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Dependence of the Properties of Dihydroindenofluorene Derivatives
on Positional Isomerism: Influence of the Ring Bridging™**
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The future of organic electronics is driven by the
synthesis and the study of novel molecular fragments
for the construction of highly efficient polymers or
oligomers.! In this context, poly- and oligophenylene
derivatives constitute an important class of highly
promising molecules, which have been widely studied
for the last two decades.* Of particular interest in the
chemistry and physics of oligophenylenes is the
bridged-para-terphenyl unit, namely, 6,12-
dihydroindeno[1,2-b]fluorene (Scheme 1). Although it
has been known since the 1950s,l investigations of the
dihydroindeno[1,2-b]fluorenyl core only started
a decade ago thanks to the pioneering work of
Miillen, which made this molecule a key building
block for electronics.”! There are nowadays numerous
examples of efficient dihydroindeno[1,2-b]fluorenyl-
based semiconductors that have found application in
various fields, such as fluorescent®*>*! and phosphor-
escent’”! organic light-emitting diodes (OLEDs),
organic field-effect transistors,'"'?! and organic solar
cells.™™! This wide range of applications clearly shows
the high potential of this building block, but also its
versatility. However, the dihydroindeno[1,2-b]fluorene
is not the only member of the bridged-terphenyl family,
since it possesses four other positional isomers with
different phenyl linkages (para/metalortho) and differ-
ent ring-bridging positions (anti vs. syn; Scheme 1).
There are hence five dihydroindenofluorene positional
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Scheme 1. The five positional dihydroindenofluorene isomers.

isomers, each possessing its own ring topology, which in turn
has structural and electronic consequences. However, in
contrast to the dihydroindeno[1,2-b]fluorene, other positional
isomers remain very scarce in the literature owing to synthetic
difficulties. For example, the dihydroindeno|[2,1-a]fluorenyl
(syn para-terphenyl) unit (Scheme 1) has only been inves-
tigated for organic electronics very recently,'* and thanks its
particular syn geometry has emerged as a promising scaffold
for a new generation of excimer-based OLEDs.["! Similarly,
antiaromatic fully conjugated indenofluorene derivatives
have recently attracted particular attention;'®"”! Haley and
co-workers have for example reported a new class of (2,1-c)-
indenofluorenes with high electron affinities.””) However, the
anti and syn meta-terphenyl isomers, that is, dihydroindeno-
[1,2-a]fluorene and dihydroindeno[2,1-b]fluorene, although
known for 60 years,*!! are almost absent from the literature,*
and their intrinsic properties have never been studied.

As the design of novel molecular fragments is of key
importance for the future of organic electronics, we report
herein the first examples of the use of dihydroindeno[1,2-
blfluorene (1) and dihydroindeno[2,1-a]fluorene (2;
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Scheme 2. Synthesis of 1 and 2. DMF = N,N-dimethylformamide, DMSO = dimethyl sulfoxide, dppf=1,1'-

bis(diphenylphosphino)ferrocene.

Scheme 2) as the emissive layer (EML) in nondoped blue
small-molecule OLEDs (SMOLEDs). Not only does the
performance of the devices appear to be around the highest
reported for dihydroindenofluorene-based nondoped blue
OLEDs, but a remarkable and unusual photophysical feature
induced by the ring bridging is also highlighted for the (1,2-a)
isomer 2.

The synthetic approach described herein is based on an
intramolecular bicyclization reaction, which allows both
isomers 1 and 2 to be obtained in the final stage and thus
avoids the development of two regioselective routes. The first
step of our synthetic investigation (Scheme 2) was to synthe-
size the fluorenol 3 through a magnesium-iodine exchange
reaction on 2-bromo-iodobenzene, followed by the trapping
of the intermediate with 9-fluorenone (85%).”¥) First
attempts to obtain the difluorenol analogue of 5 directly
from 3 through a Suzuki-Miyaura cross-coupling reaction
failed owing to the formation of a stable palladacycle (see the
proposed structure in the Supporting Information). To
prevent this side reaction, the hydroxy group of 3 was
protected with a methyl group to readily provide the
methoxyfluorene derivative 4 (96%). The further cross-
coupling of 4 with 1,3-phenylenebisboronic acid provided
the key intermediate 5 with the meta-terphenyl scaffold in
place (49 % ). The intramolecular electrophilic bicyclization of
5 finally led to the formation of the two isomers dispiro-
[fluorene-9,5-indeno[2,1-b]fluorene-7',9"-fluorene] (1) and
dispiro[fluorene-9,12’-indeno[1,2-a]fluorene-7',9"-fluorene]
(2) in a 1:1 ratio. The two isomers were separated by
chromatography. This synthetic approach is short (4 steps),
efficient, adaptable to other isomers, and allows a gram-scale
preparation.

The syn and anti geometries of 1 and 2 were confirmed by
2D NMR spectroscopic experiments (see the Supporting
Information) and by X-ray diffraction on single crystals
(Figure 1). The dihydroindeno[1,2-a]fluorenyl core of 2 has
a maximum length of 10.1 A and is thus shorter than the
dihydroindeno[2,1-b]fluorenyl core of 1 (10.6 A). The max-

Mel, KOH
DMSO, RT
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imum length of the bridged
para-terphenyl homologues
also flanked with spirofluor-
enes, namely, dispiro[fluor-
ene-9,6'-indeno(2,1-alfluo-
rene-12',9”-fluorene] (6) and
dispiro[fluorene-9,11’-
indeno[1,2-b]fluorene-12',9"-
fluorene] (7; see structures in
the Supporting Information)
has been reported at 10.8 and
11.1 A, respectively.?! These
values clearly  indicate
a strong contraction of the
dihydroindenofluorenyl
cores of 1 and 2. The meta
linkages of the constituent
phenylene rings in the
dihydroindeno[1,2-al/[2,1-
b]fluorenyl cores are partially
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Figure 1. ORTEP drawings of 1 (left) and 2 (right). Ellipsoids are
drawn at the 50% probability level, hydrogen atoms have been
omitted.

responsible for this contraction. In the case of 2, the
contraction is even further accentuated by the presence of
a spiro bridge ortho to the two phenyl linkages. In addition,
the dihydroindeno[2,1-b]fluorenyl core found in 1 is almost
flat. Hence, the mt-conjugation is maximized in 1, with dihedral
angles between the plane of the central phenyl ring and those
of the side rings of approximately 2.5 and 0.5° (see the
Supporting Information). The dihydroindeno[1,2-a]fluorenyl
core of 2 presents more pronounced deformations with
dihedral angles of approximately 6.5 and 3.7° owing to the
strong contraction imposed by the ring bridging. This ring
bridging, which leads to an anti geometry, induces a very short
distance between the plane of a spirofluorene moiety and the
facing phenyl ring of the dihydroindenofluorenyl core (dcjpane
~33A, Ayjptane = 2.5 A). This ring bridging will have remark-
able electronic consequences.

We investigated the electrochemical behavior of 1 and 2
by cyclic voltammetry. Two successive oxidation waves were
observed, with maxima at 1.53 and 1.94 V for 1 and at 1.57 and
1.88 V for 2 (versus the saturated calomel electrode; see the
Supporting Information). The first monoelectronic oxidation
wave was assigned for both compounds to the oxidation of the
dihydroindenofluorenyl core, and the second multielectronic
wave surely involves the concomitant oxidation of the
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fluorenyl units and the dihydroindenofluorenyl radical cation.
Two important features and their consequences on the
oxidation need to be stressed: 1) the meta-linkage effect and
2) the ring-bridging effect. Indeed, the first oxidation poten-
tials for both 1 and 2 are more positive than those of their
isomers 6 and 7 (1.36 and 1.43 V, respectively).!**! As the
first electron transfer is centered on the dihydroindenofluor-
enyl core for the four isomers, this anodic shift may be directly
related to the para or meta linkages and is hence clearly
indicative of a shorter m-conjugation pathway in 1 and 2.
Secondly, there is also a slight shift in the first oxidation
potential between 1 (1.53 V) and 2 (1.57 V), despite their
identical meta linkages. This small potential difference was
assigned to the contraction of the dihydroindeno[1,2-a]fluor-
enyl core (versus the (2,1-b) core) as a result of the presence
of a spiro bridge ortho to both phenyl linkages. This
contraction leads to a deformation of the dihydroindeno-
[1,2-a]fluorenyl core (as observed in the crystallographic
structure of 2; Figure 1, right), which induces a poorer
delocalization of m-electrons and hence a more anodic first
oxidation potential. These features highlight the importance
of the ring bridging and its influence on the  conjugation.”!
Thus, both 1 and 2 possess wide HOMO/LUMO differences:
AEg =4.05/4.16 eV, respectively, with HOMO/LUMO levels
lying at —5.80/—1.75 eV for 1 and at —5.86/—1.70 eV for 2 (as
evaluated from the onset oxidation/reduction potentials; see
the Supporting Information). Geometry optimizations of
1 and 2 in the singlet state were also performed by density
functional theory (DFT) at the Gaussian09 B3LYP/6-311 +
G** level of theory. Despite a slight deviation, the calculated
HOMO/LUMO energy differences (AE,, =4.36 eV, HOMO/
LUMO: —5.73/—1.37 eV for 1 and AE_,;=4.42 eV, HOMO/
LUMO: —5.80/—1.38 ¢V for 2; see the Supporting Informa-
tion) are fully consistent with the electrochemical data.

The UV/Vis absorption spectrum of 1 (in THF) exhibits
five characteristic bands (298, 310, 326, 334, and 342 nm;
Figure 2a) that are very similar to those previously observed
for its para homologue 7, but with a slight blue shift of 2/3 nm,
which suggests, as explained above, a poorer delocalization of
ni-electrons owing to the different linkages (para versus meta).
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Figure 2. Absorption (thin solid lines), fluorescence (bold solid lines),
and excitation spectra (dotted lines) of 1 (left) and 2 (right) in THF
(a,b) and as thin films (c,d). Emission spectra: 4., =300 nm (solution
in THF) or 310 nm (thin film). Excitation spectra: A.,, =355 nm.
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The emission spectrum of 1 is well-resolved with a main band
at 344nm and with a very small Stokes shift of 2nm,
indicative of little nuclear rearrangement in the excited state
and hence a very rigid structure. This feature should be linked
to the high quantum yield of approximately 0.54, making this
compound an efficient violet emitter. Moreover, the excita-
tion spectrum of 1 overlaps quite well with the absorption
spectrum. The fluorescence decay curves of 1 in THF under
both 300 and 330 nm laser excitation (see Figure S5 in the
Supporting Information) provides a single lifetime of 3.95 ns,
which is noticeably longer than the corresponding lifetimes of
its para analogues 6 (2.08 ns) and 7 (1.95 ns).?” The radiative
rate constant (k,) of 1 was calculated to be 1.4 x 10°s~!, which
is about half the value of k, of 6 and 7 (2.9 x10° and 3.2 x
108 s7!, respectively). The same conclusion was drawn for the
nonradiative rate constant (k,,) of 1 (k,, = 1.2 x 10® s™"), which
represents 60% of the corresponding value for the para
homologues (k,,=1.9x10®s™" for both 6 and 7)*" and thus
confirms the structural rigidity of 1.

However, the UV/Vis absorption spectrum of 2 (Fig-
ure 2b) has a drastically and surprisingly different shape to
that of its isomer 1; this difference clearly highlights the
importance of the ring bridging. Indeed, the spectrum of 2
possesses three main bands: two intense bands at 298/309 nm
and a very weak band at 333 nm followed by a shoulder at
342 nm. The molar absorption coefficient corresponding to
the band at 333 nm is 18 times lower than that observed for its
isomer 1 (1: &3nm=1.8x10*Lmol 'ecm™, 2: &333,, = 0.1 x
10* Lmol 'em™). TD-DFT calculations performed at the
Gaussian09 B3LYP/6-311 + G** level of theory reveal that
the lowest calculated energy transitions of 1 and 2, corre-
sponding to a m—mt* transition located on the dihydroindeno-
fluorenyl core, have oscillator strengths of approximately 0.24
and 0.02, respectively (see the Supporting Information).
These values are in good agreement with the molar absorp-
tion coefficients obtained experimentally for these transitions.
Thus, the extremely weak band recorded for 2 at 333 nm
seems to be a unique feature of dihydroindenofluorene
derivatives. Indeed, the (2,1-b), (1,2-b), and (2,1-a) isomers
(and more generally oligophenylene derivatives) all exhibit
high molar absorption coefficients (6: &330,m =3.08 %
10* Lmol 'em™, 7: e3440m =3.23x10* Lmol 'cm ™' in THF).
This peculiar behavior of 2 may be related to symmetry
considerations. Unlike its (2,1-b), (1,2-b), and (2,1-a) con-
geners, 2 has no symmetry axis or symmetry plane, and its
constrained structure leads to a clear deformation of the
dihydroindenol[1,2-a]fluorenyl core, with off-plane dihedral
angles as described above (Figure 1). Such structural features
seem to have a strong influence on the character of the
partially allowed/forbidden character of the first m—mt*
transition of 2 (see TDDFT calculations of 1, 2, 6, and 7 in
the Supporting Information).

The fluorescence spectrum of 2 is hypsochromically
shifted (6 nm) relative to that of its isomer 1; this shift again
highlights the effect of the ring bridging on the st-conjugation.
The quantum yield of 2 is also surprisingly recorded at 0.23,
twice smaller than that of 1 and of para analogues 6 and 7.1
Surprisingly, the fluorescence decay of 2 (in THF) upon
excitation at 300 nm (see Figure S5) showed two components:
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a major time constant 7;=9.04ns with a preexponential
factor of 90 %, and a minor time constant 7, =2.73 ns, which
represents only 10 % of the decay. Interestingly, the fluores-
cence decay curve recorded under excitation at 330 nm can be
analyzed with the same 7, and 7, time constants, but with
inverted proportions (42% for 7; and 58% for 7,). The
calculation of radiative and nonradiative rate constants of 2,
based on an average lifetime (z) = 8.0 ns,® provides k, =2.9 x
107 s7!, which is much lower than 1, and k,, =1.0x10%s7!,
which is comparable to that of 1. Thus, the loss of fluorescence
quantum yield in the case of 2 mainly results in its much lower
electronic transition moment, but not in more efficient
internal conversion processes. Such intriguing and unusual
emission properties may be the signature of unconventional
processes, such as the presence of several emissive states in
compound 2, or partially decoupled excited states, or even
different molecular conformers of 2.

All-in-all, these preliminary results clearly stressed the
unique photophysical properties of the dihydroindeno|[1,2-
alfluorenyl backbone as compared to other dihydroindeno-
fluorenes previously reported and more generally to m-
conjugated oligophenylenes. If it is clear that the ring bridging
is at the origin of this spectacular effect, more detailed
theoretical and spectroscopic investigations need to be
conducted to fully unravel this critical issue. UV/Vis absorp-
tion and fluorescence spectra of 1 and 2 in the solid state as
spin-coated thin films appeared to be similar to the respective
solution spectra, but with a slight red shift of less than 10 nm
due to the different dielectric constants of the environment
(Figure 2¢,d). This similarity between the solid-state and
solution spectra indicates weak m—m intermolecular interac-
tions in the solid state and hence isolated fluorophores. As the
stability of the emission is a key point for any OLED
applications, spin-coated thin films of 1 and 2 were exposed to
air under thermal stress conditions in an accelerated lifetime
test (see the Supporting Information). As no low-energy
emission bands beyond 400 nm were detected, the emission
color of 1 and 2 appears to be stable (owing to steric
protection by the spirofluorene units), which is a promising
feature for the stability of the OLED emission (see below).

Finally, to examine the potential application of these new
fluorophores, we investigated nondoped SMOLEDs with
either 1 (device 1) or 2 (device 2) as the EML (see device
architecture in the Supporting Information). The normalized
electroluminescence (EL) spectra for both devices are very
similar, with a main peak around 390-400 nm (see Figure S24)
corresponding to a blue light with CIE color coordinates
(Table 1) close to the NTSC standard for blue (0.14, 0.08). The
turn-on voltage appears to be low for a blue device (V,,=
4.5V for device 1 and 4.9 V for device 2) and thus indicates an
efficient charge injection. Device 1 is more efficient than
device 2, with a maximum current efficiency (CE) of
0.7cdA ' (0.4 cd A" for device 2) and an external quantum
efficiency (EQE) of 0.9% (0.5% for device 2; Table 1). This
result may be explained by the slightly more violet emission of
device 2 as compared to device 1, as it is known that the EL
efficiency is always lower when the color of the OLED is
shifted towards the violet. However, the different quantum
yields of 2 and 1 (0.23 versus 0.54) may also be the reason for
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Table 1: EL characteristics of devices 1 and 2.

Device  V, @ EQEP  CE Lum. CIE

v [%] [cdA]  [edm™]  x y
1 45 0.9 0.7 704 0.201 0.188
2 49 0.5 0.4 200 0.193  0.128

[a] Value for a luminance of 0.1 cd m~2. [b] Value for a current efficiency of
10 mAcm™2 [c] Maximum luminance.

different device efficiency. Despite the simple chemical
design of the fluorophores 1 and 2, the performance of the
OLED with 1 as the EML is, to the best of our knowledge,
around the highest reported for indenofluorene-based non-
doped blue OLEDs;*®! this result points out the high
potential of these new dihydroindenofluorenyl moieties. The
use of electron-/hole-transporting moieties attached to the
fluorene or to the dihydroindenofluorene cores, a well-known
and efficient strategy, will allow further improvement of the
performance of the devices.

To summarize, we have synthesized two new
dihydroindeno[1,2-a]fluorenyl ~ and  dihydroindeno[2,1-
b]fluorenyl positional isomers (1 and 2, respectively) and
established an efficient synthetic approach that enables both
isomers to be obtained simultaneously. A remarkable effect
of positional isomerism on spectroscopic properties was
found for the (1,2-a) isomer 2, thus highlighting the impor-
tance of the ring bridging in oligophenylene chemistry.
Finally, 1 and 2 were successfully employed as the EML in
nondoped blue OLEDs with performance close to the highest
reported for dihydroindenofluorene-based OLEDs. This
study, which to the best of our knowledge appears to be the
first example of the incorporation of dihydroindeno[1,2-
a]fluorenyl and dihydroindeno[2,1-b]fluorenyl cores in non-
doped blue OLEDs, highlights the potential of these new
organic semiconductors. As the development of organic
electronics is driven by the synthesis of new molecular
fragments, we believe that dihydroindeno[1,2-a]fluorene and
dihydroindeno[2,1-b]fluorene families could play a key role in
the future.
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