structure for NG 1'" displayed a different degree of aromaticity
with positive values (Fig. 4c). Due to the increasing aromaticity
of radical cation 1'*, NG 1 was prone to form the radical cation
by losing one electron and showed relatively high stability, even
without any steric hindrance.

Chemical modification of NG 1

It is always challenging to selectively functionalize the hydro-
carbon nanographene due to the inert nature of the C-C or C-H
bonds. Some synthetic strategies have been devoted to func-
tionalize polycyclic aromatic hydrocarbons or nanographenes,
including formylation, chlorination, alkylation, and N-C cross-
coupling reactions.”” With the embedded -electron-rich
nitrogen, further modification of NG 1 was attempted using
different formylation strategies. To our delight, the formylation
of 1 under the Vilsmeier reaction conditions using POCIl; and
DMF produced formylated product 6 (Scheme 2) as the domi-
nant product within 10 hours by the modification of the para-
position of the benzene fused with five- and seven-membered
rings (Fig. S9t). The selective functionalization of ring D
rather than ring A is probably because of the lower degree of
aromaticity of D (Fig. 4a). Due to the deactivation of the
electron-withdrawing aldehyde, the bis-formylation product
was not detected under this condition. However, the Duff
reaction of hexamethylenetetramine in TFA provided a complex
mixture. The resulting aldehyde in 6 was directly reacted with
different aryl anions, generated by lithium-halide exchange,
and then subjected to Dess-Martin oxidation to afford 7 and 8
in 34% and 31% yields, respectively, over two steps (Scheme 2).
The derivatives 7 and 8, with the installation of an electron-
donating group (EDG)—methoxy, electron-withdrawing group
(EWG)—trifluoromethane, respectively were unambiguously
elucidated by "H NMR, *C NMR, and high-resolution MALDI-
TOF-MS (Fig. S30-S33%). The tread of calculated NICS(1)
values and 3D ICSS maps for derivatives 7 and 8 were similar to
those of the parent NG 1 (Fig. S10 and S11+), indicating that the
substituent groups barely affect the aromaticity of the nano-
graphene backbones. Similar UV/Vis or fluorescence spectral
changes for compounds 7 and 8 were observed when TFA (0-100
equiv.) was added to the CH,Cl, solutions, suggesting the
possible formation of the corresponding radical cations
(Fig. S12 and S13%).

Photophysical and electrochemical property comparison

UV/Vis absorption and fluorescence spectra for NGs 1, 7, and 8
were measured in CH,Cl, (Fig. 5a and b). The absorption
profiles of compounds 7 and 8 were almost identical to those of
NG 1, with a negligible bathochromic shift of 4-5 nm for the

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc05515a

Open Access Article. Published on 14 December 2023. Downloaded on 3/5/2026 9:23:57 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

a)

NICS(1) HOMA

1 1+ 1 T+
A -10.97 -9.39 0.970 0.960
B -5.72 -3.82 0.571 0.553
Cc 7.08 -2.15 0.019 0.185
D -7.43 -7.73 0.908 0.859
E -10.11 1.61 0.659 0.362
F -4.11 -2.10 0.124 0.327
G -10.05 -5.49 0.959 0.964
H -2.44 -0.30 0.449 0.491
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(a) Calculated NICS(1) and HOMA values of nanographene 1 and nanographene 1'+. (b) Calculated 3D ICSS map of nanographene 1 and

nanographene 1'+, isovalue = 3. The blue and green wireframes represent magnetically shielded and deshielded regions, respectively. (c)
Calculated 2D ICSS(1)zz plots of nanographene 1 and nanographene 1°'+ at 1 A above the plane. The positive and negative values represent

aromatic and antiaromatic regions, respectively.

’ POCI3, DMF
50%

7,R = OMe, 34%;
'tBu 8,R=CFy 31%

Scheme 2 Synthesis of nanographene derivatives 7 and 8.

maximum peaks. This can be attributed to the limited -
conjugation due to the perpendicular orientation of the
benzophenone substituents towards the polycyclic framework
(Fig. S107). The large conjugated structures of 1, 7, and 8
resulted in a high molar absorption coefficient (¢) of 4.7-5.7 x
10° M™" em™' at the absorption maxima (Table $S27). Time-
dependent (TD) DFT calculations at the PBE0/def2-TZVP level
of theory including CH,Cl, as a solvent allowed us to interpret
the observations in the absorption spectra (Fig. S14-5S16, Tables
S8-S107). Basically, the lowest energy absorption maxima at
around 440 nm with the long tail were mainly ascribed to the
HOMO-LUMO transitions for 1 and 7 and HOMO-LUMO + 1
transition for 8. Furthermore, the intense absorption bands
located at around 380 nm mainly originated from the HOMO-
LUMO + 1 and HOMO — 1-LUMO for 1 and 7 and HOMO-
LUMO + 2 and HOMO-LUMO + 3 for 8. The transition-
differentiation of 8 in comparison to 1 and 7 suggested that
the EWG of trifluoromethane rather than the methoxy group
altered the origin of the absorptions. It is noted that the

© 2024 The Author(s). Published by the Royal Society of Chemistry

excitation of the HOMO-LUMO transition of 8 was accompa-
nied by a significant charge redistribution: the HOMO was
completely delocalized over the entire conjugated skeleton, and
the majority of the LUMO was located at the benzophenone part
(Fig. 5d).*®

When excited at 350 nm in CH,Cl,, 1, 7, and 8 revealed
yellowish broad fluorescence with maxima at 516, 522, and
525 nm, respectively. Compounds 1 and 7 behaved similarly in the
protic solvent methanol with negligible changes. However, the
fluorescence maximum of 8 strongly depended on the solvents,
and 8 was almost non-emissive in methanol (Fig. 5b). This is in
line with the charge transfer in the excited states (Fig. S167).
Compared to 1 and 7, in which the electrons were delocalized in
the conjugated backbones in the HOMO, LUMO, and LUMO + 1
(Fig. S14 and S15%), significant spatial separation of the HOMO
and LUMO was observed for structure 8 (Fig. S167). Such D-A type
fluorophores usually exhibit solvatochromism, thereby leading to
a substantial fluorescence quenching through twisted intra-
molecular charge transfer (TICT) or solvent-solute interactions.*
Electrochemical properties were investigated by cyclic voltamme-
try (CV) in CH,CL, (vs. Ag/Ag’) in the presence of Bu,NPF, as
a supporting electrolyte (Fig. 5¢). Obviously, the redox properties
can be modulated by introducing benzophenone substituents.
Compared to the parent NG 1, structures 7 and 8 exhibited more
redox couples. The reduction peaks gradually shifted higher from
—1.75V for 1 to —0.81 for 8 (Fig. 5¢), suggesting that the reducing
process occurred at a low reducing potential with the introduction
of strong EWGs.

Chem. Sci., 2024, 15, 15111519 | 1515
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(a) UV/Vis absorption spectra for 1, 7, and 8 in CH,Cl,. (b) Fluorescence emission spectra for 1, 7, and 8 in CH,Cl, and in ethanol, A¢, =

350 nm. (c) Cyclic voltammogram for 1, 7, and 8 in CH,Cl, with tetra-n-butylammomium hexafluorophosphate as the electrolyte. (d) TD-DFT
calculated HOMO and LUMO orbitals of 1, 7, and 8 with the calculated energy transition.

Intermolecular interactions with Cg,

As a result of the incorporation of nitrogen and antiaromaticity
of the backbones, these nanographenes should display high
electron-rich properties as electron donors. Thus, we evaluated
the intermolecular interaction between NGs 1, 7, and 8 and the
electron-deficient 7t-electronic system Cgo. The addition of 0-10
equiv. of Cg into a 1,2-dichlorobenzene solution of NGs caused
a change in the UV/Vis absorption and emission spectra. As

1
~
e
o
~

——+ 0 equiv.

K =1.145%105 M-

+5.5 equiv.

°
Y

Lol eotio® sotiot rotior
ceagmoin)
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°
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Fluorescence Intensity

: . —+0 equiv.
——+10.0 equiv.
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Fig. 6 (a) UV/Vis absorption spectra for the addition of 0-10 equiv. of
Ceo into a 1,2-dichlorobenzene solution of nanographene 1. (b)
Fluorescence quenching spectra for the addition of 0-10 equiv. of Cgg
into a 1,2-dichlorobenzene solution of nanographene 1. Inset: data fit
of concentration of Cgg vs. fluorescence intensity (/p//) using the non-
linear Stern—Volmer equation to determine the association constant K.
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shown in Fig. 6a, the appearance of broad absorption bands
between 500 nm and 660 nm upon the addition of 0-10 equiv. of
Ceo into a solution of 1 indicated intermolecular charge-transfer
interaction and similar spectral changes were observed for 7
and 8 (Fig. S17 and S18f%). The association behavior was also
monitored by "H NMR analysis. The gradual upfield shift of
specific aromatic proton signals suggested this supramolecular
interaction (Fig. S197). Additionally, the supramolecular charge
transfer in solution was confirmed by the observation of fluo-
rescence quenching when Cg, was titrated into solutions of NG
1. Based on the nonlinear Stern-Volmer equation,® the asso-
ciation constant K; was determined to be 1.1 x 10° M~ ' by
fitting the data from the plots of I,/I vs. the concentration of Cg,,
and the same range of association constants was observed for 7
and 8. These values are much higher than the reported curved
nanographenes.’?" Such strong association constants indicate
the high-level electron-donating properties of these
nanographenes.

Conclusions
We have developed a novel nitrogen-doped, non-alternant

nanographene 1, in which a cycl[2,2,4]azine unit is conceptu-
ally embedded into the benzenoid nanographene backbone.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The saddle and twisted three-dimensional structures of nano-
graphene 1 and the planar conformation of the cycl[2,2,4]azine
fragment were revealed by single-crystal X-ray diffraction anal-
ysis. Processing planar conformation, significant anti-
aromaticity for the azepine ring was determined by the DFT
calculation study. The single-electron oxidation of 1 was
accomplished to generate radical cation 1°* by using AgSbF, or
trifluoroacetic acid. The open-shell structure of 1" was evi-
denced by UV/Vis absorption, 'H NMR spectroscopy, and elec-
tron paramagnetic resonance spectroscopy. Due to the higher
level of aromaticity, 1'* exhibits high stability with a half-life of
5 days in ambient condition and stayed intact at 0 °C for 1 day.
Due to the inherent nitrogen, the selective formylation of
nanographene 1 was proved by Vilsmeier reaction, and the
derivatives 7 and 8 with substituted benzophenone were ob-
tained. The photophysical and electronic properties of deriva-
tives 7 and 8 together with parent compound 1 were studied by
UV/Vis absorption, fluorescence emission, cyclic voltammetry,
and time-dependent DFT calculation. The properties can be
efficiently modulated by switching the electronic group in the
benzophenone for derivatives 7 and 8 in comparison with 1.
Moreover, the intermolecular charge transfer from 1, 7, and 8 to
Ceo Was investigated, and high association constants of over 1.0
x 10> M~ were detected, suggesting the significant electron-
donating properties of these structures.

Overall, this work illustrates how the embedded cycl[2,2,4]
azine unit modulates the properties of hydrocarbon nano-
graphenes. The structures reported in this work displays some
interesting properties, such as antiaromaticity, open-shell
characteristic, and electron-donating nature. By means of the
regio-selective functionalization, it should be possible to
manipulate these structures for real applications in the future.
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