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A dibenzolhi,stlovalene (DBOV) derivative bay-substituted with two
piperazinylphenyl (PZP) groups (DBOV-PZP) was synthesized.
Comprehensive investigations of its photophysical properties
revealed acid-induced fluorescence enhancement through the
protonation of PZP units, leading to the suppression of the photo-
induced electron transfer. These results pave the way towards
“turn-on” type nanographenes for biosensing and optical imaging.

Optical super-resolution imaging by single-molecule localization
microscopy (SMLM)"* has enabled the visualization of nanostruc-
tures with unprecedented resolutions in life and material science.®*
The key to realizing SMLM is the use of so-called blinking fluor-
ophores, which enable precise localization of single molecules and
the generation of high-quality images. Small-molecule dyes (ie.,
cyanine, rhodamine, and oxazine) are commonly used in SMLM,’
but, their blinking performance is heavily environment-dependent,
requiring external buffer.> Moreover, these dyes typically suffer from
low photostability, restricting their applicability, e.g., for live-cell
imaging.® Organic fluorophores with self-blinking properties, with-
out the need for the blinking buffer, have been demonstrated for
the SMLM, but reported examples remain limited.”
Nanographenes, i.e., large polycyclic aromatic hydrocarbons
(PAHs), exhibit structure-dependent optical and electronic
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properties with considerable potential for applications in photo-
nics and optoelectronics.® Nanographenes have also been con-
sidered for bioapplications, e.g. demonstrating high efficiency for
photodynamic® and photothermal™® cancer therapies and self-
assembly to a functional platform for bioprobing.'" Recently, we
reported dibenzo[Ai,st]ovalene (DBOV) as a highly stable and red-
emissive nanographene that can serve as a self-blinking fluoro-
phore toward super-resolution bioimaging by SMLM." Live-cell
SMLM imaging of lysosome dynamics was achieved, and a click-
able DBOV derivative with azide group allowed single-molecule
labeling and precise localization of nascent proteins in neurons,
demonstrating great promise for further applications in life
science.’® However, the “always-on” fluorescence of DBOV pre-
vented effective SMLM imaging by generating nonspecific back-
ground signals, which affect localization accuracy and specificity.
It is crucial to develop analyte-sensitive nanographenes, especially
with the “turn-on” type emission.

While nitrogen-doping can make nanographenes sensitive
to acid and some metal ions, usually leading to quenched
fluorescence,'*"> boron-doped nanographenes can interact with
Lewis bases, such as fluoride ions and pyridine, causing modula-
tion of the fluorescence wavelengths.'®™® However, such
heteroatom-doping is often synthetically challenging and only
applicable to specific analytes. To this end, edge functionalization
can potentially provide easier access to nanographenes sensitive
to various analytes, but reported examples are still rare and
limited to the “turn-off” type,™ to the best of our knowledge.

Piperazinylphenyl (PZP) groups have been demonstrated to
serve as acid-responsive moieties for the development of “turn-
on” type organic fluorophores.>*>> PZP groups can quench the
fluorescence of the parent fluorophore through the photoinduced
electron transfer (PET), which becomes prohibited after the pro-
tonation to allow the fluorescence only under acidic conditions. In
this work, we synthesized 1-methylpiperazinylphenyl-substituted
DBOV (DBOV-PZP 3) and studied its acid-sensitive optical
properties (Fig. 1). Although the fluorescence of DBOV-PZP 3
was not completely suppressed, protonation of 3 led to the clear
and reversible enhancement of the red emission. In-depth
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Fig. 1 Acid-promoted fluorescence enhancement of DBOV-PZP 3
through the protonation of PZP units, suppressing the PET.

investigations of the photophysical properties of 3, involving
ultrafast transient absorption (TA) spectroscopy, pointed to the
population of an emissive intramolecular charge-transfer (ICT)
state, which was suppressed by the protonation. These results
pave the way towards “turn-on” type nanographenes for biosen-
sing and optical imaging.

For the synthesis of 3, PZP-boronic ester 2 was prepared by
Miyaura-Ishiyama borylation of 1-(4-bromophenyl)-4-methyl-
piperazine 4 in 62% yield (Scheme S1 and Fig. S1, S2, ESIT). Then,
Suzuki-Miyaura coupling of 3,11-dibromo-substituted DBOV 1 and
2 afforded 3 in 26% yield (Fig. 2a). "H NMR spectrum of 3 revealed
sharp and well-resolved peaks (Fig. 2b), which were consistent with
the spectra of PZP-boronic ester 2 and previously reported DBOV
derivatives®2° (Fig. $3-88, ESIt). High-resolution matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry (HR
MALDI-TOF MS) analysis of 3 exhibited an intense peak with m/z
of 1056.5109, in agreement with the calculated exact mass of
1056.5131 with an error of —2.1 ppm (Fig. 2c and Fig. S9, ESIT).
Moreover, the experimental isotopic distribution (black) was fully
consistent with the simulated pattern (red). These results validated
the successful synthesis of 3.

The optical properties of DBOV-PZP 3 were investigated
by UV-vis absorption and fluorescence spectroscopy in different
solvents, also measuring fluorescence lifetimes and
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Fig. 2 (a) Synthesis of DBOV-PZP 3. (b) Aromatic region of the *H NMR
spectrum of 3 in CDCls (500 MHz, 293 K). The solvent peak is marked with
an asterisk. (c) HR MALDI-TOF MS spectrum of 3, showing the isotopic
distribution in comparison with a pattern stimulated for C;gHeg4Na.
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photoluminescence quantum yields (PLQYs). The UV-vis absorp-
tion spectrum of 3 in methanol (MeOH) revealed an absorption
maximum (A,ps) at 626 nm, which slightly red-shifted up to
642 nm in other organic solvents, including dichloromethane
(DCM), toluene (Tol), chlorobenzene (CB), pyridine (Py), and
dimethylformamide (DMF) (Fig. S9, S10 and Table S1, ESIT).
Notably, the red-shift of 1,55, was roughly in accordance with
increasing solvent polarity, indicating its solvent polarity-
dependent photophysical properties.”® In line with the pre-
viously reported DBOV derivatives.”>*> DBOV-PZP 3 exhibited
strong red emission, showing an emission maximum (4e,) at
671 nm with a relatively large Stokes shift** of 45 nm (1071 cm™ ")
in MeOH. Interestingly, 3 displayed shoulder peaks at ~730-
743 nm in low-polarity solvents (i.e., Tol, DCM, and CB), which
became featureless in high-polarity solvents, especially in Py and
DMF (Fig. S9, S10 and Table S1, ESIt). Moreover, considerable
red-shift of .., increased Stokes shift, decreased fluorescence
lifetimes, and smaller PLQYs were observed for 3 in solvents with
higher polarity (Fig. S10-S14 and Table S1, ESIY), indicating the
ICT character of its emission.>” Moreover, excitation emission
matrix spectra (EEMs) of 3 revealed the excitation wavelength-
independent nature of the emission peaks at ~650-750 nm
(Fig. 15, EST}).

The acid responsiveness of DBOV-PZP 3 was investigated by
monitoring the changes in UV-vis absorption and fluorescence
spectra in MeOH upon titration with hydrochloric acid (HCI). In
contrast to the negligible variation in UV-vis absorption spectra
(Fig. S16, ESIf), the fluorescence intensity at ., started to
increase upon the addition of 0.6 equivalent (eq.) of HCI,
reaching a plateau after adding 2.0 eq. of HCI, eventually
achieving a ~1.8-fold increment (Fig. 3a and c). Simulta-
neously, a blue-shift of the A, from 671 to 658 nm and a
slight decrement of the fluorescence intensity at the tail of the
spectra were also observed, resulting in an equivalent point at
~740 nm. An excess of HCI (6.0 eq.) did not change the spectra,
indicating the complete protonation of DBOV-PZP 3 with
2.0 eq. of HCI. Furthermore, the enhanced fluorescence could
be attenuated along with the red-shift of A, to the initial state
by progressively adding triethylamine (TEA) up to 6.0 eq., which
neutralizes the protonated DBOV-PZP 3 (Fig. 3b and c). More-
over, the changes in fluorescence spectra were contiguously
monitored upon subsequently adding 9.0 eq. of TEA, revealing
a slightly quenched fluorescence and further red-shift of A, for
DBOV-PZP 3 under basic conditions. Notably, the PLQY and
lifetime of 3 were measured to be ~0.40 and ~ 5.0 ns, respec-
tively, which increased to ~0.60 and ~ 6.3 ns after adding 6 eq.
of HCl, and then decreased to ~0.36 and ~ 4.7 ns, respectively,
upon the addition of 12 eq. of TEA (Fig. 3d, e and Fig. S17, 518,
ESIY). The structure and coordinates of the peaks in the EEMs
of DBOV-PZP 3 did not change, but a higher fluorescence
intensity was observed in the acidic condition (1970 a.u.) in
comparison to that in neutral (1195 a.u.) and basic (965 a.u.)
solutions (Fig. S19, ESIY), in agreement with the observed
fluorescence behavior (Fig. 3a-c). These results were attributed
to the prohibited and favorable PET in acidic and basic condi-
tions, respectively, resulting in enhanced and suppressed

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cc04926h

Open Access Article. Published on 13 November 2024. Downloaded on 7/19/2025 8:48:15 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

ChemComm
a 15 b 15 p
A DBOV-PZP 3 —g.g eq. :DBOV-PZP 3 with 6.0 eq. HC]|
—0.2eq. —0.0 eq.
= —04eq. N —20 eg.
[ —06eq. = —4.0eq
~ 10 ——0.8eq. 10 5.0 eq.
x ——1.0 eq. x —>0eq.
= —12eq. | 3 ——80eq.
= 14eq. 2 7.0 eq.
[} 1.6 eq. ] 8.0eq.
S 5 ;g eq. S5 ——9.0eq.
- .0 eq. b3
£ ——4.0eq £ N\
——6.0 eq \.
0 > of
600 650 700 750 800 850 900 600 650 700 750 800 850 900
c 675 Wavelength (nm) Wavelength (nm)
14
@—0—0—0—-09-g—g_
670] ¥~g” N s 9=0-0-9 g-o-%iB%
i 9, 12°
—_ \ ®
£ o 1=
£ 665 I 2
3 10°3
< %. 9 S
660 9 No-0-90-0.,_0-0_,_0-0 £
O—O—Q—o/ ~0— ~o— - N 8 =
9—9-9 [

N "\l \d v@ N ‘Q v $‘ © Q‘) QO Q0O © © © © © © © ©
QO QOO NN NN KNG W O N WO OAN S
>

d + HCI (eq.) + TEA (eq.)
0.60 1000 DBOV_PzP 3+ Hel
- — DBOV-PZP 3 + HCI + TEA|
3
© et
> 0.40 g .
g 2
a 2
[
0.20 £
0.00
3 + et cr+TER
080"‘?7'530\1—"7;:;0\,_97-? 3+ W Wavelength (nm)
Fig. 3 (a) Changes in the fluorescence spectra of DBOV-PZP 3 (5 x

10® M in MeOH) upon titration with (a) HCl and (b) TEA, as well as (c) the
variations of the corresponding fluorescence maximum and intensity
during the titration. Comparison of (d) PLQY and (e) emission decay
profiles of DBOV-PZP 3 (2.5 x 10~® M in MeOH), after the addition of 6
eq. of HC, followed by neutralizing the mixture with 12 eq. of TEA.

fluorescence. On the other hand, these data also revealed the
acid-induced fluorescence enhancement and reversible proto-
nation/deprotonation process of DBOV-PZP 3, indicating its
proton-sensing ability.

Ultrafast transient absorption (TA) spectroscopy was next
performed to gain further insight into the excited state photo-
physical properties of DBOV-PZP 3 (Fig. 4). The TA spectra of 3
in MeOH (Fig. 4a) present positive peaks at 625 and 570 nm,
matching the ground state absorption that corresponds with an
increase of the transmitted probe generated by the depletion of
the ground state population after excitation, also known as
ground state bleaching (GSB). Then, the TA spectrum captured
right after excitation (250 fs) presents the typical characteristics
associated with singlet excited state: (i) a negative band at
500 nm generated by the promotion of excited state population
to higher lying states-i.e., excited state absorption (ESA)-and
(ii) positive peak close to 730 nm due to stimulated emission
(SE), which also contribute to the 625-nm-peak. Notice that
such initial SE resembles the PL spectrum of DBOV-PZP 3 in
non-polar solvents. Then, as the delay time increases, the SE
contribution from the singlet excited state quickly decays,
evolving into a broad featureless band centered at 685 nm that
matches the PL spectrum of 3 in polar solvents. The spectral
evolution was corroborated by normalizing the spectra to their
maxima (Fig. S20, ESIt). The new state is presumably assign-
able to the emissive ICT state. Additionally, such evolution can

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Differential transmission (AT/T) spectra at various time delays
between pump and probe for DBOV-PZP 3 in MeOH (1.9 x 10~ M) (a)
before and (c) after adding excess HCL. Transient dynamics at relevant
wavelengths matching ESA (500 nm, blue squares), GSB (610 nm, green
circles) and SE (650 nm, orange up-triangles; 685 nm, red down-triangles;
and 730 nm, purple diamonds) for 3 in MeOH (b) before and (d)
after adding 6 eq. of HCL Full lines are exponential fits to the data. The
sample was excited at Zpump = 570 nm with a 70-fs pulse, power Poymp =
200 mW cm™2 at 1 kHz repetition rate.

be clearly followed in Fig. 4b, where 610 and 650 nm were
selected to disentangle the contributions from the GSB and SE,
respectively. The GSB (610 nm) is proportional to the popula-
tion that remains excited at each time delay, while the major
contribution to the SE at 650 nm comes from the singlet excited
state. Their completely different dynamics reveal two extra
components in the decay of the initial singlet excited popula-
tion (1.3 and 15 ps) that might correspond with the molecular
rearrangement and PET to the emissive ICT state, from which
the population finally decays with a 5.2 ns time constant.

The same analysis was conducted with DBOV-PZP 3 in
MeOH (1.9 x 10~* M) after adding excess HCI. This time, the
TA spectra shown in Fig. 4c display the characteristic features
associated with the singlet excited state population-ESA at
500 nm and SE at 730 and 626 nm-independently of the time
delay. A slightly faster decay of the SE can be appreciated only
after normalizing the TA spectra to their respective maxima
(Fig. S20, ESIt). Clearly, HCI inhibits the formation of the ICT
state. The dynamics in Fig. 4d further prove this point. Finally,
the dynamics at 650 nm-associated with singlet excited state
population-decays with a 5.6 ns time constant with only small
contributions from molecular rearrangement (4.8 ns) and other
possible non-radiative channels (110 ps). The larger decay
found after adding the HCI, ie. 5.6 ns versus 5.2 ns, is also
compatible with the differences found in their PL lifetimes.

Finally, DBOV-PZP 3 was found to show photoblinking,
which enables applications for super-resolution SMLM ima-
ging. Blinking properties (photon number, blinking time, and
on-off duty cycle) were investigated in air and after adding HCl
(Fig. S21 and S22, ESIY), demonstrating excellent blinking
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properties comparable to the gold standard dye Alexa 647 under
both conditions.> A small increase in the number of photons
could be observed after adding HCI, implying acid-induced
modulation of the blinking properties. As a proof-of-concept,
SMLM imaging of nanoscale crevices in a glass substrate was
achieved with DBOV-PZP 3 (Fig. S23, ESIt), although further
improvements in the sensitivity will be necessary for SMLM-
based pH sensing.

In summary, we have achieved the synthesis of DBOV-PZP 3
and demonstrated its acid-induced fluorescence enhancement
through the protonation of PZP units. Fluorescence spectro-
scopy revealed the reversible enhancement of the red emission,
indicating its proton-sensing ability. Ultrafast TA spectroscopy
elucidated the population of an emissive ICT state upon
excitation of DBOV-PZP 3, which was prohibited after the
protonation, accounting for the promoted fluorescence.
Moreover, 3 exhibited excellent self-blinking properties
enabling the SMLM imaging. This work thus paves the way
towards the development of “turn-on” type nanographenes for
super-resolution biosensing and bioimaging applications.
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