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Functional m-extended fluorene derivatives, 2,7-di(p-substituted-phenyl)fluorenes containing different
functional groups such as hydrogen, trimethylsilyl (TMS), methoxycarbonyl, cyano, and nitro groups,
were synthesized. Except for the nitro group, the resulting compounds exhibited extremely high fluores-
cence quantum yields (@ >0.85 in chloroform). The diphenylfluorene containing nitro groups have

higher fluorescence quantum yield (®r=0.31 in N,N'-dimethyl-formamide) than other nitro-group-con-
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taining fluorophores which were previously reported (®f <0.1). Furthermore, this compound exhibited
large Stokes’ shift with green to orange emission and unique on-off behavior of the emission by solvents.

© 2009 Elsevier Ltd. All rights reserved.

Polyfluorene (PF) and its derivatives possess exceptional electro
optical characteristics and are thus essential components of organ-
ic light-emitting diodes (OLEDs).!™* PF and its derivatives have
high solubility, good film-forming capability, and high lumines-
cence quantum Yyields in the blue region. However, PF generally
shows excimer emission (the formation of dimerized units in the
excited state that emit at lower energies) in the solid state; this af-
fects the bathochromic shift of the fluorescence wavelength and
the lifetime of light-emitting devices.>~’ Bifluorene, in contrast,
exhibits the same blue photoluminescence as that emitted by a
PF chromophore, in solution as well as in the solid state, although
it consists of only two fluorene moieties linked to each other.5-1°
Therefore, in the case of bifluorene, high luminescence quantum
yields can be obtained by a slight extension of m-conjugation.
One method for obtaining fluorene derivatives with extended 7-
conjugation involves the introduction of two benzene rings into
the 2,7-positions of the fluorene core. This is an extremely conve-
nient method for obtaining m-extended fluorene derivatives. m-Ex-
tended fluorene derivatives containing different p-functionalized
phenyl groups''~!> have already been synthesized according to
this method. If carboxyl groups are present at the p-positions,!! a
n-extended fluorene system can be used to synthesize polyester
or polyamide. However, the details of the photochemical behavior
of m-extended fluorene derivatives, especially silyl and nitro
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groups, remain relatively unknown. Moreover, to the best of our
knowledge, there have been no reports on nitro-group-containing
n-extended fluorophores exhibiting high fluorescence quantum
yields. Nitro-group-containing polycyclic hydrocarbons such as
fluorescein derivatives exhibit a maximum fluorescence quantum
yield of 0.07.1¢ In general, the fluorescence quantum yield of a fluo-
rophore containing nitro groups is extremely low because of the
decrease in the radiative rate and the increase in the internal con-
version rate of an excited state fluorophore.!>~'® We observed that
attaching a nitro group directly to the fluorophore skeleton re-
sulted in a low fluorescence quantum yield. Therefore, fluorescent
solvatochromism in the case of a nitro-group-containing dye has
not been achieved. In order to obtain a fluorene derivative with
high fluorescence quantum yield, we attempted to introduce a ni-
tro group with a p-substituted phenyl group into the fluorophore
core.

In this Letter, we report the synthesis of 2,7-diarylfluorenes
containing different functional groups, such as methoxycarbonyl,

7Extended =
Fluorene  p—% /

R =H, Si(CH3)3, COOCHjs, CN : High Fluorescence QuantumYield

R =NO, : Unigue Fluorescence Solvatochromism
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Scheme 1. Synthesis of m-extended fluorene derivatives (3a-e).

Table 1

Spectroscopic parameters of fluorene derivatives at room temperature
Entry  Functional e &° e @l T

group (nm) (M 'cm')  (nm) (ns)

3a H 327 76,100 361, 377 0.85 1.40
3b TMS 330 80,400 368, 385 0.89 1.01
3c COOCH; 341 68,600 388, 405 0.94 1.48
3d CN 341 63,400 385, 403 0.95 0.95
3e NO, 373 49,300 538 0.11 1.92

2 Absorption wavelengths taken at the maximum of the absorption band in
chloroform.

b Absorption coefficient at the maximum of the absorption band in chloroform.

€ Fluorescence wavelengths in chloroform.

4 Absolute quantum yields of 3a-e were measured in chloroform.

¢ Fluorescence lifetime in N,N-dimethyl formamide.
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Figure 1. (a) UV-vis absorption and (b) fluorescence spectra of 3a-e ([3a-
e] =1.0 x 107> M) in deaerated chloroform. Inset: detail of the longer-wavelength
region.

trimethylsilyl, cyano, and nitro groups (Chart 1). Our objective was
to investigate how the photoluminescence properties of a m-ex-
tended fluorene system are affected by the substituents on the flu-
orene core. Moreover, we report the first example of a fluorescent
solvatochromic nitro-group-containing dye with high fluorescence
quantum yield.

The n-extended fluorenes 3a—e were successfully prepared by a
palladium-catalyzed Suzuki-Miyaura reaction'® of fluorene bis
boronic ester and iodobenzene derivatives (Scheme 1).2°-2% The
n-extended fluorenes were obtained in 64-98% yields. The struc-
tures of 3a-e were confirmed by '"H NMR spectra, FT-IR spectra,
mass spectrometry, and elemental analysis.

The UV-vis absorption, fluorescence spectra, and absolute
quantum yields (®¢)** of the m-extended fluorenes were obtained
in deaerated chloroform solution. The fluorescence lifetimes (tF)*®
of 3a-e were measured in deaerated N,N-dimethylformamide
(DMF) because the highest fluorescence intensity of 3e was ob-
tained. The spectroscopic parameters of the fluorene derivatives
3a-e are shown in Table 1. Figure 1 shows the UV-vis absorption
and fluorescence spectra of compounds 3a-e. As it can be observed
in Figure 1a, the UV-vis absorption maxima of compounds 3a and
3b were almost the same. The UV-vis absorption maxima of 3¢ and
3d, which have electron-withdrawing groups, were red-shifted by
ca. 10 nm relative to that of 3a and the enormous red shift of 46 nm
was observed in 3e. The molar absorption coefficients (¢) at the
maxima of the molar absorption bands of compounds 3a-d were
large. However, the molar absorption coefficient of 3e was the low-
est among the 2,7-diphenylfluorene derivatives. It is likely that the
UV-vis absorption spectrum of 3e was affected by spin-forbidden
charge transfer. The fluorescence spectra of 3a, excited at absorp-
tion maximum, showed two peaks at 361 and 371 nm (Fig. 1b).
The fluorescence maxima of 3¢ were red-shifted by ca. 20 nm rel-
ative to those of 3a. Therefore, 3¢ and 3d fluoresced with a bright
blue color in chloroform. These results suggest that the excited
state energies of 3c and 3d, which have more polar structures than
3a, might be lower than that of 3a in a slightly polar solvent such
as chloroform. The fluorescence quantum yield of 3a was 0.85;
therefore, a highly fluorescent fluorene chromophore can be de-
signed by introducing two benzene rings into the fluorene core,
as described in an earlier paper.!? The fluorescence quantum yield
of 3a is higher than that of the other known m-conjugated PFs
(Pr=10.55-0.79).2527 The fluorescence quantum yield of 3b con-
taining TMS groups was high (&g =0.89), which is corresponded
to the fact that the TMS-group-containing fluorophore shows high
fluorescence quantum yield.2® Furthermore, the absolute fluores-
cence quantum yields of 3¢ and 3d were 0.94 and 0.95, respec-

tively. Derivatives 3¢'2 and 3d, which have electron-withdrawing
groups, exhibited high fluorescence quantum yields. This implies
that most of the photons absorbed by compounds 3¢ and 3d were
emitted exclusively as fluorescence. The fluorescence maximum of
3e was red-shifted by more than 100 nm relative to the fluores-
cence maxima of the other m-extended fluorenes, and the emission
band of 3e in the long-wavelength region was barely discernible as

Table 2

Spectroscopic parameters of 3e in various solvents at room temperature
Solvent A & JF [ T Dielectric

(nm) (M~ ‘'cm™') (nm) (ns)  constant®

Cyclohexane 357 50,000 N.D.” NDP NDP 20
Toluene 365 48,200 N.D> NDP NDP 24
Chloroform 373 49,300 538 0.11 118 4.8
EtOH 368 45,700 N.D® NDP NDP 245
DMF 380 45,100 569 031 192 367
DMSO 382 42,100 589 0.28 1.82 46.7

2 Data from Ref. 1°,
> N.D.: Not determined because of no emission.
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compared to the emission bands of 3a-d. The fluorescence life-
times of these fluorene derivatives were approximately 1 ns; the
short lifetime is responsible for the high fluorescence quantum
yields in these molecules.'>?® Here, it should be noted that the
fluorescence quantum yield of 3e (0.11) is lower than the yields
of the other m-extended fluorenes. However, this fluorescence
quantum yield of 3e is exceptionally higher than the yields of other
general nitro-group-containing fluorophores (®r <0.01).!7:18

In order to examine the solvent sensitivity of the unique UV-vis
absorption and emission properties of nitro-group-containing -
extended fluorene, the UV-vis absorption and fluorescence spectra
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Figure 2. (a) UV-vis absorption and (b) fluorescence spectra of 3e
([3e] = 1.0 x 107> M) in various solvents.
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were measured in several polar and non-polar media such as cyclo-
hexane, toluene, chloroform, ethanol (EtOH), DMF, and dimethyl
sulfoxide (DMSO). The photophysical properties of 3e are listed
in Table 2. Figure 2 shows the UV-vis absorption and fluorescence
spectra of 3e in various solvents. The UV-vis absorption intensities
of 3e in various solvents were almost the same. However, the UV-
vis absorption maxima were distinctly red-shifted when solvents
with high dielectric constants were used.?° The UV-vis absorption
maximum of compound 3e in DMSO was red-shifted by 25 nm rel-
ative to that of 3e in cyclohexane. These drastic shifts of the UV-vis
absorption wavelengths might be affected due to the charge trans-
fer molecule whose energy in grand state changes by solvents.

Fluorescence emission of 3e was observed in chloroform, DMF,
and DMSO. However, no emission was observed in cyclohexane,
toluene, and EtOH. The fluorescence maximum of 3e in DMSO
was red-shifted by 51 nm relative to that of 3e in chloroform.
The emission wavelengths for this molecule range from yellow to
orange region (Fig. 2b). The fluorescence quantum yield of 3e in
DMEF (0.31) was the highest in three solvents, which is an extre-
mely high value for a nitro-group-containing fluorophore. This
high value is most certainly a result of the introduction of a phenyl
group between the fluorescence core (fluorene skeleton) and the
nitro groups. The fluorescence lifetimes of 3e in three different sol-
vents were correlated with its fluorescence quantum yields in each
solvent. Thus, it can be inferred that the absorption and fluores-
cence maxima are controlled by the solvent. Further, the on-off
behavior of the emission is controlled by the solvent. The on-off
behavior of the emission of 3e might be attributed to the reorgani-
zation of the fluorene and p-functionalized phenyl units into
a highly twisted charge transfer excited state conformation
(Chart 2), analogous to a twisted intramolecular charge transfer
(TICT) model3%3! Long-wavelength emission, which might be
assigned to the emission from the charge transfer state, was
observed in a polar solvent, as suggested by the TICT model. The
detailed assignment of the on-off emission and the changes of
fluorescence intensities or fluorescence lifetimes are now in progress.

In conclusion, m-extended fluorenes containing different functional
groups were successfully synthesized by means of the Suzuki-
Miyaura cross-coupling reaction. Except for the nitro-group-
containing m-extended fluorene system, all other derivatives
showed intense blue light emission. Fluorene derivatives contain-
ing cyano and methoxycarbonyl groups had high fluorescence
quantum Yyields. m-Extended fluorene systems containing nitro
groups exhibited unique on-off emission that was dependent on
the solvent. Furthermore, the absolute fluorescence quantum yield
of compound 3e is extremely higher than that of the other well-
known nitro-group-containing fluorophore. Owing to their excel-
lent emission properties, m-conjugated donor-acceptor molecules
can be used as luminescent sensor materials.
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1465 cm™1.; MS (FAB) calcd for C43H4sN, 593.3896, found 593.3855 (M*); Anal.
Calcd for C43H4gNy: C, 87.11; H, 8.16; N, 4.73. Found: C, 87.17; H, 8.41; N, 4.69.
Compound 3e (-NO,) yield 98%; yellow crystal; mp 135.0-135.4 °C; 'H NMR
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Absolute fluorescence quantum yields were determined by the
photoluminescence (PL) method using a Hamamatsu DynaSpect C 9920-02
absolute PL quantum yield measurement system.

Time-resolved emission was measured on a Hamamatsu OB920 by time-
correlated single-photon counting using a hydrogen flash lamp. Fluorescence
lifetimes were determined by a single exponential curve fit.
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