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A—-n—A, D—n—D and D—n—A blue emitting
fluorophores based on dispiro[fluorene-9,6’'-
indenol1,2-b]fluorene-12’,9”-fluorene]

* and Cyril Poriel (2 *

We report a series of blue fluorophores based on the dispirol[fluorene-9,6’-indeno(1,2-blfluorene-12',9”-
fluorene] (DSF-IF) scaffold. The DSF-IF scaffold, introduced in 2006 in the literature for organic
electronic applications, is nowadays a very useful building block to construct functional materials.

However, the functionalization of the DSF-IF scaffold has been poorly investigated to date. In this work,
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we focus on three different molecular architectures incorporating at each extremity of the central
dihydroindenofluorenyl core either an electron accepting unit (A-m—A), an electron donating unit
(D-n—-D) or one of each (D-n—A). The different substitutions of the dihydroindenoll,2-blfluorenyl core

has allowed the strong modulation of the properties of the dyes and the precise study of the effect of
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Introduction

Designing, synthesizing and studying new molecular building
blocks have been the pillars of the fantastic development of
organic electronics over the last thirty years." Year after year,
the basic fragments such as fluorene,>™ spirobifluorene®® or
carbazole'®'" have allowed the development of more sophisti-
cated and more efficient molecular fragments. Nowadays, these
fragments continue to draw real attention and have even been
recently incorporated in a new generation of m-conjugated
systems, i.e. nanorings.">**

The dispiro[fluorene-9,6’-indeno[1,2-b]fluorene-12’,9"-fluorene]
scaffold (DSF-IF) fragment has been particularly studied in the
last ten years.”” DSF-IF is constructed by the assembly of a
dihydroindeno[1,2-b]fluorene backbone™'>?* (bridged terphenyl
unit) flanked by two spiro linked fluorene units. This scaffold,
introduced in 2006,> displays many interesting properties (high
thermal stability, high quantum yield etc.)**** and has been
advantageously used in the design of highly efficient materials
for OLEDs (violet to blue emitters®**>° and high triplet host
materials for phosphors®') and for solar cells (as hole transporting
materials in perovskite solar cells).>* DSF-IF is also found as a
building block in fused extended m-conjugated systems.**>"*® From
an organic chemistry point of view, the formation of the two spiro
bridges of substituted DSF-IF compounds has also been the
purpose of several synthetic studies, which have led to a new
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this fragment as a m-conjugated bridge.

generation of DSF-IF positional isomers.">*”*® In addition, this

scaffold is not restricted to organic electronic applications since its
appealing 3D geometry has allowed the design of predictably ordered
materials,® liquid crystals,*® and electroactive polymers,>*?® showing
its interesting versatility. However, despite the growing attention
paid to this fragment, functionalization of the DSF-IF fragment (and
more generally of the dihydroindenofluorenyl backbone) has only
been poorly investigated to date®*** mainly due to synthetic
issues. This remains a drawback in DSF-IF chemistry. Indeed, the
functionalization of a molecular scaffold, ie. the incorporation of
electron-donating and/or electron-accepting groups, is a widely
known chemical strategy in electronics to obtain high efficiency
materials. In this work, we report on three different molecular
architectures incorporating at each extremity of the central dihydro-
indenofluorenyl core either an electron accepting unit, namely 1,2-
diphenyl-1H-benzo[d|imidazole (A-n-A design-AA-DSF-IF), an
electron donating unit, namely diphenylamine (D-n-D design-
DD-DSF-IF) or one of each (D-m-A design-DA1-DSF-IF and
DA2-DSF-IF). Note that DA2-DSF-IF has been previously reported
in 2011 for its fluorescence properties in single-layer OLEDs.*’

These different substitutions of the central dihydroindeno-
[1,2-b]fluorenyl core have allowed the strong modulation of the
properties of the DSF-IF scaffold and the study of the effect of
this fragment as a n-conjugated bridge. After consideration of
their synthetic features, the '"H NMR, and the electrochemical
and photophysical properties of the resulting four blue fluoro-
phores are reported through a combined experimental and
theoretical approach. Application as an emissive layer within
non-doped blue OLEDs is finally reported. The present work pro-
vides a structure-property relationship study of the functionalization
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of the DSF-IF scaffold. As the performances of optoelectronic
organic devices are directly linked to the properties of the active
organic layer, such a type of study on barely studied building
blocks may help to design, in the future, highly efficient and
multifunctional materials.

Results and discussion

Synthesis

The four fluorophores investigated (AA-DSF-IF, DD-DSF-IF
DA1-DSF-IF and DA2-DSF-IF) are presented in Scheme 1.
They possess either two phenylbenzimidazolyl groups (AA-DSF-IF),
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two dimethoxyamino units (DD-DSF-IF) or one phenylbenzimidazo-
lyl and either one diphenylamino or one dimethoxyphenylamino
unit (DA1-DSF-IF and DA2-DSF-IF, respectively). These fragments
are widely known in the field of organic electronics, particularly for
the design of host materials for PhOLEDs"*° or blue fluorophores
for OLEDs*"*?

The synthesis of the four targeted molecules (Scheme 1 and
Scheme SI, ESIt) starts with the synthesis of the key DiSpiro-
Fluorene-IndenoFluorene scaffold (1), prepared from 2,7-di-
tert-butyl-fluoren-9-one and 2,2”-diiodoterphenyl as previously
reported.” In addition, 1 will be used in this study as a relevant
model compound to DA1-DSF-IF, DA2-DSF-IF, AA-DSF-IF,

AA-DSF-IF

Ri=H — DAI-DSF-IF
R;=OMe — DA2-DSF-IF

Scheme 1 Synthesis of DA1-, DA2-, AA- and DD-DSF-IF. (a) Br,, Na,COs, I, (catalytic amount), CH,Cl,/Water, rt, (90%); (b) Pdx(dba)s/P(t-Bu)s, Na,COs,
4-formylbenzeneboronic acid (1.4 eq. vs. 2), toluene/water (6/1), 100 °C, (30%); (c) methoxyethanol, N-phenyl-o-phenylenediamine, 120 °C (70% for
AA-DSF-IF and 65% for 4); (d) Pd(OAc),, P(t-Bu)s, t-BuOK, diphenylamine for DA1-DSF-IF or 4,4'-dimethoxydiphenylamine for DA2-DSF-IF, toluene,
100 °C (<10% for DA1-DSF-IF, 50% for DA2-DSF-IF and 50% for DD-DSF-IF); (e) Pd,(dba)s, P(t-Bu)s, Na,COs, 4-formylbenzeneboronic acid (2 eq. vs. 2),

toluene/water, 100 °C, (85%).
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DD-DSF-IF, in order to study the influence of the incorporation
of the electron donating and/or electron accepting units on the
properties of the dihydroindenofluorenyl moiety.

With 1 in hand, the next step was to introduce the bromine
atoms on the dihydroindenofluorenyl core (step a. Scheme 1),
prior to the Pd-catalyzed cross-coupling reactions. Since the 2,7-
positions of the fluorenyl moieties of 1 had been protected and
as electrophilic bromination of dihydroindenofluorene derivatives
had been previously reported in the literature,>*>® we believed that
the introduction of bromine atoms would be an easy task. How-
ever, it turned out that the different reported conditions only led to
very poor yields of 2 due to either over-bromination reactions
on the position C4 of the fluorene units or no bromination,
highlighting the different reactivities of the spirofluorene-
bridged dihydroindenofluorenyl unit compared to that of the
alkyl-bridged dihydroindenofluorenyl unit previously reported
in the literature.>*>® We thus hypothesized that the electron-
withdrawing character of the spirolinked fluorene units found
in 1 deactivates the dihydroindenofluorenyl core towards such
electrophilic bromination. After intensive scouting, we finally
found that a mixture of bromine and sodium carbonate and a
catalytic amount of iodine cleanly lead to the dibromination of
the dihydroindenofluorenyl core with 90% yield.

The key desymmetrization of 2 was then carried out through
a selective Pd-catalyzed Suzuki-Miyaura cross-coupling reaction
between 2 and 4-formylbenzeneboronic acid. The best conditions
found to synthesize 3 (30% yield)i was to use Pd,(dba);/P(¢-Bu)s
as the catalytic system,”” and sodium carbonate as the base in a
mixture of toluene and water (6/1) at 100 °C. It should be
mentioned that decreasing the temperature of the reaction or
switching to other Pd catalysts (Pd(dppf)Cl,, Pd(PPhj), or
Pd(OAc),) only leads to lower yields, highlighting the very poor
reactivity of the bromine atoms attached to the dihydroindeno-
fluorene core. The benzimidazolyl group was then easily constructed
through the condensation of 3 with N-phenyl-o-phenylenediamine
in methoxyethanol leading to 4 with 70% yield. The Hartwig
Pd-catalyzed C-N coupling reaction was finally adopted to
introduce either the diphenylamine or the dimethoxydiphenyl-
amine units providing DA1-DSF-IF and DA2-DSF-IF with overall
yields of 10%§ and 50%, respectively.

A similar synthetic strategy has been carried out to obtain
the symmetric compounds AA-DSF-IF and DD-DSF-IF. AA-DSF-IF
is obtained in two steps from compound 2. The Pd-catalyzed
cross-coupling reaction between 2 and 4-formylbenzeneboronic
first readily provides bisphenylaldehyde 5 with high yields (85%).
The benzimidazolyl fragments are then constructed through the
condensation of 5 with N-phenyl-o-phenylenediamine in methoxy-
ethanol leading to AA-DSF-IF with 70% yield. Similarly, DD-DSF-IF is
directly obtained in one step from 2 by the above described
Hartwig Pd-catalyzed C-N coupling reaction between 2 and

i Under these conditions, this reaction also yields the disubstituted compound 5
(25%) further used for the synthesis of AA-DSF-IF. In addition, the starting
material 2 is recovered (40%) and can be then recycled.

§ It should be mentioned that this last step in the case of DA1-DSF-IF was a very
low yield reaction due to the difficulty of purification.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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dimethoxydiphenylamine (50% yield). These routes are efficient
to symmetrically functionalize the DSF-IF platform.

"H NMR spectroscopy studies

Detailed "H NMR characterization of all compounds has been
performed in order to study the influence of the attachment of
a donor and an acceptor group (and their respective electron
withdrawing/donating strength) on the dihydroindenofluorenyl
core. In assigning 'H NMR spectra of all the molecules, the
following numbering is used, in which H,-H, and H,-H,
belong to the fluorene moieties and Hs-Hy and Hs—Hgy belong
to the dihydroindenofluorenyl unit. Complete assignments
have been performed by 2D NMR spectroscopy experiments:
HMBC (Heteronuclear Multiple Bond Correlation), HMQC
(Heteronuclear Multiple Quantum Coherence) and "H/*H COSY
(Correlation Spectroscopy).

As DA1-DSF-IF and DA2-DSF-IF display similar behaviour,
DA2-DSF-IF will be used as a representative example.

Compared to their constitutive building block 1, the hydro-
gen atoms of the fluorene units H;-H, of the functionalized
molecules, DA2-DSF-IF, AA-DSF-IF and DD-DSF-IF, present
almost identical chemical shifts. Indeed, due to the spiro-
bridges, the hydrogen atoms of the fluorene units H,-H, are
only weakly affected by the shielding/deshielding effects of the
arylamine and phenylbenzimidazolyl groups. H; being the
closest to the spiro-bridge, it is more influenced by the sub-
stitution of the dihydroindenofluorenyl core. The chemical
shifts of the hydrogen atoms Hs—H, of the dihydroindenofluor-
enyl core are obviously more affected by the donor/acceptor
substitution than those of the fluorenyl units. Thus, due to the
withdrawing effect of the benzimidazolyl group, an intense
deshielding of Hs and H; is observed for AA-DSF-IF, respectively,
by 0.23 ppm and 0.27 ppm compared to 1. These deshielding
effects then decrease from H; to H, as the distance to the
benzimidazolyl group increases leading, compared to 1, to
almost identical chemical shifts for Hg and Hy (Table 1). These
features highlight the moderate acceptor effect of the phenyl-
benzimidazolyl group. In the case of DD-DSF-IF, the electronic
influence of the substitution is stronger than that observed in
AA-DSF-IF. Indeed, in DD-DSF-IF, the signals of Hs; and H; in
the a-position of the amine-substituted carbon are shielded by
0.37 ppm (Hs) and 0.51 ppm (H;) compared to those of 1. In
contrast to AA-DSF-IF, the shielding induced by the arylamines
also affects the more distant hydrogens Hg and Ho, respectively,
by 0.25 ppm and 0.23 ppm. Thus, the strength of the electron
donating/withdrawing character of the diarylamine/phenyl-
benzimidazole group can be hence correlated to the resulting
shielding/deshielding effects of the hydrogen atoms of the
dihydroindenofluorenyl backbone. The case of DA2-DSF-IF is
more complicated to unravel due to the dissymmetry and hence
to the splitting of the whole set of signals. On each side of the
dihydroindenofluorenyl core, the shielding and deshielding
effects induced by the amine and by the phenylbenzimidazole
on the hydrogen atoms Hs-Hg and Hs;-Hg in DA2-DSF-IF are
similar to those observed in the symmetrical molecules AA-DSF-IF
and DD-DSF-IF. Note that the chemical shift of Hs perfectly reflects
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Table 1 Selected *H NMR chemical shifts (CD,Cl,, & ppm) of the hydro-
gen atoms of DA2-DSF-IF, AA-DSF-IF and DD-DSF-IF and its constituting
building block 1

MeO
R
DA2-DSF-IF

1 DA2-DSF-IF AA-DSF-IF DD-DSF-IF
H, 6.74 6.82¢ 6.77 6.81¢
Hy 6.74 6.76% 6.77 6.81¢
H; 7.45 7.45¢ @ 7.41
Hy 7.45 7.45% a 7.41
H, 7.81 7.82 7.82 7.71
Hy 7.81 7.82 7.82 7.71
H; 6.65 6.30 6.88 6.28
Hy 6.65 6.86% 6.88 6.28
H- 7.26 @ 7.53 6.75%
H, 7.26 7.50 7.53 6.75%
Hg 7.60 @ 7.66 7.35
Hg 7.60 7.62 7.66 7.35
H, 7.21 7.04 7.22 6.98
Hy 7.21 7.14 7.22 6.98

“ Overlapped with another singal.

the different strengths of the two arylamine units (with or without
methoxy groups). Indeed, both signals are shielded compared to
non-substituted 1, with Hs in DA2-DSF-IF being more shielded
than its homologue in DA1-DSF-IF (335 = 6.42 ppm for DA1-DSF-IF,
S5 = 6.30 ppm for DA2-DSF-IF and &5 = 6.65 ppm for 1). The
central hydrogen atoms Hy and Hy are simultaneously affected by
both effects and present therefore intermediate chemical shifts
between those of AA-DSF-IF and DD-DSF-IF. However, Hy is clearly
more influenced by the amine than by the benzimidazole unit.
Indeed, the chemical shift of Ho in both 1 and AA-DSF-IF is almost
identical (7.21 vs 7.22 ppm) but appears strongly shielded in DA2-
DSF-IF (7.04 ppm, one pendant amine) and even more shielded in
DD-DSF-IF (6.98 ppm, two pendant amines). This highlights the
stronger electron-donating effect of the amine on the dihydroin-
denofluorenyl core compared to the electron-withdrawing effect of
the phenylbenzimidazolyl fragment.

Electrochemical properties

The electrochemical behaviour of AA-, DD- and DA2-DSF-IF has
been investigated using cyclic voltammetry (CV) and is summarized

View Article Online
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in Table 2. As for NMR studies, the behaviour of DA2-DSF-IF is used
as a representative example of the D-n-A design.

It has been previously reported®® that 1 is oxidized along
three successive one-electron oxidations with maxima at 1.33,
1.61 and 1.79 V leading to a stable tri-radical cation with one
radical cation on each m-system. A third bielectronic oxidation
process is observed for 1 at a potential higher than 2 V leading
to 1°* whose high reactivity allows carbon-carbon coupling
between indenofluorenyl units inducing a weak electrodeposition
process (see additional CVs and DPV in the ESI}).

Oxidation of AA-DSF-IF occurs also along three successive
one-electron oxidation processes with maxima at 1.26, 1.56 and
1.63 V followed by a multielectronic wave peaking at 1.9 V
(Fig. 1, top right). There is a 50 mV shift between the first
oxidation of AA-DSF-IF and that of 1 (1.26 V vs. 1.31 V,
respectively). Indeed, compared to 1, two different electronic
effects should be considered in AA-DSF-IF: (i) the extension of
the m-conjugation induced by the presence of two additional
phenyl units at C3 and C8 of the central dihydroindenofluor-
enyl core, which should decrease its first oxidation potential
and (ii) the electron-withdrawing effects of the two benzimida-
zolyl units, which should lead to an increase of the first
oxidation potential. One can hence conclude that the effect of
the m-conjugation extension in AA-DSF-IF (the fragment to consider
is the 3,8-biphenyl-dihydroindenofluorene) is not totally erased by
the withdrawing effect of the two benzimidazolyl units.

Oxidation of DD-DSF-IF shows a drastically different behaviour
with two first reversible oxidation waves recorded at 0.5 and 0.67 V
followed by three reversible waves with maxima at 1.35, 1.42 and
1.62 V (Fig. 1, top left). Compared to 1, we note that the two first
oxidations occur at much lower potentials (0.5/0.67 V vs. 1.31 V)
clearly indicating that the electron transfers do not occur on the
same fragment (see theoretical calculation in Fig. 2 for the nature of
the orbitals involved). The two first electron transfers in DD-DSF-IF
are mainly centred on the diarylamine units, whereas the other
three are involved in the central DSF-IF core. The first four oxida-
tions are monoelectronic, whereas the fifth is bielectronic as pointed
out by DPVs (Fig. 1, bottom left). Remarkably, the DD-DSF-IF fifth
oxidation leads to a highly charged (6") and stable species (each
successive oxidation step is reversible, see Fig. 1, top left) with
almost certainly a dicationic charge on the central dihydroindeno-
fluorenyl core and on the two fluorenyl units. Highly stable charged
species have been previously observed for other DSF-IF derivatives
with up to five successive electron oxidations.*® DD-DSF-IF is even
more charged with a 6" charge on the whole molecule.

CV recorded along DA2-DSF-IF oxidation presents three
successive waves with maxima at 0.57, 1.2 V and 1.61 V

Table 2 Electrochemical data obtained from the CVs recorded in CH,Cl, (oxidation) or THF (reduction) + BusNPFg 0.2 M

Eoy (V) Erea (V) ES et (V) ERd e (V) HOMO (eV) LUMO (eV) AE™ (eV)
12833 1.33, 1.61, 1.79, 2.03 —2.6 1.21 —2.47 —5.61 ~1.93 3.68
AA-DSF-IF 1.26, 1.56, 1.63, 1.78, 1.89 —2.20, —2.50 1.15 —~1.96 —5.55 —2.44 3.11
DD-DSF-IF 0.51, 0.67, 1.34, 1.42, 1.62 Not detected® 0.41 —2.38" —4.81 —2.02 2.79
DA2-DSF-IF 0.57, 1.22, 1.61, 1.89, 2.14 —2.20, —2.39 0.47 —2.05 —4.87 —2.35 2.52

@ Reduction not detected in THF. ? E©Y., obtained from the onset reduction potential recorded in CH,Cl,.
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Fig. 1 Electrochemical studies of AA-DSF-IF (black), DD-DSF-IF (blue) and DA2-DSF-IF (red). Cyclic voltammetries recorded in BusNPFg 0.2 M in CH,Cl,
(top) and in THF (bottom right). Working platinum disk electrode. Sweep-rate 100 mV s~1 Differential pulse voltammetry recorded in BusNPFg 0.2 M in

CH,Cl, (Bottom Left). Working platinum disk electrode. Pulse height: 50 mV, Scan-rate: 10 mV s™~.

(Fig. 1, top left) followed by a fourth oxidation with a maximum
at 1.89 V (Fig. 1, top right). The two first oxidations are mono-
electronic, whereas the third is bielectronic as pointed out by DPVs
(Fig. 1, bottom left). The first oxidation of DA2-DSF-IF (0.57 V) is
anodically shifted compared to that of 1 but is in the same potential
range than that of DD-DSF-IF (0.5-0.67 V) (Fig. 1, top left). The first
electron transfer in DA2-DSF-IF can be hence assigned to the
oxidation of the di(p-methoxyphenyl)amine units (with nevertheless
a contribution of the phenyl ring of the dihydroindenofluorenyl
core, see Fig. 2 for the nature of the orbitals involved) and not
anymore on the dihydroindenofluorenyl core as in 1. Oxidation at
higher potentials leads to the oxidation of the DSF-IF core.

As the cathodic behaviour of the target molecules was not
observed in DCM, they have been recorded in THF. Reduction
of 1 occurs in a single wave with a maximum at —2.6 V (see the
ESIY). The reduction of DD-DSF-IF was not observed in THF and
hence determined in CH,Cl,.

The reduction of AA- and DA2-DSF-IF (Fig. 1, bottom right)
shows two successive reversible reduction waves with maxima at
—2.2/-2.5 V for AA-DSF-IF and —2.2/—2.39 V for DA2-DSF-IF.
The first reduction recorded for DA2-DSF-IF is clearly ascribed to
the reduction of the whole central core phenylbenzimidazole-
dihydroindenofluorenyl unit(s) as confirmed by molecular model-
ling (Fig. 2). Concerning AA-DSF-IF, its lowest reduction potential
(—=2.2 V) compared to that of 1 (—2.6 V) is due to the electron-

© 2021 The Author(s). Published by the Royal Society of Chemistry

1

withdrawing effect of benzimidazole on the central dihydro-
indenofluorenyl core.

The onset oxidation and reduction potentials have been
determined to evaluate the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO)
energy levels and the corresponding electrochemical gap AE™
(Table 2). DD-DSF-IF and AA-DSF-IF respectively possess the
highest HOMO and lowest LUMO in the series (—4.81 eV and
—2.44 eV, respectively). DA2-DSF-IF with HOMO/LUMO levels
respectively recorded at —4.87/—2.35 eV possesses the electro-
nic properties of both DD-DSF-IF and AA-DSF-IF.

This shows the efficiency of attaching both donor and
acceptor units at each extremity of the dihydroindenofluorenyl
core in order to finely tune the HOMO/LUMO energy levels.

AE™ of AA-DSF-IF (3.11 eV) is 0.57 eV shorter than that of 1
(3.68 €V) mainly due to its low LUMO level induced by the
presence of the electron withdrawing benzimidazolyl unit and
also owing to the fact that AA-DSF-IF possesses an almost identical
HOMO level compared to that of 1 (—5.55 vs. —5.61 €V, respectively).
Thus, the gap contraction of AA-DSF-IF is explained by a balance
between the extension of m-conjugation due to the presence of
connected phenylbenzimidazolyl groups (mainly inducing a
higher HOMO) and the withdrawing effect of the latter on the
dihydroindenofluorenyl core (inducing lower LUMO and HOMO
levels). Interestingly, DD-DSF-IF possesses a AE™ of 2.79 eV,
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contracted by nearly 0.9 eV compared to that of 1. This is ascribed
to the very high HOMO level of DD-DSF-IF compared to that of 1
(—4.81 eV vs. —5.61 V) caused by the easy oxidation of its two
amino-aryl units. Finally and as mentioned above, DA2-DSF-IF
with a gap of 2.52 eV takes advantage of both the higher HOMO
(oxidation of the arylamine) and lower LUMO (reduction of
the phenylbenzimidazole) leading to a large AE™ contraction of
1.16 eV compared to that of 1. This strategy is widely used in the
field of organic electronics to contract the HOMO/LUMO gap.**"°

Molecular modelling (density functional theory-DFT, Fig. 2)
has been performed in order to gain insight into the nature of
the molecular orbitals. The optimized geometry and frontier
molecular orbitals (HOMO and LUMO) of the ground state were
obtained at the B3LYP/6-31-G level. The calculated HOMO-
LUMO gap for DD-DSF-IF and AA-DSF-IF (3.35 eV/3.52 eV) well
reproduced the main characteristics of these molecules, that is,
a high HOMO and a low LUMO level, respectively (see electro-
chemistry above). Theoretical calculations confirm the gap con-
traction observed between DA1-DSF-IF (3.28 €V) and DA2-DSF-IF
(3.10 eV), attributed to the increase of both the HOMO and LUMO
levels (by 0.26 eV and 0.08 eV, respectively) due to the electron
donating effect of the methoxy groups. These values are qualita-
tively consistent with the electrochemical and photophysical data
(vide supra) although the HOMO and especially the LUMO energies
are overestimated by the DFT method (ca. 0.3-0.5 and 0.8-1.1 eV,
respectively). The nature of the different frontier orbitals shed light
on the experimental results obtained by electrochemistry. Non-
substituted 1 possesses HOMO/LUMO energy levels exclusively
spread out on the dihydroindenofluorenyl core due to the different
conjugation lengths between fluorene (bridged biphenyl) and

1276 | Mater. Adv., 2021, 2,1271-1283

dihydroindenofluorene (bridged terphenyl).>® AA-DSF-IF presents
quite similar behaviour with both HOMO and LUMO centred
on the dihydroindenofluorenyl backbone with, however, a slight
contribution of the phenylbenzimidazolyl units. The molecular
frontier orbitals of DD-DSF-IF are differently spread out as the
HOMO is dispersed on the arylamine/dihydroindenofluorene
fragment, whereas its LUMO is exclusively distributed on the
dihydroindenofluorenyl fragment. In the case of DA1-DSF-IF,
the HOMO is mainly dispersed on the diphenylamine with never-
theless an important contribution of the dihydroindenofluorenyl
unit, whereas the presence of the methoxy groups in DA2-DSF-IF
leads to an HOMO more dispersed on the arylamine and
less on the dihydroindenofluorene. In contrast, the LUMO
appears similar for both DA1-DSF-IF and DA2-DSF-IF, with
dispersion on the phenyl-dihydroindenofluorenyl/benzimidazole
fragment. One can note that the LUMO of both DA1-DSF-IF and
DA2-DSF-IF is more spread out on the phenylbenzymidazolyl
unit than that of AA-DSF-IF, which is more dispersed on the
dihydroindenofluorenyl unit.

Photophysical studies

The phostophysical data are gathered in Table 3.

Absorption. The UV-vis absorption spectra (Fig. 3, left) were
first recorded in solution in cyclohexane and compared to their
UV-vis absorption spectra in the solid state (Fig. 3, right).

In solution in cyclohexane, AA-DSF-IF presents several
absorption bands with a large and intense band at 370 nm
(Fig. 3, left, red line). The first bands (313 and 333 nm) are
similar to those observed for 1 (313, 329, and 337 nm, black
line) showing that the fluorene units are not affected by the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Selected photophysical data of 1, AA-DSF-IF, DD-DSF-IF, DA1-DSF-IF and DA2-DSF-IF (in cyclohexane)

;Labs liq (nm) ;Lem liq (1’11’1’1) ;Labs film (nm) ;Lem film (nm) AE°P* (eV)“ Quantum yleld Hb
1 313, 329, 337, 345 349, 367 316, 332, 340, 349 355, 375 3.49 56
AA-DSF-TF 313, 333, 370 413, 437, 468 (sh) 316, 337, 377 423, 454, 480 3.03 76
DD-DSF-IF 368 (sh), 391 (sh), 410 424, 450 312, 398 (sh), 414 439, 466 2.90 86
DA1-DSF-IF 313, 377, 394 (sh) 420, 445 316, 382 513 2.93 70
DA2DSF-IF 313, 352, 395, 409 435, 461 316, 410 476 2.83 97

% AE°P* has been calculated from the absorption edge of the UV-vis absorption spectrum with AE°P* (eV) = hc//, . being the absorption edge (in
meters). With 2 =6.6 x 10> Js (1 eV=1.6 x 10 '°J) and ¢ = 3.0 x 10®* m s ", this equation may be simplified as: AE°"" (eV) = 1237.5/ (in nm).

b Compared to quinine sulphate.
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Fig. 3 UV-vis absorption spectra in solution in cyclohexane (left) and as a solid thin film (right) of 1, AA-DSF-1F, DD-DSF-IF, DA1-DSF-IF and DA2-DSF-IF.

substitution of the dihydroindenofluorenyl unit. The lowest
energy band of AA-DSF-IF (370 nm) is bathochromatically
shifted by 25 nm compared to that of 1, indicating the extension
of the n-conjugation in the former due to the presence of the two
phenylbenzimidazolyl units (in accordance with electrochemical
conclusions). Moreover, the spectrum of AA-DSF-IF appears
much less resolved than that of 1 due to its higher flexibility,
induced by the rotation of the phenylbenzimidazolyl units.

The DD-DSF-IF absorption spectrum presents a main large
band with maxima at 391 and 410 nm (Fig. 3, left, blue line)
showing that the m-conjugation is impressively extended compared
to 1 and AA-DSF-IF due to the two di-methoxyphenyl-amine
units. The pendant arylamine units also endow the molecule
with a higher flexibility compared to 1, leading to a less
structured spectrum. It should be noted that the maximum
recorded at 410 nm is in accordance with that recorded for a
structurally related compound diphenylamino-dihydroindeno-
[1,2-B]fluorene (4 = 407 nm).>

Similarly, DA1-DSF-IF and DA2-DSF-IF, respectively, present
maxima at 377 nm (Fig. 3, left, pink line) and at 409 nm (Fig. 3,
left, green line), significantly red-shifted compared to that
recorded for 1 (345 nm), clearly indicating an extension of the
n-conjugation once the donor and acceptor groups were connected.
Both compounds present a transition at 313 nm, indicating that the
fluorenyl units are not affected by the substitution of the dihydroin-
denofluorenyl unit due to the spiro bridges. Thus, DA1-DSF-IF and
DA2-DSF-IF present an optical gap AE°P of 2.93 eV and 2.83 eV,
respectively, in the same range as those of DD-DSF-IF (AE°P" =
2.90 eV) and AA-DSF-IF (AE°P" = 3.03 eV) but strongly contracted

© 2021 The Author(s). Published by the Royal Society of Chemistry

compared to that of 1 (AE°P" = 3.49 eV). It should be noted that
there is a slight difference between the energy gap determined
through electrochemical experiments AE®' and UV-vis absorp-
tion spectra AE°® due to the different processes involved.

Absorption spectra in the thin solid film (Fig. 3, right)
appear to be very similar to the respective solution ones with
nevertheless a very small bathochromic shift indicating the
absence of strong aggregation in the solid state. This is caused by
the spirofluorene units, which efficiently avoid intermolecular
6061 The emission properties will
provide different results (see below, Fig. 4).

Emission. Emission spectra are reported in Fig. 4 (left: in
solution in cyclohexane, right: in the thin solid film).

The symmetrical AA-DSF-IF and DD-DSF-IF present well resolved
spectra with maxima at 413/437 and at 424 nm, respectively. The
Stokes shift (SS), measured as the difference (in nm) between the
lowest energy absorption band and the highest energy emission
band, is larger than that of 1 (43 nm for AA-DSF-IF, 14 nm for DD-
DSF-IF vs. 4 nm for 1), clearly indicating more nuclear rearrange-
ments in the excited state leading to less rigid structures, which
usually activate non radiative deactivation pathways. However,
the quantum yields of AA-DSF-IF and DD-DSF-IF in solution in
cyclohexane remain very high, ca. 76 and 86%, respectively, and
even higher than that of 1 (ca. 56%),%* indicative of very efficient
blue fluorophores. Despite the pendant donor/acceptor groups,
both DA1-DSF-IF (,ax = 420/445 nm) and DA2-DSF-IF (Apax =
435/461 nm) also present well resolved spectra with maxima in
the deep blue region, red-shifted by 71 and 86 nm compared to
1 (Amax = 349 nm). Both molecules DA1-DSF-IF and DA2-DSF-IF

interactions in the solid state.

Mater. Adv,, 2021, 2,1271-1283 | 1277
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Jexe = 350 nm.

also appear as very efficient fluorophores with high quantum
yields of 70 and 97%, respectively, in cyclohexane.

The fluorescence decay curves of AA-DSF-IF, DD-DSF-IF,
DA1-DSF-IF and DA2-DSF-IF measured in cyclohexane provide
very short lifetimes, around 1 ns for all the fluorophores (0.66,
0.96, 0.90 and 1.1 ns, see Figure in the ESIT). In the thin film, the
lifetimes measured are also below 1 ns for all the compounds.

In general, the control of the emission wavelength in D-n-A
fluorophores is not an easy task as the control of the charge
transfer is difficult. In these examples, we manage to retain the
fluorescence (in cyclohexane) in the blue region. Despite fan-
tastic progresses in the last twenty years, stable and efficient
blue emission arising from organic materials still continues to
hold the attention of many research groups worldwide.** ®
However, what is really informative before OLED applications
is the emission color in the solid state. For AA-DSF-IF, the
emission spectrum in the solid state (Fig. 4, right) is large and
unstructured with a maximum at 480 nm and a long emission
tail up to 600 nm, very different from its solution spectrum.
Such a feature may indicate the existence of intermolecular n—n
interactions in the solid state probably between phenylbenzimida-
zolyl units due to a planar excited state which may favor interactions
between these fragments. The spectrum of DD-DSF-IF presents two
main bands at 439/466 nm, both red shifted by 15 nm compared to
its solution spectrum surely due to the different dielectric constants
of the media. The emission of D-n-A fluorophores appears very
different. DA2-DSF-IF possesses a Amay in the blue region (476 nm),
close to its solution spectrum, whereas DA1-DSF-IF possesses a Amax
in the green region (513 nm), strongly red shifted compared to its
solution spectrum. Thus, the methoxy groups borne by the pheny-
lamine fragments of DA2-DSF-IF seem to play a key role in the solid
state arrangement, keeping the emission in the blue region. Thus,
one can note that spiroconnected fluorenes, known to hinder inter-
molecular interactions,’”®" have a different influence depending on
the molecule substitution. The dihydroindenofluorenyl core has a
preponderant role and drive the intermolecular interactions.

Solvatochromism. Solvatochromic experiments allow a dee-
per understanding of the photophysical properties of the dyes.
Regarding the absorption spectra of the five molecules (Fig. 5),

1278 | Mater. Adv, 2021, 2,1271-1283

important features may be stressed: (i) first, 1 (without any
polar groups) possessing a calculated ground state dipole moment
close to 0 (uso = 0.0004 D) presents UV-vis absorption spectra
independent of the polarity of the solvent (shift of 2 nm or less),
(ii) second, AA-DSF-IF (1 = 0.3678 D) presents a weak solvato-
chromic effect with a main band at 373 nm in all the
solvents except in acetonitrile and cyclohexane for which the
absorption is blue shifted by 4 nm and recorded at 369 nm and
(iii) third, the behaviour of the 3 remaining dyes, i.e., DD-DSF-
IF (u = 2.4463 D), DA1-DSF-IF (u = 3.8986 D) and DA2-DSF-IF
(1 = 6.1426 D) appears to be very similar with a consistent blue
shift of the main absorption band as the polarity of the solvent
increases from cyclohexane to acetonitrile. As the ground state
dipole moment of these three dyes is strongly increased com-
pared to those of 1 and AA-DSF-IF, this blue shift may find its
origin in the dipole/dipole interactions in the ground state.
However, even in the very polar acetonitrile, the hypsochromic
solvatochromic shifts remain modest; one can conclude that
the ground-state dipole moment is weakly affected by the
polarity of the medium.

It should be mentioned that the shape of the DD-DSF-IF,
DA1-DSF-IF and DA2-DSF-IF UV-vis absorption spectra is
almost identical in all the solvents with (i) several vibronic-
structured absorption bands around 300 nm characterising the
absorption of the fluorene moieties®® and (ii) a main broad
band around 400 nm attributed to the HOMO-LUMO transition
possessing an intramolecular charge transfer (ICT, see below)
character.

In contrast, the excited state is highly more sensitive to the
polarity of the solvent and the luminescence is hence strongly
modified (Fig. 6 and 7).

For 1, there is no modification of the shape of the emission
band and almost no solvatochromic effect, the emission maximum
being shifted from 349 nm in cyclohexane to 352 nm in acetonitrile.
This indicates that the ground state dipole moment of 1 is almost
identical to that in the excited state and there is hence no dipole-
dipole interaction between 1 and the polar solvent molecules. In
this molecule, the emission arises from the dihydroindenofluorenyl
backbone.®

© 2021 The Author(s). Published by the Royal Society of Chemistry
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For AA-DSF-IF (Fig. 6, left) the solvatochromic effect is more
intense than that observed for 1 but remains nevertheless
modest. Indeed, as the polarity of the solvent increases, the
main emission is less and less structured and slightly red-
shifted. This is due to the dipole-dipole interactions in the
excited state between polar solvents molecules and the phenyl-
benzimidazolyl fragment.

For DD-DSF-IF (Fig. 6, right) and despite its symmetric
D-n-D arrangement, the polarity of the solvent seems to have
a significant effect on the emission spectra. Indeed, a gradual
shift of emission is observed from A = 423 nm in apolar
cyclohexane to 4 = 491 nm in acetonitrile.

The two D-n-A dyes present the characteristics of both
AA-DSF-IF and DD-DSF-IF and are even more sensitive than
DD-DSF-IF to the polarity of the medium leading to consider-
able bathochromic shifts of the PL maxima (Fig. 7). In cyclo-
hexane (Aexc = 400 nm), both DA1-DSF-IF and DA2-DSF-IF have
well-structured fluorescence bands at 420/445 nm for DA1-DSF-
IF and 433/464 nm for DA2-DSF-IF. In a slightly more polar
solvent, i.e., toluene, the fine vibronic structure is almost lost
and a red shift of the maxima is observed for both compounds,
being, however, still in the blue region. Then, when increasing
the polarity from toluene to THF, chloroform, dichloromethane
and acetonitrile, the main fluorescence bands become broader,
completely lose their fine vibronic structure and a large batho-
chromic shift is observed. Thus, the main emission in aceto-
nitrile is centered at 525 nm for DA1-DSF-IF and at 595 nm for
DA2-DSF-IF, i.e. respectively, red-shifted by 105 nm and 162 nm
compared to their corresponding emissions in cyclohexane.
Due to the presence of the methoxy groups on the arylamines,
the electron donating character of the donor group is stronger
in DA2-DSF-IF compared to that in DA1-DSF-IF and a much
larger solvatochromic effect is detected for the former. The
huge solvent-dependence observed for both D-m-A dyes,
DA1-DSF-IF and DA2-DSF-IF and the D-n-D dye DD-DSF-IF
can be clearly related to the stabilization of the excited state
due to dipole-dipole interactions. As the polarity of the solvent
seems to have very little effect on the absorption spectra, the
solvatochromic effect is clearly caused by a photoinduced ICT.
Despite its symmetric structure, the charge transfer character of
DD-DSF-IF can be easily visualized with the nature of the
orbitals involved (Fig. 2), the HOMO being dispersed on the
amine/dihydroindenofluorene fragment and the LUMO being
exclusively dispersed on the dihydroindenofluorenyl core.

The dipole moment difference between the SO and S1 states
(Ap = w* — p) of 63.0 and 73.8 D has been evaluated (see the
ESIT) using the Lippert-Mataga formalism (the dipole moments
in the ground state obtained through DFT calculations were
5.21 D for both DA1-DSF-IF and DA2-DSF-IF), translating the
different polarities of the two dyes in the excited state (u* = 68.2
and 79 D, for DA1-DSF-IF and DA2-DSF-IF, respectively). Thus,
the strong solvatochromic effect and the corresponding high p*
observed are indicative of a significant photoinduced ICT.

The quantum yields (6) of all the fluorophores have been
also determined (with quinine sulfate as a reference) (see Table S1
in the ESIT) and it was seen that the compounds, which do present

1280 | Mater. Adv, 2021, 2,1271-1283

View Article Online

Materials Advances

any solvatochromic effect, i.e., 1 and AA-DSF-IF, present a similar
quantum yield, not dependent of the solvent polarity. Thus, 1
possesses a quantum yield of ca. 52-56% in cyclohexane, THF
and acetonitrile, not affected by the polarity of the medium in
accordance with the fact that no solvatochromic effect is
observed. Similarly, the quantum yield of AA-DSF-IF recorded
at 76% in cyclohexane remains stable in THF and acetonitrile.
The three other compounds display large solvatochromic
effects, and their quantum yields are significantly affected by
the polarity of the media. This behaviour is often observed in
fluorophores displaying strong ICT.**””' DD-DSF-IF displays a
high quantum yield in cyclohexane, 86%, which drops down to
56 and to 26% in THF and acetonitrile, respectively, with the
stabilization of the excited state. The two D-n-A fluorophores
display an identical behaviour in accordance with the solvato-
chromic experiments presented above. For DA1-DSF-IF/
DA2-DSF-IF, the quantum yield is measured at 70/97% in cyclo-
hexane, 56/55% in THF and 26/22% in acetonitrile.

TD-DFT calculations have been carried out and some data
are gathered in the ESIT (RB3LYP/6-31G(d)). For all the com-
pounds studied, the main transition is attributed to a HOMO-
LUMO transition and the value of the main absorption wave-
length follows a similar order to the experimental spectra (from
the shortest to the longest wavelength: 1 (335.5 nm), AA-DSF-IF
(399.7 nm), DD-DSF-IF/DA1-DSF-IF (421.6/422.91 nm) and DA2-
DSF-IF (444.45 nm)). Thus, as the HOMO/LUMO of DA1-DSF-IF
and DA2-DSF-IF are mainly spread out on the diphenylamine
and the phenyl-dihydroindenofluorenyl/benzimidazole, respec-
tively, the corresponding transitions clearly undergo an ICT
character as pointed out by the solvatochromic effect observed in
fluorescence spectroscopy (this behaviour is very often observed”).
Similarly and despite its D-n-D symmetry, the charge transfer
character of DD-DSF-IF can also be pointed out with the nature of
the orbitals involved. Indeed, the HOMO of DD-DSF-IF is dispersed
on the amine/dihydroindenofluorenyl fragment, whereas its
LUMO is exclusively dispersed on dihydroindenofluorenyl with
no contribution of the amines.

These features also show that the electronic influence of the
donor is much more pronounced than that of the acceptor in
the present D-n-A dyes and that the fluorenyl units are not
involved in the frontier orbitals.

Finally, as a first application for these materials, DA2-DSF-IF
has been used as an emissive layer (EML) in simple OLEDs. The
structure of the unoptimized OLED was ITO as the anode,
poly(3,4-ethylenedioxythiophene) doped with poly(styrene-
sulfonate) (PEDOT:PSS) as the hole injecting layer, N,N’-
di(naphthyl)-N,N’-diphenyl-[1,1’-biphenyl]-4,4’-diamine (NPB)
as the hole transporting layer, DA2-DSF-IF as the EML, 2,9-
dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) as the hole
blocking layer and calcium as the cathode.

First, the electroluminescent (EL) spectrum of the OLED
exhibits a nice structureless band in the blue region presenting
maxima at ca. 465-472 nm (chromatic coordinates of 0.18; 0.28)
(Fig. 8, left). The EL spectrum is in accordance with the DA2-DSF-IF
thin-solid film fluorescence spectrum undoubtedly indicating that
the charge recombination takes place in the EML without any

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Left: EL spectrum of the DA2-DSF-IF-based device (black line) and the PL spectrum of the DA2-DSF-IF thin film (cyan line). Right, IVL

characteristic (luminance: red line, current density: blue line).

recombination in other layers. In addition, no sign of troublesome
parasite green emission®®”? (arising from intermolecular excimers,
keto-defects or exciplexes) was detected, clearly indicating that the
molecules of DA2-DSF-IF in the thin-film are isolated enough to
avoid any strong m-m intermolecular interactions. In terms of
performance, the turn on voltage of the device is detected below
5V (4.8 V), translating a good charge injection within the device
due to the high/low HOMO/LUMO energy level (—4.87/—2.35 eV).
The other performances were modest with a luminance of ca.
1000 Cd m~> (Fig. 7, right) for a current efficiency of 0.2 Cd A™".
Compared to 1 and AA-DSF-IF, DA2-DSF-IF displays nevertheless
significantly higher performance (see the ESIt). By modification
of the cathode (e.g. LiF/Al) and/or the corresponding blocking/
transporting layers, these devices performances should be
surely improved.

Conclusions

To conclude, this work reports a series of blue fluorophores
constructed by the association of a dispiro[fluorene-9,6’-indeno-
[1,2-b]fluorene-12’,9"-fluorene] scaffold and donor (diphenylamine)
and acceptor (benzimidazole) units. Different substitutions of
the dihydroindeno[1,2-b]fluorenyl core have allowed the mod-
ulation of the electronic properties of the DSF-IF scaffold and
the study of the effect of the dihydroindeno[1,2-b]fluorenyl
fragment as a n-conjugated bridge. The different functionaliza-
tions drastically tune the molecular orbital energy levels,
maintaining, nevertheless, a high quantum yield. In addition,
spiro-connected fluorenes, known to hinder intermolecular
interactions, have a different influence depending on the
dihydroindenofluorene substitution. As a first application,
DA2-DSF-IF has been used as a fluorescent emitter in an OLED
providing a stable blue emission (in accordance with its
fluorescence spectrum) with a luminance of ca. 1000 cd m?
and a threshold voltage of 4.8 V.
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