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There is an active demand for full-color fluorophores in the field of fluorescent dyes. However, a core
skeleton with a simple structure and easy modification is currently insufficient. Herein, we develop a
range of full-color-tunable fluorophores 3a—3m based on the fluorinated benzothiadiazole skeleton and
their control compounds 3n-3p. By regulating the charge transfer strength between donors and accep-
tors, the emission colors of 3a—3p spanning from blue to red (lem, = 445-672 nm) are achieved. Inter-

Received 18th October 2023, estingly, compounds 3a—3p with a fluorinated core skeleton exhibit sensitive solvatochromism effects,

Accepted 10th November 2023 large Stokes shifts and excellent dual-state emission (especially 3c—3k). Meanwhile, with the control of
different substituents in the donor structure, ACQgens (3a—3i and 3n—3p) can be facilely tuned to AIEE-

gens (3j—3m). Notably, red AIEEgen 3m shows great potential for bioimaging in live cells with low
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Introduction

Full-color fluorophores can emit across the whole visible light
spectrum (390-760 nm) by varying substituents of the core
scaffold.™® The tunable structure and photophysical properties
of full-color fluorophores give them potential for a wide range
of applications in sensing, bioimaging and organic light-
emitting diodes (OLEDs).> Among them, as representatives of
multicolor luminophores, quantum dots and carbon dots have
attracted enormous attention owing to their high quantum
yield (@) and color purity.* However, they still have some
disadvantages, e.g., an unclear luminescence mechanism and
an ambiguous structure-property relationship, resulting in a
narrow spectral range and difficulty in achieving solid-state
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emission.® Thus, many research groups have developed plenty
of full-visible color-tunable organic fluorophores based on
donor-acceptor (D-A) systems.®”’

For example, Yasuda et al. synthesized five D-A-D type full-
color delayed fluorescent materials by making a central phtha-
lonitrile or 2,3-dicyanopyrazine acceptor core that is connected
with various donor units.® In 2023, Sun et al. developed eight
carbazole-based D-D-A type full-color aggregation induced
emission luminogens (AIEgens).’ Recently, Samanta et al
reported a series of D-A-D type full-color pyrylium, pyridinium
and pyridine derivatives and used them for pH imaging during
mitophagy (Scheme 1i)."° Nevertheless, the current skeletons
are still inadequate for preparing advanced fluorescent materi-
als. Some may have shortcomings of a narrow emission range
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Scheme 1 An overview of full-color compounds vs. this work.
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and single fluorescence performance. Hence, it is highly desir-
able but challenging to select a key core skeleton to design
functional fluorophores with full-visible color tunability, and
further explore their applications in the field of cell imaging.

Benzothiadiazole (BTD) is an important acceptor, and its
derivatives have high fluorescence @y, outstanding chemical
and photostability, excellent aromaticity, and multiple modifi-
able sites. Meanwhile, it easily results in full-color fluorophores
with tunable emission spectra from blue to red regions via
incorporating diverse electron-donating units or extending the
n-conjugated skeleton."'” In recent reports, the BTD core has
been successfully used;'® especially, it can be developed into full-
color metal-organic frameworks'*"* or AIEgens'® (Scheme 1(ii)).
Although used as a building block with more electron-
withdrawing nature,"”'® 5,6-difluoro-BTD (FBTD) has not been
systematically exploited for multifunctional luminophores with
full-color emission (Scheme 1(iii)). In order to develop a variety
of FBTD derivatives, this work is the first to construct a series
of multifunctional full-color fluorophores based on a central
FBTD core.

Modulating the charge transfer process and the molecular
conformation of the D-A system has been a key strategy for
successfully constructing full-color fluorophores with emission
that can cover the whole visible region.'®*° Among the detailed
methods, fluorination may increase intra-molecular D-A
interactions®! and simultaneously enhance & in solid and
solution states.® The alkynyl group as a m bridge can not only
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Fig. 1 Chemical structures of full-color fluorophores 3a—3p.

© 2023 The Author(s). Published by the Royal Society of Chemistry

I, R=0CH,

View Article Online

Materials Advances

enhance the rigid conjugation of the intermediate skeleton, but
also promote the free rotation of the units at both ends.*?
Meanwhile, dual-state emission (DSE) fluorophores, aggregation
caused quenching (ACQ) luminogens and AIEgens have their own
advantages in solution, aggregated and solid-state emissions,>*
and it is of great significance to realize the effective conversion of
the three in the same framework. Therefore, the FBTD core is
decorated with diverse donors via an acetylene linker, successfully
making a series of D-A-D type full-color fluorophores 3a-3m and
their control compounds 3n-3p (Fig. 1) are synthesized. These
compounds not only have multifarious emission properties such
as solvatochromism, DSE, ACQ and aggregation induced
enhanced emission (AIEE) effects, but also have a wide emission
range (445-672 nm), tunable fluorescence @y (0.2-93%) and a
large Stokes shift (2.3 x 10> — 6.8 x 10* em™ '), which can
basically overcome the many existing limitations of common
fluorophores. More importantly, red emitter 3m has low cytotoxi-
city and is successfully used for cell imaging.

Results and discussion
Synthesis and characterization of compounds 3a-3p

In this work, the synthesis routes of these full-color fluoro-
phores 3a-3p are shown in Schemes S1-S3 in the ESIL.{ Among
them, 3a-3m as the anticipated target compounds were suc-
cessfully synthesized by the Sonogashira coupling reaction® of
4,7-dibromo-FBTD 1a and terminal alkynes 2 with good yields
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(65-85%). It is shown that the electron-rich terminal alkynes
are more conducive to the coupling reaction.

Accordingly, three control compounds 3n-3p were synthe-
sized by changing the reactant, reaction type or feeding ratio. For
instance, 3n is synthesized from 4,7-dibromo-BTD 1b and 4-
ethynyl-N,N-dimethylaniline 2m by the Sonogashira reaction. 30
is obtained by the Suzuki reaction*® using 4,7-diborate-BTD 1’
and 4-bromo-N,N-dimethylaniline 2’. When the molar ratio of 1a
and 2m was controlled as 1:1, the monosubstituted compound
3p was obtained by the Sonogashira reaction. Importantly, the
molecular structure and purity of all obtained 3a-3p were well
demonstrated by 'H, '°F, *C NMR,””*® HRMS (Fig. $1-S62, ESI)
and single-crystal X-ray diffraction analysis (for compounds 3e,
3f, 3m and 3p, Tables S1-54, Fig. S63 in the ESIT).
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Thermal stability of compounds 3a-3p

The excellent thermal stability of the fluorophore molecules is an
important prerequisite for the development of their fluorescence
applications. Hence, a thermogravimetric analysis is performed
on these new compounds and the decomposition temperature
(Tq) is defined as the temperature at which weight loss is 5%.

As shown in Fig. S64 (ESIY), all of the T4 of compounds 3a-
3p are greater than 190 °C, indicating that these compounds
have good thermal stability. Furthermore, the Ty of 3j and 3k is
above 470 °C, and it may be due to that carbazole and
triphenylamine (TPA) units have more benzene rings to dis-
perse  electron density and reduce molecular energy. Com-
pound 3n presents the high T4, which may be attributed to that
the bond energy of C-F is greater than that of C-H.
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Fig. 2 (a) The UV-vis absorption spectra and photographs of compounds 3a—3p in THF (107> M). (b) The fluorescence spectra and photographs of 3a—
3p in THF and (c) solid and (d) film states. The CIE chromaticity coordinates of 3a—=3p (e) in THF and (f) solid and (g) film states.
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Photophysical properties of compounds 3a-3p

Dual-state emission. Firstly, the UV-vis absorption spectra of
compounds 3a-3p are tested in THF. As shown in Fig. 2a and
Table 1, the absorption peaks of 3a-3p are located at 270-
510 nm. Meanwhile, they exhibit different colors in sunlight,
including colorless, yellow-green, yellow, orange and red, which
may be related to the strength of the intramolecular push—pull
effect. Moreover, compounds 3a-3p display two or three max-
imum absorption peaks. Among them, the absorption peak at
280-400 nm is attributed to the m-m* transition from the
aromatic rings in FBTD derivatives,”® and the absorption peak
at above 400 nm is assigned to the ICT of D-A-D systems.*’

As depicted in Fig. 2b, Table 1 and Fig. S65, Table S5 (ESIt),
the emission bands of 3a-3p can range from 436 to 645 nm,
covering the blue to red region, which makes full-color-tunable
emission in the entire visible wavelength region to be realized.
We further carefully analyzed the effect of different substituents
(R) attaching to the 4,7-positions of the FBTD core to illustrate the
full-color tunability of 3a-3p. When R is trimethylsilyl and n-hexyl,
the emission peaks of 3a and 3b are at 436 and 444 nm,
respectively, showing blue fluorescence. When R is thienyl, phe-
nyl, p-methylphenyl, p-methoxyphenyl, p-chlorophenyl, naphthyl
and biphenyl, the maximum emission of 3¢-3i is located at 474 to
520 nm, showing blue-green or yellow-green fluorescence; when R
is carbazolyl, TPA, p-CH;O-TPA, and p-N,N-dimethylphenyl, the
fluorescence peaks of 3j-3m are red-shifted to the range from 582
to 643 nm, and the fluorescence color is orange or red. Generally,
the emission wavelength of compounds 3a-3m will be red-shifted
with the increase of the electron-donating ability of the R group.
Obviously, the fluorescence intensity of compound 3k is greater
than that of 31 in THF (Table 1), which may be due to the presence
of the OCHj; group in 3l, resulting in the increase of free rotation
and non-radiative transition of 31.

Furthermore, the control compound 3n is blue-shifted by
15 nm in comparison with 3m, indicating that the fluorinated
BTD can enhance the ICT effect.?’ In fact, the maximum
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emission is red-shifted as the degree of conjugate structure
enlarges.'® Nevertheless, the emission of 30 (635 nm) is redder
than that of 3n (630 nm), suggesting that a linear triple bond
may weaken the ICT effect in solution.” The monosubstituted
compound 3p is affected by the heavy atom effect (Br) and no
fluorescence is observed.

The analysis of CIE chromaticity coordinates also intuitively
shows that, by changing different substituents and adjusting
the electron-donating intensity of the donor, the full-color-
tunable of compounds 3a-3p in solution can be realized
(Fig. 2e).” Fortunately, most compounds (except 31 and 3p)
have high & in THF, which facilitates the development of
their applications in the solution state.

Likewise, as can be seen in Fig. 2c, f, Table 1 and Fig. S66
(ESIY), for compounds 3a-3p, they exhibit full-visible color-
tunable emission (445-672 nm) in the solid state. The dual-
state fluorescence of compounds 3a-3p has a basically consis-
tent variation trend by regulating the push-pull electron
strength of the R group. However, for each compound, espe-
cially for 3j-3m, the solid-state emission has varying degrees of
bathochromic shift relative to that in the solution state, which
may be the formation of excimers and strong n-n interactions
in the solid state.>>*" Most of the compounds 3a-3p have high
@y in the solid state (clearly, g, 3m > @, 3n), which helps to
develop low-cost solid-state organic luminescent materials.
Therefore, we further tested the fluorescence spectra of the
thin film state prepared by mixing compounds 3a-3p with
poly(methyl methacrylate) (PMMA) and then dissolving them.
As illustrated in Fig. 2d and g, Table 1 and Fig. S67 (ESIt), the
films of 3a-3p also exhibit the intense full-color emission
covering the whole visible range.

In brief, compounds 3c-3k have high fluorescence @y and
intense emission in both the solution and solid states, indicat-
ing that they are typical DSE fluorophores. These phenomena
may be attributed to the delicate balance between the distorted
conformation and rigid conjugation of compounds, which

Table 1 Photophysical data of compounds 3a-3p in solution, solid and film states

Solution (THF) Solid Film
Comp.  Japs (nm) £ (10*M'em™)  Jem (nm) @:” (%)  Stokes shift (cm™)  Jem (nm) g’ (%)  °(nS)  Aemw (nm)
3a 278, 327, 365 18, 1.7, 1.5 436 59 4461 445 6.5 2.10 445
3b 276, 324, 370 5.0, 1.5, 1.2 444 84 4505 445 28 3.11 453
3¢ 281, 317, 424 3.9,1.2,1.1 511 85 4015 566 41 2.91 544
3d 278, 399 15, 2.6 475 84 4010 532 69 6.24 484
3e 279,303,410 18, 4.2, 3.4 493 89 4106 528 66 3.47 497
3f 279, 303, 427 16, 0.50, 0.43 519 93 4151 550 58 2.44 519
3g 279, 302, 400 13, 3.9, 3.1 474 84 3903 521 84 3.84 490
3h 279,326,432 5.7,1.7,1.9 514 57 3693 540 50 2.94 515
3i 315, 418 3.7,31 501 89 3963 527 53 2.33 511
3j 320, 427 3.9, 2.8 582 61 6237 550 58 5.11 527
3k 279,338,484 18, 6.8, 5.6 628 41 4738 627 62 2.11 611
31 279, 346, 503 5.3, 5.0, 4.1 409, 569 0.2 2306 672 23 2.11 628
3m 279, 327, 495 16, 5.0, 3.9 643 10 4650 663 20 2.02 625
3n 279, 325, 491 17, 4.3, 2.9 630 42 4494 660 2.2 1.05 607
30 278, 315, 474 17, 2.6, 1.2 635 68 5349 662 4.6 2.04 625
3p 315, 448 2.7,1.1 417,530, 645 0.5 6818 638 1.5 1.46 599

“ The molar absorption coefficient at absorption maxima. ” The absolute quantum yield was obtained by using integrating spheres. ¢ The

fluorescence lifetime was obtained by double exponential fitting.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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helps them activate emission and inhibit nonradiative transi-
tions in both the solution and solid states.*” Importantly,
compounds 3c-3k (Prrursoia >40%) have higher quantum
yields than some reported DSEgens.>**

Solvatochromic effect. To explore the ICT properties of the
D-A-D type fluorophores, we tested the fluorescence spectra of
3a-3p in nine solvents with different polarities. As shown in
Fig. 3a and b and Fig. S68-S75, Tables S6, S7 (ESIf), with
the increase of solvent polarity, the maximum emission
peaks of compounds 3a-3p are red-shifted to varying degrees
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(19 nm to 135 nm), accompanied by significantly different
fluorescence changes. Evidently, for 3a-3p, they exhibit solva-
tochromism effects. And, especially for 3j-3p, they are expected
to be candidates for solvent polarity probes. Additionally,
fluorinated 3m has the greater solvatochromism effect than
3n. And acetylene-containing 3n is more remarkable than 3o,
respectively. Thus, the emission of compounds varies in sensi-
tivity to solvent polarity, which may be connected to
the strength of the ICT effect’® and the magnitude of the
dipole moment.®
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(a) The fluorescence spectra and photographs of 3e and (b) 3m in various solvents. (c) The fluorescence spectra and photographs of 3e and (d)

3m in the THF/H,O mixtures system. (e) The packing mode in the crystals of 3e and 3m.
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Moreover, for compounds 3j-3p, in a highly polar solvent
(i.e., EtOH, MeCN, DMF and DMSO), the fluorescence intensity
is found to be significantly weakened. This may be due to the
activation of rotation and vibration of the R group, thus
enhancing the twisted ICT (TICT) effect and promoting the
nonradiative transitions."®

Aggregation emission properties. Linking different R groups
at 4,7-positions of FBTD may allow them to exhibit unique
fluorescence properties in different aggregation states. Conse-
quently, the emission spectra of compounds 3a-3p in THF/H,O
systems were tested. As displayed in Fig. 3¢ and Fig. S76-S84,
S89-S91 (ESIt), fluorophores 3a-3i and 3n-3p show bright
fluorescence in pure THF as the solvent. When the water
fraction (fi,) increases from 0% to 99%, the emission intensity
gradually decreases, demonstrating an obvious ACQ effect. This
may be due to that after decorating the R group on FBTD, the
structures of 3a-3i and 3n-3p remain planar conjugated,
resulting in their dominant w-m interactions in the
aggregated state.

Further, as presented in Fig. 3d and Fig. S85-S88 (ESIT),
when the f,, increases from 0% to 99%, the fluorescence
intensity of compounds 3j-3m first decreases sharply and then
gradually increases. This suggests that, for 3j-3m, they have the
twisted ICT effect and remarkable AIEE properties.** Com-
pounds 3j-3m can exhibit the similar emission behavior to
the hexaphenyl-benzene-based AIEEgens®* or typical
tetraphenylethene-based AlEgens.>® Attaching rotors on FBTD,
such as carbazole, TPA, p-OCH;-TPA, and p-N(CHj;),-Ph, may
give the molecule a highly distorted conformation, which
restricts the motion of the R group in high f, systems.'®
Interestingly, compounds 3m, 3n and 30 have the same rotor,
but the latter two compounds exhibit ACQ behavior, suggesting
that the fluorinated BTD is beneficial for enhancing emission
in the aggregated state. Thus, this study on these phenomena
may provide a new perspective for the transition between ACQ
and AIE or AIEE.?®

To evaluate the AIEE effect of the compounds, their fluores-
cence spectra in ethanol/glycerol mixtures are tested by using
3m and 3k as examples. The red fluorescence of 3m and 3k can
be markedly intensified with the increase of the glycerol frac-
tion from 0% to 80% (Fig. S92, ESIt). This is due to that the
increase of viscosity impedes the intramolecular rotations, thus
inhibiting TICT progress and boosting the emission intensity.”
Furthermore, as evidenced in Fig. S93 (ESIT), the level-off tails
are noticed in the long-wave region with continuously increas-
ing the f;, to 80% (or 70%). This interesting feature is caused by
the light scattering effect, implying that the nanoaggregates are
formed.>** Indeed, the formation of nanoaggregates was con-
firmed by dynamic light scattering analyses (Fig. S94, ESIT).

Whether a compound can maintain stable and intense
emission for a long time is important for its application
development.®® As demonstrated in Fig. S95 (ESIt), the fluores-
cence intensity of compounds 3a-3p has no significant
decrease after one hour of UV lamp irradiation, and three
months of storage (powder at r.t., solution at 4 °C), indicating
that they display excellent photostability.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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DFT calculations and single crystal analysis

To elucidate the unique emission behavior of compounds 3a-
3p in solution, aggregate, and solid states, DFT calculations
were used to study structure-property relationships (Tables S8-
$23, ESIT).® As illustrated in Fig. S96 (ESIf), the LUMOs of
compounds 3a-3p are mainly distributed on the FBTD accepter
core. Meanwhile, the HOMOs of 3a-3i are predominantly
located on the FBTD and R groups, but for 3j-3p, the HOMOs
are distributed over the R group. Usually, if the LUMO and
HOMO can be effectively separated at both ends of the mole-
cule, it is beneficial for the ICT process and improves the
solvatochromism effect.?® This is basically consistent with the
above experimental data (Table S7, ESIt).

Moreover, the calculated energy gaps (AE) of compounds
3a-3p are also presented in Fig. S96 (ESIT). It is found that AE
can be modulated systematically from 3.32 to 2.05 eV by a
rational combination of donor and acceptor units. In general,
the absorption and emission peaks of compounds are red-
shifted as the AE decreases.>*® The reason is that the AE is
the narrower, the less excitation energy is required for the
electron transition. DFT calculations show that compound 3a
has the largest AE, and the fluorescence data also confirm that
3a has the shortest emission wavelength (Table 1). Meanwhile,
there is a similar pattern between the AE value and maximum
absorption.

Furthermore, the single crystal structures of 3e and 3m are
analyzed to explore the reasons why they have different emis-
sion behaviors in the monomolecular and aggregate states.>” As
evidenced in Fig. 3e, compound 3e is uniformly arranged in a
parallel fashion. Among them, there is an obvious n-m inter-
action between the BTD core (II) and the benzene ring (I) or
benzene ring (III). Meanwhile, the torsion angle between the II
unit and the I or III ring is only 6.488°. Thus, 3e shows the ACQ
behavior.

Nevertheless, there is a difference that 3m is cross-stacked.
Only the BTD core (II) and the benzene ring (I) have n-n
interactions, and the torsion angles between the II unit and
the I or III ring are 1.671° and 44.453°, respectively. Thus, its
AIEE effect is ascribed to its distorted conformation and looser
packing to restrict molecular motion and promote radiation
transition."**

Interestingly, both the single crystal structure (Fig. S63,
ESIt) and DFT results of 3c-3k (Fig. S96, ESIt) show that FBTD
and acetylene groups maintain linear conjugation, while R
groups undergo varying degrees of torsion, which is the key
to their DSE behavior.*?

Bioimaging study of compound 3m

Compound 3m has remarkable red emission and large Stokes
shift, which give it the advantages of low tissue autofluores-
cence, high penetration depth and high contrast in cell
imaging.'>'® Therefore, 4T1 cells were selected as a model to
study the ability of 3m to image noninvasive in living cells.
Firstly, different concentrations of 3m solutions (e.g:, 10, 30, 60,
80 and 100 pg mL ") were prepared, and the further cytotoxicity
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Fig. 4 (a) The biocompatibility of compound 3m. (b) CLSM images of 4T1
cells incubated with 3m of different concentrations (lex = 405 nm and
Jem = 620-670 nm).

test was performed using the MTT method.'® As depicted in
Fig. 4a, compound 3m with different concentrations can show
excellent biocompability and low cytotoxicity on 4T1 cells.
Especially, the 4T1 cells also display better viability at the same
concentration and longer incubation time (48 h) compared to
the reported work.'®*°

Furthermore, the bioimaging study was evaluated by stain-
ing the 4T1 cells with the red-emissive 3m. Confocal laser
scanning microscopy (CLSM) images exhibit that dye 3m gra-
dually enters the cell after the incubation of 12 h, and the red
fluorescence intensity is enhanced with the increase of the dye
concentration (Fig. 4b). These clearly indicate that the FBTD
derivative 3m shows great potential for noninvasive imaging
and real-time monitoring in live cells.’

Conclusions

In summary, we have successfully synthesized a series of D-A-D
type full-color-tunable fluorophores 3a-3m containing the
same central fluorinated benzothiadiazole core and the control
compounds 3n-3p. Luminogens 3a-3p show blue to red
fluorescence in solution, solid and film states by regulating
the electron-donating and electron-accepting strengths of moi-
eties on both sides, and the color emission covering the whole
visible range can be achieved as designed. Intriguingly, 3a-3p
reveal solvatochromism properties and large Stokes shifts,
while 3c-3k show DSE properties. Moreover, 3a-3i and 3n-3p
display the ACQ effect, while 3j-3m exhibit AIEE behavior by
adjusting substituents. This means that, for compounds 3a-3p,
the DSE and the ACQ to AIEE conversion can be interestingly
achieved. More importantly, red-emissive fluorophore 3m can
be utilized for live cancer cell staining. Thus, this work not only
provides a new core skeleton for the design of full-color emis-
sion systems, but also expands their application in bioimaging.

Experimental section

All materials and reagents and solvents were purchased from
commercial sources and used without further purification.
Moreover, the ESIf provides details of chemicals and
equipment.

By modifying the literature procedure,>>>® FBTD derivatives
3a-3m and control compounds 3n-3p were successfully synthe-
sized. All characterization data, such as 'H, *C and '°F NMR
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spectra as well as HRMS and single crystal data can be seen in
the ESL¥
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