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Aggregation-responsive ON—OFF—-ON
fluorescence-switching behaviour of twisted
tetrakis(benzol[b]furyl)ethene made by

hafnium-mediated McMurry couplingf
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Fluorescence-switching dyes serve as important tools for bioimaging and environment sensing. Herein,

we report a new type of molecule, tetrakis(benzolblfuryllethene (TBFE), that undergoes two-wavelength

ON-OFF-ON three-stage fluorescence switching triggered by aggregation. This compound features a
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sterically hindered tetrasubstituted ethene, made available by a hafnium-mediated McMurry coupling reaction. A
fluorescent band of TBFE at 360 nm in THF disappears upon dilution with water towards 40% water in THF,
giving way to a new peak at 510 nm. This switching behaviour is attributed to the combination of THF/H,O

ratio-dependent aggregation-caused quenching and aggregation-induced emission, as supported by the

rsc.li/frontiers-materials

Introduction

Environment-responsive fluorescent materials have attracted
attention due to their chemical properties by themselves and
for applications to bioimaging®* and environmental sensing.*"*
Aggregation-responsive dyes have been most widely studied for
their fluorescence-switching property, and previous studies
have focused on two-stage on-off switching, caused by either
aggregation-caused quenching (ACQ) or aggregation-induced
emission (AIE).” The former mechanism is generally found in
planar © molecules,® while the latter in molecules with rotatable
or vibratory units, such as tetraarylethenes (TAEs)."> Three-stage
switching” involving a continuous change of fluorescence has
also been achieved by a combination of intramolecular charge
transfer (ICT) and AIE.

Herein, we report a two-wavelength ON-OFF-ON fluorescence-
switching behaviour of a new type of molecule, tetrakis(benzo-
[b]furyl)ethene (TBFE), triggered by aggregation (Fig. 1a). This
compound features a sterically hindered tetrasubstituted ethene
(Fig. 1b), made available by a hafnium-mediated McMurry
coupling reaction. A fluorescence band of TBFE at 360 nm in
THF disappears upon dilution with water towards 40% water in
THF, giving way to a new peak at 510 nm (Fig. 1c). The intensity
of the 360 nm fluorescence at 0% water weakens by 3.4 times at
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change of size distribution measured by dynamic light scattering and scanning electron microscopy.
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Fig. 1 Tetrakis(benzolblfuryllethene (TBFE). (a) Molecular design. (b) Crystal
structure showing twisting around the TAE centre (see ESIT). (c) Fluorescence
intensity dependent on THF/H,O ratio (excitation at 365 nm).

40% water in THF, where the 510 nm fluorescence appears and
its intensity increases by 9.8 times at 90% water. This switching
behaviour is attributed to the combination of the ACQ effect of
the 360 nm fluorescence and the AIE effect of the 510 nm
fluorescence, as supported by the change of size distribution
measured by dynamic light scattering (DLS) and scanning
electron microscopy (SEM). This compound features a TAE as
an AIE-phore framework (Fig. 1a, blue) and a benzofuran (BF) as
a fluorescent unit (red), a class of fused furan compounds with
high fluorescence quantum yield in solution and even in the
solid state in some m-expanded molecules.® A key synthetic
enabler of this research is the use of hafnium (Hf) for the
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McMurry coupling, which we found useful for the synthesis of
the sterically congested TAE core.

Results and discussion
Synthesis of TBFE

A retrosynthesis of TBFE calls for the deoxygenative McMurry-
type coupling of two aryl ketone molecules (7 in Scheme 1). To
this end, we first prepared benzofuran 5 from a commercially
available 3-bromophenol (1) in four steps via a procedure
reported by Sanz et al.’® Lithiation of 5 and nucleophilic addition
of the resulting aryllithium to methyl formate gave alcohol 6.
Oxidation by MnO, afforded ketone 7. The subsequent McMurry-
type reductive coupling reaction of 7 was effectively promoted
using ZrCl, or HfCl, with metallic Zn to obtain TBFE in 42% and
50% yields, respectively, whereas no reaction occurred with the use
of the corresponding Ti reagent (Table 1). The use of zinc as a
reducing reagent was inspired by Mukaiyama’s protocol, where a
combination of TiCl, and Zn was used.'®

The high efficacy of the hafnium-mediated McMurry coupling
was rather unexpected because of publications reporting the
contrary.''*> We attribute the difference in efficacy among Ti,
Zr, and Hf to the difference of atomic radius and/or the reducing
ability of low-valent metal states. Zr and Hf with a larger atomic
radius than Ti may be able to circumvent a steric problem
encountered in the conventional Ti-mediated coupling known
for its sluggishness upon the application to bulky ketones.'*'* An
alternative possibility includes the larger standard electrode
potentials (M**/M) of Hf and Zn than Ti,"* which provides a
larger driving force for this deoxygenative reaction.

Optimized structure and UV absorption

Geometry optimization of TBFE at the B3LYP level of theory
using the 6-31G* basis set showed that there are four stable

o o
) 1) LDA (1.1 equiv.)
OH _1|_)'_|r\éaH (2 equiv.) C,)J\NE,2 THF O)I\NEtz
f rt.2h :l ~78 °C, 30 min |
o) 2) I (1.2 equiv.),

f Br 2) )J\ 2 Br —78 °C to r.t., 30 min Br
Cl NEt, (2 equiv.) a7% 53%
rt,4h

=—Ph (1.2 equiv.) Ph
piperidine (10 equiv.)
OH Pd(OAC)z(PPhg); (2 mol%) o} 4
NaOH (10 equiv.) 1 Cul (4 mol%}
EtOH DMF
reflux, 4 h Br 60°C,5h Br
4 5
without purification 1%
1) n-Buli (1.1 equiv)  Ph Ph
THF — OH — Ph Ph
—78°C, 30 min o] o) MnO; (10 equiv.) == o] —
— -
2) HCO,CHj (0.5 equiv.) O O CH,Cl, ° °
—78 °C to r.t., 30 min reflux, 48 h
6
7
93%

HiCl, (1.5 equiv.}

Zn (3.0 equiv.)

CH4,CN

70°C,48h

Scheme 1 Synthesis of TBFE.
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Table 1 Group 4 metal-mediated McMurry-type coupling reactions of
compound 7

Ph Ph Xcl, (1.5 equiv.),
= o — Zn (3.0 equiv.)
Q. —_—
O O toluene, 22 h, 110 °C
7

XCl, r (pm) EM4+/Mb (\%] Yield (%)
TiCl, 148 —1.37 0
ZrCly 164 —1.45 42
HfCl, 164 —1.55 50

“ Atomic radius of metal. ? Standard electrode potential of group 4
metals.'?

conformational isomers within 4.28 kJ mol " (Fig. 1b and ESI,
Fig. S1-S5). In the most stable and hence most populated
conformer, the 2-phenylbenzo[b]furan (BF) unit and the alkenyl
C—C double bond of the alkene are twisted by 87.8° to each other.
This optimized structure indicates that the n-conjugations of the
BF unit have little electronic interaction with each other in the
ground state, which accounts for the similarity of the absorption
spectrum of TBFE in THF (Fig. 2a) to that of BF.

Fluorescence switching in THF/H,O

TBFE shows two-wavelength ON-OFF-ON switching behaviour
of its fluorescence in a THF/H,O mixed-solvent system (Fig. 1c
and 2b, c), while the maximum absorption wavelength around
317 nm remains unchanged for THF/H,O volume ratios from
0% to 90% (Fig. 2a). In pure THF (Fig. 2b, blue line and Fig. 2c, blue
dot), we see a fluorescence peak at 360 nm due to emission from the
BF moieties (ESLt Fig. S7) with a fluorescence quantum yield (®g;)
of 0.094. Upon gradual dilution with H,O, the intensity of the
emission band decreases to @, = 0.028 at 40% water. At 70% water
(purple dot in Fig. 2c), however, a new peak appears around 530 nm
with @g; of 0.159, which undergoes a gradual blueshift and
intensifies as the H,O ratio is increased. At a 90% H,O ratio, a
well-defined signal at 503 nm appears with ®g; = 0.263, accom-
panied by a slight blueshift to 503 nm. At this ratio, the peak at
360 nm was not seen at all; TBFE precipitates in pure water.
We surmise that this ON-OFF-ON switching behaviour
originates from the aggregation of TBFE, which causes ACQ
of the 360 nm fluorescence, and AIE of the 510 nm emission.
There was no redshift of the 360 nm fluorescence band at 0% to
40% water, suggesting that an ICT process, which generally
causes a redshift,” is not responsible for the observed switching
phenomenon. The lack of CT participation in the present switching
phenomenon was suggested by a solvatochromic study. Thus, the
fluorescence spectra of TBFE in polar and nonpolar solvents for a
range of relative permittivities from 2.02 to 26 showed only a 10 nm
variation of the fluorescence maxima (ESL Fig. S9), indicating also
that the photoexcited states of TBFE are rather nonpolar.'*
Fluorescence lifetime measurements in THF and THF/H,O
mixed solvents (50, 70, 90% water) afforded further insights on
the photophysical properties of TBFE. First, significantly slower
nonradiative decay in the THF/H,O mixed solvents than in THF
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Fig. 2 Photophysical properties of TBFE in a THF/H,O mixed solvent system. (a) Absorption spectra (1.0 x 107° M), (b) fluorescence spectra
(1.0 x 107® M, /ex = 317 nm), and (c) transition of photoluminescence quantum yield measured by the absolute method.

Table 2 Fluorescence quantum yield &g, average fluorescence lifetime
(7). radiative rate constant k,, and nonradiative rate constant k,,, of TBFE
and BF

TBFE BF

In THF In THF/H,O (50/50) (30/70) (10/90) In THF

Dy, 0.094  0.050 0.159 0.273  0.656
(1) (ns) 1.2 1.3 1.6 2.9 1.2
k(107 s7H* 7.8 3.8 9.7 9.5 55
ke (107571 75 72 51 25 29

¢ Calculated from &y, and 7.

was observed, which is a signature of AIE processes.”>'> The
nonradiative rate constant (k,;) did not decrease by water
addition in 0-50% water ratio. At 70% water, where the AIE
effect was seen in the fluorescence spectra, a decrease in k,,, was
observed as well. Further water addition dropped the k&, at 90%
water to about one-third of that in THF (ESI,¥ Table S10),
calculated from their ®g;, and average lifetimes ((r)), while
the radiative rate constant (k) did not change significantly.
Second, the rather low fluorescence quantum yield of TBFE in
THF compared with the parent BF in the same solvent is
attributable to both larger k,, and smaller k. of TBFE than
those of BF. Interestingly, the k,, value at 90% water where
TBFE is aggregated was the same as that of BF in THF. The large
knr value at 70% indicates that molecules are still not as densely
aggregated as at 90% water. Time-dependent density functional
theory calculations for each conformer of TBFE showed much
smaller oscillator strengths for S,-S; excitation than for BF
(ESL T Table S7). Third, the decay curves at 70-90% water were
fitted with a biexponential function while the curves in pure
THF and at 50% water were fitted with a monoexponential
function. This difference in the fitting indicates that TBFE
forms two major conformers in the aggregated state through
suppression of intramolecular bond rotation to afford conformers
that are energetically close to each other (Table 2).

Dynamic light scattering and scanning electron microscopy
observation

The above spectral evidence of aggregation-induced changes was
supported by direct observation of the aggregation behaviour by
DLS and SEM. Thus, the observed size distribution of aggregates
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of TBFE in THF/H,O matched the switching behaviour of
the fluorescence spectra, supporting the aggregation-induced
mechanism that we are proposing here. In the low H,O ratio
(0-50%), molecules are either dissolved unimolecularly or form
aggregates made of several molecules, as indicated by the DLS
size distribution observed in the region below 10 nm (Fig. 3a,
bottom). When the H,O ratio reached 60%, the size distribution
suddenly became larger than 10° nm. In the high H,O ratio
region (> 60%), the size decreased gradually from a maximum"®
of 4.8 x 10° nm at 60% to 8.3 x 10> nm at 90% (Fig. 3a, top).
This is probably because the hydrophobic TBFE aggregates more
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Fig. 3 Aggregation behaviour of TBFE. (a) Size distribution in THF/H,O
solvents obtained by DLS measurements. This figure was obtained as a
correlation function (Fig. S11, ESIT) and outputted as a volume distribution.
(b and c) SEM images of TBFE on ITO formed by spin-coating using THF
and THF/H,O = 10/90, respectively. The scale bars are 500 nm.
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compactly in the aqueous solution due to surface tension.'”
Hence, the side units of TBFE would not be sufficiently fixed,
and its fluorescence spectrum was similar to that of the disaggre-
gated state (in Fig. 2b and 3a, H,O ratio = 60%). SEM of the THF/
H,O0 solution of TBFE spin coated on ITO supported the DLS
observations. The sample in pure THF showed only amorphous
domains on ITO (Fig. 3b), the sample in THF/H,O (10/90)
showed spherical aggregates of 50-300 nm (Fig. 3¢ and ESL
Fig. $12). This diameter matches the data from DLS. No sharp
diffraction peak in the powder X-ray diffraction pattern of
the TBFE aggregates in THF/H,O (10/90) indicates that the
molecules are amorphous in the aggregates (ESL Fig. S14).

Conclusion

In summary, we found an intriguing example of two-wavelength
ON-OFF-ON three-stage fluorescence switching triggered by
the aggregation for a new TAE derivative, TBFE, in a THF/H,0
mixed-solvent system. The THF/H,O ratio-dependent change of
size distribution found by DLS and SEM suggests that the
fluorescence switching is caused by the combination of ACQ
and AIE. The similarity of the photophysical properties of TBFE
in THF to those of 2-phenylbenzo[b]furan and the absence of
solvatochromic shift also support that ICT, which has been
widely found in such switching phenomena, does not participate
in the present system. The Hf-mediated McMurry-type coupling
developed for the TBFE synthesis exploits the large atomic radius
and high reduction capability of the Hf metal and will expand the
synthetic scope of this classical method towards the synthesis of
tetrasubstituted ethenes with bulky substituents.
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