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Systematically tuning and optimizing the properties of synthetic nanographenes (NGs) is particularly
important for NG applications in diverse areas. Herein, by devising novel electron donor—acceptor (D-A)
type structures, we reported a series of multi-heteroatom-doped NGs possessing an electron-rich
chalcogen and electron-deficient pyrimidine or pyrimidinium rings. Comprehensive experimental and
theoretical investigations revealed significantly different physical, optical, and energetic properties
compared to the non-doped HBC or chalcogen-doped, non-D-A analogues. Some intriguing properties
of the new NGs such as unique electrostatically oriented molecular stacking, red-shifted optical spectra,
solvatochromism, and enhanced triplet excitons were observed due to the formation of the D-A
electron pattern. More importantly, these D—A type structures can serve as photosensitizers to generate
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strengthens the electron transfer (ET) process leads to significantly enhanced ROS which was revealed
DOI: 10.1035/d4sc02416h by experimental and calculated studies. As a result, the cell-based photodynamic therapy (PDT) indicated

rsc.li/chemical-science that the cationic NG 1-Me™ is a robust photosensitizer with excellent water-solubility and biocompatibility.
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Introduction

Synthetic nanographenes (NGs), as large polycyclic aromatic
hydrocarbons (PAHSs) or polycyclic conjugated hydrocarbons
(PCHs) with a nanoscale size, have fascinated synthetic chem-
ists in recent decades.! Due to their aesthetic structures and
intriguing physicochemical properties, so far, a variety of planar
and non-planar NGs have been developed by bottom-up strat-
egies and widely applied in various branches of science, such as
optoelectronic devices,> biological probes,®> supramolecular
systems,* and so on. As a benchmark for NGs, the hexa-peri-
hexabenzocoronene (HBC), a Dg,—symmetric planar 7 scaffold
with 42 sp® carbon atoms, has garnered significant attention in
terms of novel nanocarbon materials,>** as well as a building
block for large-size NGs with different topological structures.***
However, HBC generally exhibits relatively monotonous pho-
tophysical properties and aggregation-caused low solubility in
water and other solvents, which sometimes hampers its appli-
cation, particularly in the biological area. Accordingly, the
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conventional method to increase the solubility is to add
hydrophilic substituents at the peripheral positions.” Alterna-
tively, the insertion of heteroatoms into NG frameworks, so-
called heteroatom-doping, is a powerful tool to modulate the
properties of NGs such as three-dimensional structures,
chemical reactivity, electronic energy gap, photophysical
behaviours, and water solubility.® Therefore, many efforts have
been devoted to developing heteroatom-doped NGs, for
example, heteroatom-doped, HBC-like structures.®

Electron donor-acceptor (D-A) type organic molecules pos-
sessing both electron-donating and electron-withdrawing
groups separated by a conjugated w system represent
commonly adopted scaffolds for versatile materials like organic
photoredox catalysts, organic fluorophores, and organic solar
cells.’ Such D-A type molecules provide tremendous intriguing
physicochemical properties such as charge or energy transfer in
the excited state, redistribution of frontier orbitals, and inten-
sive low-energy behaviours which generally provide red-shifted
spectra, solvatochromism, enhanced populations of the triplet
excited state, and so on.'™' Meanwhile, the increased dipole
moment and potential charge separation of the D-A skeleton
can significantly decrease the intermolecular w-m stacking and
increase the solvent-solute interactions, leading to significantly
higher solubility in polar solvents, like water. Some typical
synthetic nanocarbon structures employing a D-A architecture
are the cycloparaphenylenes (CPPs), which are also known as
carbon nanohoops.” As shown in Fig. 1a, by insertion of
different electron acceptors like pyridinium, benzothiadiazole,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Structure of [8]-cycloparaphenylene (CPP) and representative structures of D—A type CPPs. (b) Structure of tert-butyl-substituted

hexa-peri-hexabenzocoronene (HBC)-HBC-Bu, chalcogen-doped HBC or seco-HBCs (HBC-O, seco-HBCS, and seco-HBCSe), and D-A type,
and chalcogen/nitrogen-doped nanographenes (1-4, and 1-Me*) described in the current study.

anthraquinone, and phthalimide groups or an electron donor,
a variety of D-A type CPPs were constructed, which bring about
new features in electronic and optical properties."”> However,
this D-A pattern seldom appeared in synthetic nanographenes,
which are wusually designed as symmetrical, non-polar
structures.

We recently reported a series of chalcogen-doped NGs HBC-
O, seco-HBCS, and seco-HBCSe by incorporation of one chal-
cogen as an electron donor into the HBC backbone (Fig. 1b).**
Compared to HBC, such heteroatom-doped, nonplanar struc-
tures exhibit improved solubility and tunable electrooptical
properties. To incorporate the well-known D-A pattern into the
HBC-like nanographenes, we herein disclose a series of multi-
heteroatom doped nanographenes 1-4 and 1-Me" that exhibit
the electron D-A architecture by the introduction of pyrimidine
or pyrimidinium electron acceptors into the above-mentioned
chalcogen-doped, electron-rich NGs (Fig. 1b). Their overall
experimental and theoretical studies about structural geometry,
photophysical properties, photosensitization capacity, and
biocompatibility were presented and compared with those of
some reference structures like HBC-Bu, and HBC-O (Fig. 1b).
Specifically, the resulting D-A structures exhibited significant
water solubility, thereby enabling the intracellular study. In
contrast to HBC or mono-chalcogen-doped NGs, these new
molecules exhibit red-shifted spectra and pronounced sol-
vatochromism, which would facilitate long-wavelength light
excitation. Particularly, they displayed remarkable photosensi-
tization capacity to generate reactive oxygen species (ROS),
especially for the cationic NG 1-Me" arranged with an electron-
withdrawing pyrimidinium unit. Possessing appropriate water
solubility and extraordinary light absorption capability, NG 1-
Me" exhibited excellent cell compatibility and can efficiently kill
cancer cells by generating ROS in vivo, which makes it a suitable
candidate as a photosensitizer for photodynamic therapy (PDT).

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

Results and discussion
Synthesis

The synthesis of nanographenes 1-4 and 1-Me" was carried out
as displayed in Scheme 1. The dialdehydes 5-7 embedded with
different chalcogens were prepared from SNAr-substitution or
chalcogen insertion processes (Scheme S1 and 27). Intra-
molecular Benzoin condensation reactions of 5-7 catalyzed by
N-heterocyclic carbene with further spontaneous oxidation
provided diones 8-10 in 65-75% yields. Subsequently,
condensation reactions of 8-10 with acetone 11 were performed
in the presence of 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) to
furnish chalcogen embedded tetraphenylcyclopentadienones
12-14 in over 60% yield, respectively. Cyclopentadienones 12-
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Scheme 1 Synthesis of heteroatom-doped NGs 1, 2, 3, 4, and 1-Me*.
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14 were then subjected to a Diels-Alder reaction with dipyr-
imidylacetylene 15 at 230 °C to obtain the precursors 16-18 in
71-85% yields, respectively. The cyclodehydrogenation pro-
ceeded by treatment of precursors 16-18 with 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) in the presence of trific acid
at room temperature, providing HBC or seco-HBC-like NGs 1-4
in 5-40% yields, which gave similar cyclodehydrogenation
results to those previously observed for chalcogen-doped
nanographenes.” To further strengthen the electron-
withdrawing ability and improve the water-solubility,
a cationic NG was prepared by the methylation reaction of
fully fused structure 1 with methyl trifluoromethanesulfonate
(TfOMe) at 0 °C. As a result, one regioisomer 1-Me", suggested
by the 2D NOESY experiment (Fig. S2t), selectively formed in
67% yield. All the D-A NGs show reasonable solubility in
organic solvents; therefore, they could be wunequivocally
confirmed utilizing "H- and "*C-NMR spectroscopy and high-
resolution mass spectrometry (NMR spectra see the ESIt).

Structural analysis

Single crystals of the fully cyclized structure 1 and seco-type NGs
2 and 4 suitable for X-ray diffraction analysis were obtained by
slowly evaporating a chloroform-methanol solution of 1 and
dichloromethane-methanol solutions of 2 and 4, respectively
(Table S1t).** As depicted in Fig. 2a, the X-ray crystallographic
analysis of 1 reveals a twisted, negatively curved structure in
which the oxygen atom protrudes from the 7 surface. Unlike the
saddle-shaped solid structure of HBC-O,** the twisted geometry
of 1 revealed an asymmetrical torsional conformation, in which
the torsion angles were 10.1 and 5.5° for C7-C8-C9-C10 and
C11-C12-C13-C14, respectively. Moreover, the seven-
membered oxepine ring exhibited an envelope conformation,
in which the sum of seven angles is 852° (Fig. S37), nearly 50°
less than 900°, suggesting the nonplanarity of NG 1. The bond
lengths of the oxepine ring adopted an uneven distribution: the
two O-C bonds (01-C1 and O1-C6) and two C-C bonds (C1-C2
and C5-C6) were around 1.40 A, which were within the common
range of carbon-carbon bonds in benzene rings, whereas the
bond lengths of C2-C3, C3-C4, and C4-C5 were 1.47, 1.44, and
1.45 A respectively, significantly longer than that of an aromatic
carbon-carbon bond, which indicates a low aromaticity of the
oxepine ring. Meanwhile, the valence electron density'® also
suggested that the electron density of bonds C2-C3, C3-C4, and
C4-C5 together with C8-C9, C12-C13 was remarkably lower
than that of other carbon-carbon bonds (Fig. 2e). Therefore, the
oxepine ring revealed local antiaromaticity with a calculated
nucleus independent chemical shift (NICS)" in the center of 6.7
as shown in the calculated 3D iso-chemical shielding surface
(ICSS) map in Fig. S4.1 The NICS(0) and NICS(1) of rings B/C
were 0.4 and —3.4, suggesting a low aromaticity.

The solid structures of seco-type NGs 2 and 4 revealed
a helical geometry containing a® helicene motif (Fig. 2b and c).
The end-to-end dihedral angles (dihedral angle between rings A
and E) were 63.3 and 77.1° for 2 and 4, respectively, and
a slightly larger dihedral angle was observed for 4 than that for
NG seco-HBCSe (73.0°) due to the incorporation of pyrimidine
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rings instead of benzenes. Meanwhile, the sums of seven angles
in the seven-membered rings in 2 and 4 are 839 and 827°,
respectively, lower values than that in structure 1, suggesting
more distorted geometry of helical nanographenes. Moreover,
long C-Se bonds with over 1.9 A (C1-Se1l and C6-Sel) were
revealed in structure 4 due to the large atomic radius of Se.
Similar aromaticity patterns to 1 were observed for NGs 2-4 and
1-Me" based on the calculated valence electron density and
NICS values (Fig. 2e), which suggested a low aromaticity of
seven-membered ring in each structure. Specifically, even lower
aromaticity of seven-membered rings was suggested for fully
fused structures 1 and 1-Me* than that in more distorted helical
NGs 2-4 (Fig. S47). In addition, the electrostatic potential (ESP)
analysis was carried out to evaluate the electrostatic distribution
of the D-A type nanographenes. As a result, anisotropic surfaces
were elucidated due to the insertion of electronegative hetero-
atoms. As shown in Fig. 2d, for the neutral NGs 1-4, most
regions surrounding the hydrocarbon backbone exhibited
positive ESP. The maximum was around the bay area at the
chalcogen side for each structure with 1.12 eV for 1 as a repre-
sentative. Due to the electronegativity of heteroatoms, the
regions around the chalcogen and nitrogen revealed negative
values, indicating the electron-rich area. Moreover, the ESP
minimums of NGs 1-4 were all located in the bay region of
bipyrimidine, with less than —2.3 eV value for each structure,
which is consistent with the site-specific alkylation of 1-Me" at
the most nucleophilic position (Scheme 1). Because of the
anisotropic distribution of ESP, an interesting alternating
molecular packing arrangement was observed in the crystal
structures. As shown in Fig. 2a-c, a nearly 90° rotation relative
to the adjacent molecule was observed in the molecular stack-
ing of NGs 1, 2, and 4, due to the complementary intermolecular
electrostatic interaction between positive/negative electrostatic
regions. As a representative, a four-molecule repeating unit of
NG 1 was observed in the molecular packing, reminiscent of the
a-helical conformation of proteins (Fig. 2a). The corresponding
independent gradient model based on Hirshfeld partition
(IGMH) analysis*® of the crystal structure of 1 also suggested
a significant non-covalent interaction between negatively
charged bipyrimidine and adjacent aromatic rings with positive
ESP (Fig. 2a). As for NGs 2 and 4, a similar torsional molecular
stacking and intermolecular non-covalent interaction were
observed based on the crystal packing and IGMH analysis
(Fig. 2b and c). In comparison with neutral NGs 1-4, the ESP
map of cationic NG 1-Me" indicated a positive electrostatic
surface with an ESP minimum of 0.77 eV above the oxygen and
an ESP maximum of 4.09 eV around the pyrimidinium region,
which would give strong electrostatic solvent-solute interac-
tions in the polar solvents.

Photophysical properties and theoretical studies

UV-vis absorption and photoluminescence (PL) spectra for all
the D-A type nanographenes, together with reference
compounds HBC-Bu and HBC-O, were recorded in dichloro-
methane. As shown in Fig. 3a, when compared to HBC-Bu and
HBC-O, the D-A type structures exhibited obvious red-shifted

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2

(a) (left): X-ray crystallographic structures of NG 1 with 50% probability of thermal ellipsoids; (middle): the packing mode of NG 1 with

illustration of packing direction of each molecule in the image by arrows; (right): IGMH analysis of intermolecular interaction of 1 in the crystal. (b)
X-ray crystallographic structures of NG 2 with 50% probability of thermal ellipsoids and its IGMH analysis of crystal packing. (c) X-ray crystal-
lographic structures of NG 4 with 50% probability of thermal ellipsoids and its IGMH analysis of crystal packing. The wave functions for IGMH
analysis obtained by the calculation of crystal structures at b3lyp-D3(BJ)/6-311+g(d,p) level (d) electrostatic potential (ESP) map and the energy
color bar (au) of nanographenes 1-4, and 1-Me™, representative energy maximums and minimums were marked by red and blue arrows
respectively. (energy color bar: —0.07-0.03 for 1-4; 0.00-0.11 for 1-Me™). (e) Isosurface map of valence electron density (isovalue = 0.28) and
the NICS(0) and average NICS(1) values (NICS(0): red color; NICS(1): blue color) for each ring of nanographenes 1-4, and 1-Me™*. The t-butyl
groups were omitted for clarity. ESP, NICS, and valence electron density data were obtained based on the DFT-optimized structures at the cam-

b3lyp/6-311+9g(d,p) level.

absorption and emission. The absorption maxima of 1-4 and 1-
Me" were located at 375-420 nm together with multiple
shoulder peaks, which gave around 25-75 nm bathochromic
shift compared to HBC-O (1,55 = 350 nm). Meanwhile, the
lower-energy bands were shifted to around 470 nm for neutral
NGs 1-4 and 580 nm for 1-Me"*. Notably, the absorption of
cationic compound 1-Me" can extend to 640 nm in dichloro-
methane and the near-infrared (NIR) region in an aqueous
solution, like phosphate-buffered saline (Fig. S57). As depicted
in Fig. 3a, the emissive maxima of NGs 1-4 are located at 502,
517, 517, and 525 nm, respectively, whereas the cationic NG 1-
Me" displayed three emission peaks at 498, 545, and 660 nm,
with the emission extending over 700 nm. In comparison with
HBC-Bu (A, = 493 nm) and HBC-O (A, = 460 and 485 nm)

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

under the same conditions, significant bathochromic emis-
sions were observed due to the formation of an electron D-A
structure. The fluorescence quantum yields (FQYs) of 1-4
ranged from 0.03 to 0.28 in the solvent of dichloromethane
(Table S2,t the highest of 0.28 for compound 3 and lowest of
0.03 for compound 4), which provide the same chalcogen-
dependent FQY as chalcogen-doped analogues. Meanwhile,
NGs 1-4 were still emissive in the amorphous solid with
different emissive colors (Fig. S6T). On the other hand, cationic
compound 1-Me" exhibited feeble luminescence both in the
dichloromethane (Table S2,f FQY less than 0.01) and as the
amorphous powder, suggesting possibly other decay pathways
in the excited state.

Chem. Sci, 2024, 15, 11408-11417 | 11411
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Fig. 3 (a) UV/vis absorption (left) and normalized fluorescence (right)

of NGs HBC-Bu, HBC-O, 1-4, and 1-Me* in CH,Cl. (b) UV/vis
absorption spectra (left) and fluorescence emission spectra (right) of
addition of 0—100 equiv. of trifluoroacetic acid into a toluene solution
of NG 1. 1 x 107° M concentration for each measurement. (c) Fluo-
rescence (300 K) and phosphorescence (77 K) spectra of NG 1 (1 x
107° M in toluene). (d) Fluorescence spectra of 1-Me* in toluene in
response to temperature. For luminescence spectra, Aex = 375 nm for
HBC-Bu, HBC-O, and 1-4, Ao, = 400 nm for 1-Me*.

To understand the frontier molecular orbitals (MOs) and
obtain insights into the excited-state properties, we conducted
time-dependent density-functional theory (TD-DFT) calcula-
tions. The DFT calculations indicated that the longest-lying
absorption peaks (So-S;) of all the D-A nanographenes were
mainly contributed by the highest occupied molecular orbital
(HOMO)-lowest unoccupied molecular orbital (LUMO) transi-
tion (Fig. S7 and Table S3-S7}), whose HOMO-LUMO energy
gaps were also in line with the bathochromic shifted lower-
energy bands. As shown in Fig. 4a, the NGs 1-4, with similar
longest wavelength absorption at around 470 nm (Fig. 3a),
adopted a similar HOMO-LUMO band gap of approximately
3.6 eV, which is smaller than that of HBC-Bu (3.85 eV) and HBC-
O (3.94 eV), whereas the cationic structure 1-Me* with the
significantly smallest HOMO-LUMO energy gap of 2.58 eV dis-
played the lowest wavelength absorption peak of 580 nm.
Additionally, the differences in MO distributions towards
degrees of electronic D-A structures were observed. Compared
to the local excitation (LE) character of HBC-Bu and HBC-O,
whose HOMOs and LUMOs delocalized over the entire conju-
gated skeleton, a significant distinction of orbital distributions
between HOMOs and LUMOs was revealed for the D-A type
structures 1-4: the HOMOs were delocalized almost over the
entire conjugated structures, but the majority of the LUMOs
were located in the bipyrimidine regions. Furthermore, the

M412 | Chem. Sci,, 2024, 15, N1408-11417
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cationic NG 1-Me" exhibited nearly separated MOs of the HOMO
and LUMO, with the HOMO located at the electron-rich oxygen-
doped part and the LUMO delocalized over electron-deficient
bipyrimidine. This MO redistribution indicated intra-
molecular charge transfer (ICT) from the ground state (S,) to the
lowest singlet state (S;) due to the charge-separated D-A struc-
ture. Subsequently, the hole-electron analysis was performed to
evaluate the charge transfer (CT) process in the lowest-lying
excited state (S;)." The wavefunction analysis of TD-DFT
calculated molecules was performed using Multiwfn 3.7 (ref.
18a) to provide the electron/hole distribution and centroid
positions. Then the isosurface of 0.0012 was used to quantify
the surface of the centroids. As illustrated in Fig. 4b, for the
specific So-S; transition, the hole and electron surfaces of NGs
HBC-Bu and HBC-O were nearly overlapped, leading to a LE
excited state, while partially separated hole and electron
surfaces were observed for NGs 1-4 with the distance of the
centroid between the hole and electron (D index) in the range of
1.1-1.2 A, suggesting a significantly increased degree of CT in
the So-S; transition. Moreover, installed with the strengthened
electron-withdrawing unit, NG 1-Me" displayed nearly separated
hole-electron surfaces with a D index of 2.9 A, indicating the
strongest CT in the excited states. Collectively, the calculational
results and experimental spectra indicated that the electron D-
A pattern of nanographenes adopted obvious CT in the excited
states. The CT in the excited was further confirmed by the sol-
vatochromism experiment. As shown in Fig. 5, these D-A type
nanographenes revealed a pronounced solvatochromic effect.
All the NGs were dissolved in different solvents with gradually
increased polarity namely hexane, toluene, chloroform, and
methanol, and the fluorescence spectra were collected under
identical conditions. Red-shifted emissions following solvent
polarity were observed for NGs 1-4 and 1-Me". Indeed, the PL
has extended to approximately 700 nm in methanol with
decreased intensity for all the D-A nanographenes. The red-
shifted emissions and decreased intensity along with the
increased solvent-polarity were likely due to the formation of
the CT state and increased solvent-solute interactions in the
polar environment in the excited states (Fig. S8-12%). In stark
contrast, the HBC-Bu, together with HBC-O, seco-HBCS, and
seco-HBCSe without electron-acceptor in their structures,
showed no solvatochromism (Fig. 5 and S13f), which is
consistent with overlapped holes and electrons. In addition, the
cationic structure 1-Me" with the strongest acceptor exhibited
a more significant solvatochromic shift of 114 nm than those of
NGs 1-4 of around 70 nm (Fig. S8-127), suggesting a more CT
character of 1-Me® in the polar solvents. Meanwhile, the
multiple emission peaks of cationic motif 1-Me"* in non-polar
solvents like hexane, toluene, and chloroform (Fig. 5) likely
belonged to the formation of excimers due to the strong inter-
molecular electrostatic interaction.”® To understand the
monomer-excimer transformation, we performed temperature-
dependent fluorescence measurements. As shown in Fig. 3d,
the long-wavelength emission at around 600 nm was signifi-
cantly high at —20 °C due to the excimer formation at low
temperature. With the increase of the temperature, the long-
wavelength emission peaks gradually decreased and the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) TD-DFT calculated HOMO and LUMO orbitals and energies of NGs HBC-Bu, HBC-O, 1-4, and 1-Me* in the gas phase at the PBEO/
def2-TZVP level. (b) Hole—electron and Cpgie—Ceiectron SUrface analysis for the So—S; transition states of NGs HBC-Bu, HBC-0O, 1-4, and 1-Me™ at
the ground-state geometry based on TD-DFT calculations at the cam-b3lyp/def2-TZVP level. (c) Theoretical singlet and triplet vertical excitation
energies in the gas phase at the PBEO/def2-TZVP level and the energy gaps (AEst) between the lowest singlet (S;) and lowest triplet (T;) excited
states of each structure were shown in red and marked with a red line.

emission peaks at around 500 nm increased, indicating the
excimer disassembly, while the excimers were not formed due
to increased solvent-solute interactions in methanol. Conse-
quently, the solvatochromism experiments revealed the CT
excited-state properties of D-A nanographenes, which were
highly consistent with the calculated molecular orbital (MO)
energies and hole-electron analysis.

Considering the weak basicity of nitrogen-containing poly-
aromatic compounds and the potential applications in water
with different pH, acid-induced changes of absorption and
fluorescence spectra were observed. As illustrated in Fig. 3b and
S14-17,7 when mixing trifluoroacetic acid (0-100 equiv.) with
NGs 1-4 in toluene, protonation of the nitrogen lone pairs
caused a red shift of the whole absorption and emission spectra.
Over 80 nm bathochromic shifts with obvious fluorescence

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

color changes and intensity reductions were observed for these
nitrogen-substituted NGs 1-4, which indicated that bath-
ochromic absorption and fluorescence emission would be
observed due to the formation of protonated nanographenes of
1-4 under physiological conditions.

Photosensitization capacity evaluation

Photodynamic therapy (PDT) is an emerging alternative treat-
ment modality for malignant tumors, which is based on
photosensitizers to transfer light energy into ROS to induce cell
apoptosis and tissue damage. Due to the minimal invasiveness
and spatiotemporal control by light, PDT has attracted more
and more attention for tumor treatment. Seeking efficient
photosensitizers is of paramount importance for PDT.*

Chem. Sci, 2024, 15, N1408-11417 | 11413
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Fig. 5 Solvatochromism experiment of NGs HBC-O, 1-4, and 1-Me*
(10 uM concentration, Aex = 375 nm for HBC-O and 1-4, Ao, = 400 nm
for 1-Me™).

Synthetic nanographenes, possessing large conjugated
structures and rigid ring systems, would have high light-
absorption ability, low nonradiative decay, and reduced reor-
ganization energy, which make them potential candidates for
photosensitizers.>* Due to their unique D-A type structures,
which can induce ISC through charge recombination,* we then
evaluated the photosensitization capacity of these newly
synthesized NGs. Efficient and long-lived triplet excitons
formed by singlet-to-triplet intersystem crossing (ISC) are
extremely important for PDT, and can transfer the excitation
energy to the surrounding oxygen molecules in their natural
triplet state, leading to the generation of cytotoxic ROS or
singlet oxygen ('0,). As a result, steady-state PL spectra of
compounds 1-4, and 1-Me" at 77 K exhibited intense phos-
phorescence emissions in air, which suggested a strong ISC
process and inhibited non-radiative inactivation (Fig. 3c and
S197). Generally, a smaller energy gap (AEsy) between the lowest
singlet state (S;) and lowest triplet state (T;) is of paramount
importance for ISC; in case the high energy-consuming and low-
rate processes from S; — T, (n > 1) and T,, — T; would be
employed for cytotoxic ROS generation.*® Hence, we then eval-
uated the singlet and triplet excitation energies for NGs HBC-
Bu, HBC-O, 1-4, and 1-Me" by time-dependent density func-
tional theory (TD-DFT). As illustrated in Fig. 4c, the calculations
revealed a high energy gap of around 1.00 eV between S; and T,
of HBC-Bu, HBC-O, which is not accessible for ISC from S; to T;.
By introducing the pyrimidine units, smaller AEgy of around
0.76 eV was observed for NGs 1-4, suggesting a higher transition
possibility of ISC. Notably, the cationic NG 1-Me" with a strong
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pyridinium acceptor provided significantly decreased singlet
and triplet excitation energies with much smaller energy gap
values of 0.35 and 0.25 eV for S; — T; and S; — T,, indicating
the highest ISC rate compared to other NG analogues.

We then experimentally assessed the photosensitization
capacity of all the nanographenes by the detection of ROS and
'0, generation in vitro in the phosphate-buffered saline (PBS)
containing solvents (details see the ESIf). 2',7-Dichloro-
fluorescein (DCFH) was used as a fluorescent probe to identify
ROS, which emits green fluorescence with 488 nm excitation
after ROS oxidation. As shown in Fig. 6a, upon yellow-LED light
(0.02 W cm?) irradiation for over 100 min, slowly increasing
fluorescence intensities at 525 nm were observed for the solu-
tions containing NGs HBC-Bu and HBC-O (Fig. S20t). Similar
fluorescence behaviours were observed for seco-HBCS and seco-
HBCSe (Fig. S20t), while a faster ROS generation rate was
observed for NGs 1-4, whose fluorescence reached saturation at
the same time with the intensity gradually increasing to around
two-fold higher compared to HBC-O. To our delight, the
cationic NG 1-Me" revealed an extremely faster ROS generation
rate by reaching the fluorescence maximum within 2 min, more
than 50 times faster than neutral NGs 1-4. On the other hand,
the DCFH probe without a photosensitizer generates negligible
emission (Fig. 6a and S20%). Together with the calculation
results (Fig. 4), the ROS generation experiments indicated that
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Fig. 6 ROS or singlet oxygen detection by using different nano-
graphenes as photosensitizers. (a) Time-dependent fluorescence
changes of the fluorescence probe DCFH upon light irradiation
coexisting with NGs HBC-Bu, HBC-O, 1-4, and 1-Me* in PBS. For all
the nanographenes, yellow-LED light (0.02 W cm™2) was used as
a light source, and a specific 630 nm laser (0.15 W cm™2) was used as
a light source for NG 1-Me™*. (b) Absorbance changes of DPBF at
411 nm in the presence of NGs HBC-Bu, HBC-O, 1-4, and 1-Me* in
PBS upon yellow-LED light irradiation as a function of irradiation time.
(c) Confocal microscopy fluorescence imaging of Hela cells with the
DCFH-DA probe in the presence of (up) or in the absence of NG 1-Me*
photosensitizer by irradiation using a 630 nm femtosecond pulsed
laser (0.15 W cm™2). The concentration of NG 1-Me* was 10 M. The
excitation wavelength of DCF was 488 nm.
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the D-A type electron structure is beneficial to increase the
photosensitization capacity. Notably, a similar ROS generation
was observed for NG 1-Me" by using a 630 nm laser (0.15 W
cm ™ ?) as the light source since it exhibited absorption in the red
to near-infrared region (Fig. S211). Meanwhile, the 'O, genera-
tion ability of different nanographenes was further evidenced
using the 1,3-diphenylisobenzofuran (DPBF) probe, which
could be oxidized by 'O,, thus leading to the decrease of
absorption intensity. A similar tendency to the ROS generation
rate was observed. As indicated by the DPBF decay curves
(Fig. 6b and S221), HBC-Bu generated almost no 'O, by giving
the same decay profile as the control (with only the DPBF probe)
upon irradiation with yellow-LED light, while slightly increased
'O, generation was observed for chalcogen-doped analogues
HBC-O, seco-HBCS, and seco-HBCSe. On the other hand,
significantly enhanced 0, generation ability was suggested for
D-A type structures: 25-40% declines for NGs 1-4, and a nearly
complete decomposition of DPBF for 1-Me" was observed within
10 min. In addition, the intracellular ROS generation of 1-Me"*
in HeLa cells under 630 nm laser irradiation was further
investigated by using confocal laser scanning microscopy
(CLSM) with DCFH-DA as the fluorescence indicator. As shown
in Fig. 6¢, the cells were incubated with a medium containing 1-
Me" and DCFH-DA, respectively. After washing away the incu-
bation medium, obvious green fluorescence was observed in
HelLa cells upon 100 s laser irradiation due to the generation of
ROS. However, there is negligible green fluorescence in the cells
without the addition of 1-Me" under the same irradiation
conditions. These live-cell imaging studies indicated that NG 1-
Me" exhibited excellent photosensitization ability and cell
permeability in live cells.

We then investigated the cell-based PDT of NGs 1-4 and 1-
Me". The viabilities of HeLa after different treatments were
studied via 3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenyltetrazolium
bromide (MTT) assays (Fig. S237). The cells were treated with
compounds 1-4 and 1-Me" with various concentrations (2-25
uM), and irradiated with yellow-LED light for 30 min. Then,
significantly decreased viabilities were observed with increasing
concentrations of each compound with the morphology
changes (Fig. S241). In particular, 1-Me" provided the highest
PDT efficiency, which killed over 80% of cells at the concen-
tration of 5 pM. In contrast, no obvious cytotoxicity was
observed for cells without light illumination. Specifically, NG 1-
Me" with the lowest-energy absorption band displayed a similar
PDT behaviour when using a low-power 630 nm laser. As illus-
trated in Fig. 7a, almost complete cell death was observed when
the cell medium containing 10 pM 1-Me" was irradiated with
a 630 nm laser for 30 min. The morphology of most cells
incubated with 1-Me" changed to a round shape after only 5 min
irradiation by 630 nm light (Fig. 7b), indicating that the cells
were at the early apoptotic stage already. To visualize the photo-
induced cell death, calcein-acetoxymethyl (Calcein-AM) and
propidium iodide (PI) staining was employed to differentiate
dead (red) and live (green) HeLa cells. The cells incubated with
NGs 1-4 and 1-Me" were irradiated with light (yellow-LED light
for 1-4 and 1-Me"* and 630 nm for 1-Me") for 30 min and then co-
stained with Calcein-AM and PI fluorophores. The fluorescence
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Fig.7 Phototherapy effect of NG 1-Me*. (a) Cell viability of Hela cells
incubated with 1-Me* at different concentrations without or with
630 nm laser irradiation. Error bars were based on the standard error of
mean (n = 4). (b) Cell morphology photographs of Hela cells incu-
bated with 1-Me™ (10 uM) upon irradiation with a 630 nm laser for 10
min. (c) Fluorescence images of Calcein AM (live cells, green) and PI
(dead cells, red) co-stained Hela cells after different treatments. (Up):
intact Hela cells irradiated with a 630 nm laser; (down): Hela cells
incubated with 1-Me* (10 uM) and irradiated with a 630 nm laser.

imaging suggested the cells incubated with NGs 1-4 were
partially killed (Fig. S257), and nearly all the cells treated with
cationic compound 1-Me" were dead (Fig. 7c and S257), which is
consistent with the in vitro ROS generation ability.

Conclusions

In summary, we have reported a series of multi-heteroatom-
doped nanographenes, featuring electron donor-acceptor
architecture. The solid-state structure, photophysical proper-
ties, and photosensitization capacity were experimentally and
theoretically investigated. Compared to the non-doped
analogues, the new D-A type structures exhibited bath-
ochromic shifted absorption and emission, solvatochromic
effect, and charge transfer in the excited states. Importantly,
a pronounced ROS generation was observed by employing these
NGs as photosensitizers. The structure-activity relationship was
analyzed by comparison with reference compounds and DFT
calculations. Notably, these D-A nanographenes displayed
reasonable water solubility that the subcellular ROS generation
and PDT studies were demonstrated. In particular, the cationic
NG 1-Me" with excellent water-solubility and cell permeability,
exhibited the highest photosensitization capacity when

Chem. Sci., 2024, 15, 1408-11417 | 11415
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irradiated with yellow-LED or 630 nm light, which makes it
a valuable candidate metal-free photosensitizer for PDT. Over-
all, this work illustrates the process of property tunability for
potential nanographene applications.
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