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trichlorophenyl)methyl radical-carbazole dyadf

’ '.) Check for updates ‘

Cite this: J. Mater. Chem. B,

2024, 12,6840 Kosuke Anraku,® Kenshiro Matsuda,® Satoshi Miyata,* Hikaru Ishii,

Takuya Hosokai, (2 *°¢ Satoshi Okada, {2 ¢ Kazuhiro Nakamura,® Kohei Nakao® and
Ken Albrecht (2 *¢

Organic luminescent radicals are a new class of materials with potential applications not only in light-
emitting devices but also in the biochemistry field. New tris(2,4,6-trichlorophenyl)methyl (TTM) radicals

Received 1st May 2024,
Accepted 6th June 2024

with alkoxy-substituted carbazole donors were synthesized and characterized. PEG-substituted
carbazole-TTM was found to be water-soluble. The water-soluble TTM radical aqueous solution
showed fluorescence at 777 nm and the ability to shorten the longitudinal relaxation time (T;) of water.
The concept of water-soluble luminescent radicals is expected to be used to develop a potential
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Introduction

Organic luminescent radicals are attractive for various applica-
tions, such as OLEDs, bioimaging, and sensing, due to their
unique luminescence properties."™ In general, radicals are
unstable under an ambient atmosphere and are highly reactive
species, and they are recognized as luminescent quenchers rather
than luminophores. Recently, some stable organic radicals have
been discovered as luminescent materials through ingenious
molecular design strategies. Tris(2,4,6-trichlorophenyl)methyl
(TTM) and perchlorotriphenylmethyl (PTM) radicals have been
known as stable luminescent radicals, which are isolatable under
atmospheric conditions.’>"® The stability of chlorinated trityl
radicals is ascribed largely to the steric protection of the center
carbon with chlorine atoms at the ortho position and the deloca-
lization of spin density over three n-conjugated systems. However,
bare luminescent trityl radicals are known to have low photo-
stability, and several strategies to improve photostability are
proposed.'*'> For example, attaching a donor molecule such as
carbazole to have a charge transfer excited state character is the
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fluorescence and MR dual-use imaging moiety.

most widely accepted method."®™® Another approach is to add a
heterocycle, such as pyridine, to decrease the energy of the frontier
orbitals (PyBTM).>® Halogenated trityl radicals are the most widely
studied luminescent radicals, and a great effort has been made to
improve the photoluminescence (PL) quantum yield (PLQY) and
photostability.

Organic radicals have potential applications as magnetic
resonance imaging (MRI) contrast agents due to their para-
magnetic properties.*>* Typical MRI is an imaging technique
that detects proton nuclei in water, fat, and other substances
and produces contrast images based on differences in their
relaxation times. The relaxation time of protons around a
paramagnetic molecule is shortened by the weak local magnetic
field generated by the molecule. Currently, Gd complexes are
being used as clinical imaging contrast agents because they give
MRI images with good contrast due to the highest spin quantum
number (S = 7/2) of the Gd(m) ion.>**>*® However, side effects
such as nephrogenic systemic fibrosis and accumulation of Gd
in the brain are considered problematic. On the other hand,
organic radicals have lower toxicity and are a promising candi-
date for electron spin resonance (ESR) or MR imaging even
though they have smaller spin quantum numbers.”” Several
organic radicals based on 2,2,6,6-tetramethylpiperidine 1-oxyl
(TEMPO) as ESR or MR imaging agents have been reported.'® >

TTM radical derivatives have attracted much attention due to
their atmospheric stability, paramagneticity, and unique lumines-
cence properties.”® TIM-Cz, which has a carbazole donor and a
TTM acceptor, has been extensively studied because of the photo-
stability, high PLQY, and ease in modification of the carbazole
moiety.”*>> Due to the red to near-infrared (NIR) emission of
TTM-Cz derivatives, they are potential candidates for fluorescence
bioimaging.>>® TIM-Cz is hydrophobic, and the low water

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Chemical structures of alkoxy-substituted TTM radical derivatives.

solubility limits its biological application. The currently reported
strategy is to use surfactants and encapsulate radical nano-
particles to solubilize them in water.>>® The radical nanoparticles
have potential for application in fluorescence imaging, but there is
no report on their application as MR contrast agents and magnetic
interaction with solvent water. Developing intrinsically water-
soluble TIM-Cz derivatives will be a more straightforward
approach to utilizing them for bioimaging applications. A few
TIMs attached to the water-soluble or hydrophilic group have
already been reported.**™” However, to our knowledge, a com-
pound that shows water-solubility, luminescence, and paramag-
netic relaxation enhancement (PRE) effects simultaneously has
never been reported.

In this work, two methoxy substituted and two polyethylene-
glycol substituted TTM-Cz radicals were designed and synthe-
sized as water soluble luminescent radicals (Fig. 1). Their
photophysical properties, solubility, and potential applications
for fluorescence and MR imaging in water were investigated.
The small and dual-functional imaging probe is assumed to be
not harmful to biological activities. TTM-PEG3 showed water
solubility and NIR emission in an aqueous solution. Moreover,
TTM-PEG3 exhibited water-proton longitudinal relaxivity under
aqueous conditions. This is the first water-soluble TTM-Cz
radical derivative showing potential for fluorescence and MR
dual imaging applications.

Results and discussion
Synthesis and characterization

New TTM-Cz radicals were synthesized via deprotonation and
one-electron oxidation of precursors: HTTM-(OMe1l, OMe3, PEG1,
and PEG3) (Fig. S1, ESI1),**** and radical precursors were synthe-
sized by combining Suzuki-Miyaura cross-coupling and William-
son ether synthesis. The key compounds HTTM-OMel and
HTTM-OMe3 were synthesized by Suzuki-Miyaura cross-
coupling between boronated carbazole-HTTM (HTTM-BCz) and
aryl halides.*>**** The methoxy group was converted to a hydroxyl
group with BBr; and reacted with tosylated polyethylene glycol
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(TssmPEG12) to obtain HTTM-PEG1 and HTTM-PEG3.****%7
Obtained precursors were treated with KOtBu and then subse-
quently oxidized with p-chloranil to obtain the radicals. Precursors
were characterized using "H NMR spectroscopy, >*C NMR spectro-
scopy, MALDI-TOF-MS, and elemental analysis. Radicals were
characterized using MALDI-TOF-MS, elemental analysis, and
ESR spectroscopy. The purity of the radicals was determined by
ESR spectroscopy to be around 79-98% by comparing the signal
strength with that of the standard reference (TEMPOL). The
impurities are considered to be the radical precursors because
they cannot be separated due to their structural similarities. The
impurities were confirmed to be the radical precursors by
'"H NMR. The new methoxylated and PEGylated TTM radical
derivatives were successfully synthesized.

UV-vis absorption

The UV-vis absorption spectra of radicals were measured in
toluene, chloroform, and water (Fig. 2a and Table 1). The new
radicals in toluene showed identical spectral shapes with char-
acteristic absorption bands at 377 nm attributed to the locally
excited m-m* transition of the TTM moiety. Absorption bands
around 625 nm (TTM-PhCz: 622 nm,”® TTM-OMel: 623 nm,
TTM-OMe3: 626 nm, TTM-PEG1: 624 nm, and TTM-PEG3:
629 nm) attributed to charge transfer (CT) from the carbazole
donor to the TTM acceptor were also observed. For comparison,

UV-vis absorption and PL spectra of TTM-PhCz were also
measured. Comparing TTM-PhCz (Fig. 1) and new radicals, the
CT absorption band of new radicals was slightly red-shifted due
to the electron-donating effect of the methoxy group. The molar
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Fig. 2 (a) UV-vis absorption spectra of new methoxylated and PEGylated
TTM-Cz radicals measured in toluene (10™° M) and (b) PL spectra of new
methoxylated and PEGylated TTM-Cz radicals measured at an absorbance
of 1.0[—] at 377 nm (excitation wavelength) in toluene.
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Table 1 Photophysical properties of alkoxy-substituted TTM-Cz radical
derivatives

Jabs”  Zp®  PLQY ki Ko
Compounds (nm) (nm) (%)  (ns)  (10°s7Y)  (10°s7Y)
TTM-PhCz 622° 722° 6.0° 5.0 12 190
TTM-OMe1l 623 729 6.8 4.1 17 230
TTM-OMe3 626 691 0.3 31 0.10 33
TTM-PEG1 624 735 3.4 2.1 16 463
TTM-PEG3 623 731 0.2 4.2 0.48 239

“ Jabs: absorption, Jpr: PL peak wavelength and PLQY: photolumines-
cence quantum yield measured in toluene solutions (10~° M). * 7: PL
lifetime measured at absorbance of 1.0[—] at 377 nm in toluene. ¢ kg
radiative decay rate. 4 k. non-radiative decay rate. ° These values were
cited from ref. 28.

absorption coefficients (¢) were determined to be 4.8 x 10°M " ecm ™%,

608 nm (TTM-OMel), 4.6 x 10> M~ ' ecm™', 608 nm (TTM-
OMe3), 4.6 x 10° M~' em™ !, 608 nm (TTM-PEG1), and 4.4 x
10° M~ ' em !, 610 nm (TTM-PEG3) in chloroform. Note that
the ¢ values were corrected by the purity of radical compounds
determined by ESR measurements, and the CT absorption
peaks of new radicals in chloroform tend to appear at shorter
wavelengths than those in toluene.”®** PEGylated TIMs were
water soluble and showed almost the same absorption spectral
shape as in toluene (Fig. 3). The absorbance of TTM-PEG1
saturated aqueous solution prepared by filtration of the 107* M
dispersion through a 0.20 um pore size membrane filter was
0.047 (631 nm) which is about 1/10 times of TTM-PEG3 after
filtration (0.42, 634 nm). ¢ of TTM-PEG3 in water was almost the
same as that of TTM-PEG3 in chloroform. This result suggests
that the water-solubility limit of TTM-PEG1 is smaller than 10>
M, and that of TTIM-PEG3 is higher than 10> M (later, it will be
shown to be higher than 10~> M). The CT absorption peak of
TTM-PEG3 in water was located at 634 nm, and a slight bath-
ochromic shift (5 nm) was observed compared to that in
toluene. The aqueous solution of TTM-PEG3 was transparent,
and no light scattering was observed. Methoxy and PEG sub-
stitutions change the absorption and emission slightly, and
TTM-PEG3 is favorably water-soluble without any additives
such as surfactants.

Dynamic light scattering (DLS) measurement of radicals was
performed in toluene and water (1 mM) to understand the

1.2 1.2
R UV-vis (in water) e
S 9 R UV-vis (in toluene) l1q9 =S
s vy i ——PL (in water) s
L)

808 [% 1Y ——PL (intoluene) 08 &
< '.\ !} 7]
< Wy c
506 [ V 06 é
2 o
© 04 | 040
£ £
‘go.z . % 026

i =

0

300 500 700

Wavelength (nm)

Fig. 3 (dotted line) UV-vis absorption and (real line) PL spectra of TTM-
PEGS3 in (red) water (107> M) and (black) toluene (10~> M) for comparison.
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dissolved state of radicals in toluene and water (Fig. S14, ESIT).
DLS measurements for TTIM-PEG3 with average hydrodynamic
diameters in water showed broad and sharp bands distributed
around 6 nm and 104 nm. On the other hand, all of the radicals
showed no light scattering signal in toluene, indicating that they
were in a single molecular state. The DLS results indicate that TTM-
PEG3 is water-soluble but tends to form aggregates in water.

Photoluminescence properties

The PL spectra, PLQY, and PL lifetime () in toluene and water
were measured (Fig. 2b, Table 1). New radical compounds
exhibited PL in the red to NIR region in toluene at 729 nm
(OMe1), 691 nm (OMe3), 735 nm (PEG1), and 731 nm (PEG3),
respectively. The PLQY was determined to be 6.8% (OMe1l),
0.3% (OMe3), 3.4% (PEG1), and 0.2% (PEG3), respectively.
When methoxylated radicals were compared to PEGylated
radicals, the PLQY of PEGylated radicals was lowered. The
non-radiative decay rates (k,.) of TTM-OMe1 (230 x 10° s 1),
TTM-OMe3 (33 x 10° s '), TTM-PEG1 (463 x 10° s7'), TIM-
PEG3 (239 x 10° s ') in toluene were determined using t and
PLQY (Table 1, Fig. S18, ESIt). PEGylated radicals seem to have
higher flexibility, resulting in lower PLQY caused by the higher
knr. The PL spectra and PLQY of TTM-PEG3 were also measured
in water (Fig. 3). This water-soluble radicals exhibited detectable
NIR emission with a low PLQY (777 nm, 0.006%) in water. Note
that the PLQY value was determined by comparing the PL
intensity of [Ru(bpy);]Cl, with the radical emission.** To under-
stand in detail the PL of TTM-PEG3 under aqueous conditions,
PL spectra of TTM-PEGS3 in different ratios of the water/THF (v/v%)
mixture were measured (Fig. S15, ESIt).* The PL intensity in the
10% water/THF mixture decreased compared to that in pure THF,
while the PL intensities in the range from 10% to 90% were almost
constant (Fig. S15, ESIT). This suggests that TTM-PEG3 forms an
aggregate when water exists, resulting in concentration quenching
of PL. All the radicals showed red to NIR emission in toluene, and
TTM-PEGS3 also showed NIR emission in water.

Solvent effect

The solvatofluorochromism was investigated to understand the
details of the emission properties of radicals. The PL spectra of
radical precursors were measured in toluene. HTTM-OMe3
(precursor) showed a red-shifted PL (367 and 380 nm) derived
from the locally excited n*-n transition of the carbazole unit,
compared to HTTM-OMel (356 and 373 nm), while their UV-vis
absorption peak was almost identical (Fig. S16, ESIt). HTTM-
OMe3 is assumed to have a higher HOMO energy level and a
smaller HOMO-LUMO gap than HTTM-OMel due to the more
electron donative methoxy groups. On the other hand, the PL
peak of TTM-OMe3 (radical) (691 nm) was at a shorter wave-
length than that of TTM-OMel (729 nm). According to the
Lippert-Mataga plots (Fig. S17 and Table S1, ESIt), TTM-OMe1l
was shown to be more sensitive to solvent polarity than TTM-
OMe3."*"” In cyclohexane, TTM-OMe1 showed a shorter PL
wavelength than TTM-OMe3, as expected from the bandgap.
TTM-OMe3 has a smaller bandgap and longer PL wavelength in
cyclohexane compared to TTM-OMel, but TTM-OMel has a

This journal is © The Royal Society of Chemistry 2024
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larger solvent polarity effect that reverses the order in toluene.
Similar to the comparison of TTM-OMe radicals, TTM-PEG3
has a smaller sensitivity to solvent polarity than TTM-PEG1
(Fig. S17, ESIT). However, the solvent dependence of the Stokes
shift of TTM-PEG3 is rather weak, in highly polar solvents
(water and ethanol) and 1,2-dimethoxyethane, which has struc-
tural similarity to the PEG chain, and the shift is almost the
same around 3000 cm ‘. This suggests that the dielectric
environment around the TTM-PEG3 luminophore is constant.
Moreover, the actual PL peak of TTM-PEG3 (777 nm) in water
was much shorter than that in water extrapolated from the plot
of TTM-OMe3 (around 929 nm). These results indicate that the
TTM-PEG3 radicals are in a hydrophobic environment (probably
aggregates in polar solvents). Thus, the formation of aggregates
in water maintains the hydrophobic nature and is assumed to
suppress the red-shift of PL, which results in the suppression of
the quenching of the PL of TTM-PEG3 due to the energy gap law.

Photostability

The photostability of new radicals was investigated by monitoring
the PL intensity during continuous irradiation with a 355 nm
pulsed laser in toluene (Fig. 4). For the investigations, the absor-
bance of all radicals was controlled to be 0.5 at 355 nm, and the
solutions were stirred during the measurement without degassing
using a home-made apparatus.*® The half-lifetimes (¢,,,) of radicals
were determined to be 3.6 x 10* s (TTM-OMel), 7.0 x 10" s (TTM-
OMe3), 2.8 x 10" s (TTM-PEG1), respectively. These t, values were
slightly longer than that of TTM-PhCz (1.6 x 10" s), and drastically
improved compared with that of TIM (3.3 x 10" s) measured
under the same conditions. TTM-PEG3 showed an increase in PL
intensity. This is assumed to be because the original PL intensity
of TTM-PEG3 is weak and degraded compounds show a stronger
luminescence. A distinct difference due to the laser irradiation
is seen in the time-dependent PL spectra (Fig. S20, ESIt). The
PL peak of TTM-PEG3 after long-term laser irradiation of
3590 seconds was blue-shifted by 18 nm from that after short-
term laser irradiation of 20 seconds, namely 732 nm to 714 nm,
attributed to a degraded compound, while other radicals show no
or quite less blue-shift after long-term irradiation. The degraded
compound of TTM-PEG3 also does not have strong luminescence
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Fig. 4 Photostability of TTM radical derivatives measured at an absor-
bance of 0.5[-] at 355 nm in toluene. ty,», was determined by fitting the
results with the equation I(t) = Io(1/2)A(t/ty/5), I(t) is the intensity at a specific
time, Iy is the initial intensity, and t is the time. The plots were shown using
the values of moving averages of 10 values over 200 seconds.
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intensity but it seems to be stronger than that of TTM-PEG3. As a
result, some increase in the PL intensity was observed for TTM-
PEG3. New radicals exhibited good photostability under atmo-
spheric conditions.

Longitudinal relaxivity

Water-proton longitudinal relaxivity (r;) of TTM-PEG3 in an aqu-
eous solution was determined to investigate the potential of TTM-
PEGS3 for application as an MRI contrast agent. The longitudinal
relaxation time (7T;) of solvent water was measured using a 1 T
NMR magnet at different concentrations (Fig. 5). The T; relaxation
time was shortened by the PRE effect due to the TTM-PEG3
radicals."®?* This result indicates the potential of TTM-PEG3 for
application as an MRI contrast agent. The compatibility of the
MRI contrast agent was estimated as the relaxivity value r;, which
was calculated to be 0.02 mM " s~ " using eqn (1).

T, '=T, '+ nrC (1)

T, and C denote the T, relaxation time without the contrast
agent and concentration of the contrast agent, respectively.”®
This r; value was smaller than those of the clinically used Gd
complex (Gd-DTPA; 3.48 mM™' s') and the organic radical
TEMPO derivative (2-HEG; 0.41 mM " s™') (Fig. S21, ESI}).>"*
In comparison with Gd, the spin quantum number of organic
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Fig. 6 (Solid line) Cyclic voltammogram (CV) and (dotted line) differential

pulse voltammogram (DPV) of TTM-Cz derivatives in CH,Cl,.
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radicals is small (7/2 vs. 1/2). In comparison with organic radicals,
the spin quantum number is the same, but the r; value of TTM-
PEG3 was 1 order of magnitude smaller than that of 2-HEG. This
may originate from the hydrophobicity of the TTM unit and
aggregate formation, ie., the relatively small magnetic interactions
between TTM-PEG3 and water molecules. Although r; of TITM-
PEG3 is lower than that of conventional radical contrast agents,
TIM-PEG3 is the first TTM derivative to show potential for
application as an MRI contrast agent.

Electrochemical properties

The electrochemical behavior of new radicals was investigated
by cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) (Fig. 6). The CV of TTM-PhCz was also measured for
comparison. All radicals exhibited two similar reversible redox
couples at half-wave potentials of —0.96 V/0.53 V vs. Fc'/Fc
(TTM-OMe1), —0.96 V/0.53 V (TTM-OMe3), —0.97 V/0.54 V
(TTM-PEG1), and —0.97 V/0.52 V (TTM-PEG3). These redox
potentials were also similar to that of TTM-PhCz (—0.98 V/
0.53 V) which has no alkoxy group. The redox couple at low
voltage is attributed to the reduction of the TTM radical and the
redox couple at high voltage is attributed to the oxidation of the
TTM radical.”® These potentials were nearly identical values,
despite that the oxidation potential of the carbazole donor
itself, as determined by the CV of the radical precursor, is
affected by the alkoxy substituents (Fig. S22, ESIt). These nearly
identical potentials were assumed to be due to the approxi-
mately 50° torsion between the carbazole donor and the TTM
unit resulting in minimum electronic communication. All new
radicals showed similar redox properties regardless of their
substituents.

Theoretical calculations

Unrestricted density functional theory (DFT) calculations using
Gaussian 16 with the UPBEO functional and 6-31G(d,p) basic
sets were performed in a vacuum to understand and compare
the electronic structures of TTM-OMe1, TTM-OMe3, and TTM-
PhCz (Fig. 7).>° The three radicals were chosen because the PEG
chain has too much freedom for calculations, and the electro-
nic structure was assumed to be similar to that of methoxy-
substituted radicals. From calculations, the three radicals were

6844 | J Mater. Chem. B, 2024, 12, 6840-6846

found to exhibit similar orbital distributions. The BLUMO
(TTM-PhCz: 192b, TTM-OMel: 200b, TTM-OMe3: 216b) was
localized over the TTM moiety, and the BHOMO (TTM-PhCz:
191b, TTM-OMel: 199b, TTM-OMe3: 215b) was localized over
the carbazole moiety. The PHOMO-BLUMO energies were
obtained to give an orbital description of the lowest energy
absorption band. The energy gaps between the BHOMO and
BLUMO were estimated to be 2.20 eV (TTM-PhCz), 2.15 eV
(TTM-OMe1), and 2.05 eV (TTM-OMe3). These results indicate
the decrease of BHOMO — BLUMO transition energy with the
introduction of the methoxy group and the trend matches the
absorption maxima of the radicals (Table 1) and describes that
the lowest excited state has a CT character.

Conclusions

Alkoxy-group substituted TTM-Cz radicals TTM-(OMe1, OMe3,
PEG1, PEG3) exhibited red to NIR emission, and TTM-PEGS3 is
water soluble and showed NIR emission in water. All new
radicals exhibited red to NIR emission derived from the CT
excited state of the carbazole donor and TTM acceptor. TTM-
PEG3 showed weak NIR emission in water (777 nm) and a
water-proton longitudinal relaxivity (0.02 mM ' s™'). To our
knowledge, this is the first report of water-proton longitudinal
relaxivity of luminescent radicals. These results show their
potential for application in fluorescence and MR dual imaging.
The simple molecular design strategy allowed the development
of water-soluble and luminescent radicals that exhibit magnetic
interactions with solvents and have potential applications in
bioimaging.
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