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Violet-to-Blue Tunable Emission of Aryl-Substituted Dispirofluorene-
Indenofluorene Isomers by Conformationally-Controllable Intramolecular

Excimer Formation
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Frédéric Barriere,'” and Olivier Jeannin'®

Abstract: Two series of DiSpiroFluor-
ene-IndenoFluorene (DSF-IF) posi-
tional isomers, namely dispiro[2,7-dia-
rylfluorene-9',6,9”,12-indeno[1,2-b]fluo-
renes], (1,2-b)-DSF-IFs 1 and dis-
piro[2,7-diarylfluorene-9',6,9",12-

indeno[2,1-a]fluorenes], (2,1-a)-DSF-
IFs 2 have been synthesized. These
violet-to-blue fluorescent emitters pos-
sess a 3m-2spiro architecture, which
combines via two spiro links two differ-
ent indenofluorene cores, that is, (1,2-
b)-IF or (2,1-a)-IF and 2,7-substituted-
diaryl-fluorene units. Due to their dif-

a)-DSF-IF (2) is discussed in terms of
intramolecular m—mx interactions occur-
ring in (2,1-a)-DSF-IF (2) leading to
conformationally-controllable intramo-
lecular excimer formation. Indeed, the
original geometry of the (2,1-a)-DSF-
IF (2) family, with face-to-face “aryl-
fluorene-aryl” moieties, leads to re-
markable excimer emission through in-
tramolecular m—m interactions in the
excited state. Furthermore, the emis-
sion wavelengths can be gradually
modulated by the control of the steric
hindrance between the adjacent substi-

tuted phenyl rings. Thus, through a
comparative and detailed study of the
"H NMR, electrochemical and photo-
physical properties of DSF-IFs 1 and 2,
we have evidenced the intramolecular
m—n interactions occurring between the
two “aryl-fluorene-aryl” moieties in
the ground state and in the excited
state. These properties have been final-
ly correlated to the spectacular confor-
mational change modeled by density
functional theory (DFT) calculations.
Indeed, the two “aryl-fluorene-aryl”
moieties switch from a staggered con-

ferent geometric profiles, the two fami-
lies of positional isomers present dras-
tically different properties. The marked
difference observed between the prop-
erties of (1,2-b)-DSF-IF (1) and (2,1-

indenofluorene

Introduction

For the last two decades of research in organic electronics,
significant efforts have been devoted to the design and the
synthesis of original m-conjugated molecules with specific
properties.'™ As the photophysical properties of organic
molecules are influenced by m—m interactions,® the synthe-
sis, via a common intermediate, of different molecules pos-
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formation in the ground state to an
eclipsed conformation in the first excit-
ed state.

sessing distinct geometry profiles that allow or not intramo-
lecular m—r interactions constitutes an appealing strategy for
tuning the properties of organic materials. For example, in
fluorescent molecules, m—m interactions may cause a red-
shift of the emission wavelength by excimer formation.
Indeed, excimer formation resulting from intramolecular in-
teractions have been widely described in the literature for
various systems such as naphthalene® oligophenyl based
cruciforms,”! ethynyltriphenylene derivatives,®! dibenzoful-
vene polymers with fluorene side chains” carbazolo-
phanes!' and stilbenophanes,"!! and various pyrenel®!>4
and thiophene derivatives.>'® Despite their importance in
the field of organic light emitting diodes (OLED),?>1"21 in-
tramolecular excimer fluorescence of “aryl-fluorene-aryl”
derivatives have only been very recently investigated.” Our
group has indeed reported preliminary results on the
marked difference observed between two families of posi-
tional isomers, namely (1,2-b)-DSF(R),-IF 1 and (2,1-a)-
DSF(R),-IF 2.2 These molecules, synthesized via a
common intermediate, present distinct geometry profiles
that translate into drastically different optical properties
leading for (2,1-a)-DSF(R),-IFs 2 to conformationally-con-
trollable intramolecular excimer formation. In this paper,
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we report a detailed investigation of intramolecular n—m in-
teractions occurring between the two face-to-face “aryl-fluo-
rene-aryl” moieties of (2,1-a)-DSF(R),-IFs 2 in the ground
state and in the excited state. First, through a comparative
and detailed study of the '"H NMR, electrochemical and ab-
sorption properties of type 1 and 2 molecules, we look for
possible - interactions in the ground state. Then, fluores-
cence experiments are analyzed, in particular in terms of in-
tramolecular excimer formation in the excited state of type
2 molecules. Finally, the spec-
tacular excimer effect in 2 is
shown to be finely tuned with
the steric bulk borne by the
phenyl groups of the fluorene
moieties. DFT modeling of
these properties suggest a con-
formational switch of the two
“aryl-fluorene-aryl”  moieties
from a staggered conformation

o)
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b)-DSF-IFs 1 and (2,1-a)-DSF-IFs 2, further separated by
column chromatography. It is important to note that the
ratio of DSF-IFs 1 and 2 obtained by the cyclization of the
diols 4 may be tuned by solvent and steric effects as previ-
ously reported.”” The chemical structures and the purity of
the molecules investigated in the present work have been
confirmed by means of 'H NMR, *C NMR, IR spectroscopy
and mass analysis. X-ray structures of 2¢ and 2e are pre-
sented in the Supporting Information (Figures S1 and S2).

PIFPIOD .
| e
ACOH/HCI RB(OH), O O
83% 5 toluene /H,O/Na,CO4 3c-g
77 to 93%

(1,2-b)-DSF(R),-IF
1a-g

: 1) nBULITHF, —78 °C i
in the ground state to an : o) =
e’chpsed. conformation in the 2.2°DITP 2) RR
first excited state. ~78°C to RT
Results and Discussion (2.12)-DSF(R)-IF
Synthesis 29
R= H DSF-IF 1a 2a
DSF-IFs 1 and 2 were synthe-
. . . {Bu DSF(tBu),-IF 1b 2b
sized according to our previous- oMe
ly published synthetic pathway
(Scheme 1).2“%' The aryl-sub- on;)eMe DSF(3,4,5-triOMePh),-IF 1c 2c
stituted fluorenones 3c¢—g were
prepared through an efficient @F DSF(4-FPh),-IF 1d 2d
two-step synthesis (Scheme 1).
In this sequence, 9-fluorenone @_Bu DSF (4-1BuPh)-IF 1e 2
was first iodinated in the pres-
ence of N-iodosuccinimide in @‘C9H19 DSF(4-nonylPh),-IF 1f 2f
acidic medium to afford 5 with Bu
83% yield.”"*! Oppositely to DSF(3.5-di-{BuPh).IF 1g 29

the widely-used analogue 2,7-
dibromo-fluorenone, 2,7-diiodo-
fluorenone § is highly soluble in
common organic solvents and
thus appears to be an interesting and easy to handle inter-
mediate in fluorene chemistry. The Suzuki-Miyaura palladi-
um-catalyzed cross-coupling reaction® of 5 with aryl-substi-
tuted boronic acids led to the corresponding fluorenones
3c—g with high yields. Then, the lithium-iodine exchange of
2,2"-DITP? with n-butyllithium followed by addition of
3c—g afforded the corresponding difluorenol 4¢—g with mod-
erate yields (22-44 %). The intramolecular cyclization reac-
tion of 4c-g, performed in the presence of either a Lewis
(trifluoride boron etherate) or a Bronsted acid (H,SO,,
HCI) leads to the formation of two positional isomers (1,2-

tBu

! The synthesis of 9-fluorenone 3b has been previously reported.*!
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Scheme 1. Synthesis of aryl-substituted 9-fluorenone 3c¢—g and DSF-IFs 1a-g/2a-g.

For the intimate understanding of the spectroscopic prop-
erties of DSF-IFs 1 and 2, it was of great interest to com-
pare them to those of their constituting building blocks
(Scheme 2). For that, different model systems were investi-
gated: The two parent indenofluorenes, (1,2-b)-IF* and
(2,1-a)-IF,P" 9,9'-spirobifluorene (SBF),* and 2,7-di(4-non-
ylphenyl)-9,9’-spirobifluorene (ml, see Supporting Informa-
tion) model compound for the isomers 1f/2f.

'"H NMR spectroscopy studies

A detailed "H NMR characterization of all DSF-IFs 1 and 2
has been first performed in order to correlate the different
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(1,2-b)-IF (2,1-a)-IF

Scheme 2. Structure of DSF-IF, SBF and IF derivatives and the model com-

pound ml.

chemical shifts of the hydrogen atoms to the molecular
structures of the two DSF-IFs families (see Tables S1-S3 in
the Supporting Information). The purpose of these detailed
and comparative '"H NMR investigations is to determine if
intramolecular w—x interactions could occur in solution be-
tween “aryl-fluorene-aryl” moieties in the DSF-IFs 2. In as-
signing '"H NMR spectra of molecules 1 and 2, the following
numbering is used, in which H1-H4 belong to the fluorene
moieties, H5-H9 belong to the indenofluorene core and
H10-H12 belong to the pendant aryl rings of the fluorenyl
units (Figure 1). The complete assignments of all molecules

10 11

Figure 1. Numbering used for the 'H NMR assignments.

have been performed by 2D NMR spectroscopy experi-
ments (see Supporting Information for spectra and tables).

'HNMR chemical shifts of the indenofluorene core: We
first report on the two parent indenofluorene derivatives,
that is, (1,2-b)-IF and (2,1-a)-IF (Scheme 2) respectively cen-
tral core of the DSF-IF type 1 compounds and of the DSF-
IF type 2 compounds. In (1,2-b)-IF and (2,1-a)-IF, all the hy-
drogen atoms possess almost identical chemical shifts (Table
S1 in the Supporting Information). Only a slight difference
is observed for the H9 resonance (6 =7.97 ppm for (1,2-b)-
IF and 6 =7.83 ppm for (2,1-a)-IF). Hence, the isomers (1,2-
b)-IF and (2,1-a)-IF present highly similar '"H NMR spectra
due to their comparable molecular structure. However,
DSF-IFs 1 and 2, exhibit a significantly different behavior as
their "H NMR spectra appear to be fairly different. In the
following study, we will first compare the '"H NMR spectra
of the DSF-IFs 1 and 2 with their respective central cores,
namely (1,2-b)-IF and (2,1-a)-IF. In a second step, the
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"H NMR spectra of DSF-IFs 1 and 2 will be compared
to one another.

Compared to the parent indenofluorene (1,2-b)-IF, all
the DSF-IFs 1 present a strong shielding effect for sig-
nals of the two hydrogen atoms in [} position of the
spiro carbons, namely H5 and H9. Indeed, the reso-
nance of H5 is found at 6 7.57 ppm in (1,2-b)-IF and at
about 6.7 ppm in all the DSF-IFs 1 (Table S1). Similarly,
the resonance of H9 is found at 7.97 ppm in (1,2-b)-IF
and at about 7.2 ppm in all DSF-IFs 1 (Table S1). This
upfield shift found for HS and H9 resonances, in all
DSF-IFs 1, is due to the different substitution of the
bridges (CH, for (1,2-b)-IF and fluorene units for DSF-
IFs 1). This shielding effect, also observed for H6, H7
and HS8 resonances, decreases from H5 to HS8 as the dis-
tance from the spiro centers increases. In addition, 1a—

b, without aryl rings on the fluorene units, and 1¢-g, bearing
aryl rings on the fluorene units, present highly similar chem-
ical shifts for all the hydrogen atoms of the (1,2-b)-indeno-
fluorenyl moiety (Table S1). Hence, the 2,7-substitution of
the fluorene units with aryl rings, found in 1¢-g, has only a
minor effect on the chemical shifts of the hydrogen atoms of
the (1,2-b)-indenofluorenyl core.

Compared with the parent indenofluorene (2,1-a)-IF, all
the DSF-IFs 2 also present a strong shielding effect for the
hydrogen atom HS5 resonance from 6 7.60 ppm in (2,1-a)-IF
to about 6.1 ppm in all the DSF-IFs 2 (Table S1). This
shielding effect, arising from the spirolinked fluorene units,
is even larger than that observed between (1,2-b)-IF and the
DSF-IFs 1 (see above). This shielding effect highlights that
the fluorene units in DSF-IFs 1 or in DSF-IFs 2 have drasti-
cally different electronic effects on their corresponding in-
denofluorenyl central cores. As already highlighted above
for 1c—g, the 2,7-substitution of the fluorene moieties with
aryl rings has only a weak influence on the chemical shifts
of the hydrogen atoms of the (2,1-a)-indenofluorenyl core.
Therefore all the DSF-IFs 2 with or without aryl rings pres-
ent highly similar '"H NMR chemical shifts for their central
indenofluorenyl core.

An important feature is related to the differences ob-
served between the chemical shifts of the hydrogen atoms of
the indenofluorenyl cores of the two DSF-IF families. Thus,
in DSF-IFs 2, H5 and H6 signals are surprisingly shielded by
0.6/0.7 ppm and by 0.1/0.2 ppm compared with their homo-
logues in DSF-IFs 1, whereas the two parent indenofluor-
enes, that is, (2,1-a)-IF and (1,2-b)-IF present almost identi-
cal chemical shifts for all their hydrogen atoms (Table S1).
This surprising shielding effect observed between DSF-IFs 2
and DSF-IFs 1, has been assigned to their different geome-
try profiles. Indeed, in DSF-IFs 2, the (2,1-a)-indenofluoren-
yl core is influenced by the two face-to-face spirofluorene
units, which may interact together (see below). Oppositely,
in DSF-IFs 1, the (1,2-b)-indenofluorenyl core is influenced
by only one fluorene unit as the fluorene units are on two
opposite sides of the indenofluorenyl core.

In summary, (1,2-b)-IF and (2,1-a)-IF, present almost iden-
tical chemical shifts for all the hydrogen atoms, whereas the
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hydrogen atoms of the indenofluorenyl cores of DSF-IFs 1
and 2 were found at very different chemical shifts. Thus, the
different arrangement of the fluorene units (face-to-face or
not) differently affects the resonance of the hydrogen atoms
of the indenofluorenyl cores.

'H NMR chemical shifts of the spiro-linked fluorene units:
The distinct geometries of DSF-IFs 1 and 2 should lead to
significant chemical shift differences of the hydrogen atoms
of the fluorene moieties. In order to study the possible inter-
actions between the two face-to-face fluorene units in DSF-
IFs 2, the '"H NMR investigations were first conducted on
the simplest analogues in the series, 1a-b, 2a-b without
pendant aryl rings, and compared with a relevant model
compound, namely 9,9-spirobifluorene (SBF, see structure
Scheme 2).

The fluorene units of 1a and SBF present hydrogen atoms
with almost identical chemical shifts (Table S2 in the Sup-
porting Information), clearly highlighting that the fluorene
units of both molecules are in a very similar chemical envi-
ronment. For 2a, an upfield shift of about 0.3/0.7 ppm is de-
tected for all the signals of the hydrogen atoms borne by the
fluorene units (Table S2, Figure 2, bottom). This shielding

4 2
'; Ha H3 H2
S

SBF

FULL PAPER

clophane,® polyfluorene,”*/ thiophene derivatives' and

tetrapyrenyl compounds.’® The Bu-substituted derivatives
1b and 2b rigorously present the same behavior as that re-
ported above for 1a and 2a (Table S2). The highest chemi-
cal shift differences, d;,—0,, and d;,—0,,, are always found
for the hydrogen atom H4, about 0.65/0.68 ppm, which is
therefore the hydrogen atom the most influenced by the m—
7 interactions.

In order to confirm the preliminary results obtained with
non-aryl-substituted 1a/2a and 1b/2b, a similar 'H NMR
study was then performed on the aryl-substituted DSF-IFs
series. In this context, the spirobifluorene derivative ml, has
been prepared as a relevant model compound of 1f/2f
(Scheme 2). Indeed, the model compound m1 can be consid-
ered as a “half molecule” of both isomers 1£/2f and should
provide relevant information about the influence of the two
face-to-face fluorene units in the DSF-IFs 2. In the '"H NMR
spectrum of ml, the chemical shifts of the hydrogen atoms
of the fluorene unit, that is, H1, H3, H4 and those of the (4-
nonylphenyl) units, that is, H10 and H11, were almost iden-
tical to those of their homologues in 1f (Table S3). This fea-
ture clearly evidences that, “aryl-fluorene-aryl” moieties in
1f and in m1 are in a very similar chemical environment.

A significantly different behavior is observed for the
isomer 2f since all the signals
of the hydrogen atoms of its
“aryl-fluorene-aryl”  moieties
are strongly deshielded com-

ht U«JL MJ

* pared with those in 1f (Table

LA L e S S s e

LI

LA e S S

ppm 850 800 750  7.00 650  6.00 550 S3). This shielding effect ob-
served in 2 f is assigned to intra-

H4 ”3 molecular m—t interactions be-

UL_J Jk !L tween face-to-face “aryl-fluo-

g T abs iy { rene-aryl” wunits. The same

ppm trend is observed for all the

other couples of isomers, that
is, lc-gl2c-g (exemplified in
Figure 3 with 1d/2d). Indeed,
the hydrogen atoms signals of

Figure 2. Low field portion of the "H NMR spectra (CD,Cl,) of SBF, 1a and 2a.

effect may be assigned to the increased overlap of the aro-
matic rings of the two face-to-face fluorene units, found in
2a. Indeed, despite the structural differences between the
two central cores, that is, (1,2-b)-IF and (2,1-a)-IF, we have
shown that all the hydrogen atoms of the cores show almost
identical '"H NMR chemical shifts (see above, Table S1). It is
hence reasonable to assume that the shielding of the hydro-
gen atoms borne by the fluorene units, in 2a, results from
their face-to-face geometry and not from their different in-
denofluorenyl central core. Indeed, transannular m—s inter-
actions are usually accompanied by high field shifts in
"H NMR spectra®*> and have been observed in different
systems such as for example acridylnaphthalene,”” paracy-

Chem. Eur. J. 2011, 17, 1027210287
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5.50 the “aryl-fluorene-aryl” moiet-
ies are always shielded for each
isomer 2 compared to its conge-
ner 1. For the fluorene units,
the maximum chemical shift

difference between two isomers is always found for H4 (ca.

0.5 ppm) and for the aryl rings, the maximum chemical-shift

difference is always found for H10 (around 0.4 ppm, Table

S3 in the Supporting Information). H10 and H4 are hence

the hydrogen atoms which are the most influenced by the

n—m interactions of “aryl-fluorene-aryl” moieties.

To conclude, an upfield shift for the “aryl-fluorene-aryl”
hydrogen atoms signals of all DSF-IFs 2 is observed com-
pared to those of DSF-IFs 1. In the light of this detailed and
comparative 'HNMR study, we can unambiguously con-
clude that, in 2¢-g, m—m interactions occur between the two
cofacial “aryl-fluorene-aryl” moieties. Furthermore, this
study gives important structural information as it highlights
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levels at about -5.76 and
—5.64 ¢V and LUMO levels at
about —2.17 and —2.03 eV, re-
These HOMO/
N LUMO levels are mainly con-
trolled by the indenofluorenyl
core and also slightly affected
by the arrangement of the fluo-
rene units (face-to-face in 2a or
H11 not face-to-face in 1a).Bl

Indeed, (1,2-b)-IF and (2,1-a)-

IF present identical HOMO
ppm 8.00 7.50 7.00 6.50

H4 H10 HI11|H1 .
H3 L | spectively.
.J\_Jf \

H4 H3 H10

'
A M l l La "r"lufw"

My S }

level values lying at about
—5.6eV. For 1a, the HOMO
level is lowered by 0.15eV
compared to (1,2-b)-IF, whereas
for 2a, the HOMO level is
almost identical to that of (2,1-
a)-IF. This difference may be due to a less effective with-
drawing effect of the two face-to-face fluorene units in 2a
when compared to the withdrawing effect of the two inde-
pendent fluorenes in 1a.B!

Surprisingly, the HOMO levels of 1e—f (—5.59+0.17 eV)
are always found at lower energy than the HOMO levels of
their isomers 2¢—f (—5.41+0.08 eV). The HOMO energy
levels of 1c—f span a very small range (—5.49 eV for 1c to
—5.73eV for 1d) and are all slightly higher than the
HOMO level of 1a (=5.76 ¢V).’!! Similarly, the HOMO
energy levels of 2¢-g, also span a small range (—5.33 eV for
2¢ to —5.50 eV for 2d) and are all higher than the HOMO
level of 2a (—5.64 eV). Compared to 1a, HOMO levels of

Figure 3. Low field portion of the "H NMR spectra (CDCl;) of 1d and 2d.

that H10 and H4 are the hydrogen atoms which are the
most influenced by this effect. Such m—mt interactions be-
tween the “aryl-fluorene-aryl” moieties in 2c¢-g should lead
to significantly different electrochemical and optical proper-
ties compared to their isomers 1c—g as discussed next.

Electrochemical properties

The redox properties of all compounds were investigated by
cyclic voltammetry (CV), differential pulse voltammetry
(DPV) and selected data are summarized in Table 1 (1c—f/
2¢-g CVs and DPVs are provided in the Supporting Infor-
mation, Figures S5-S13).

Compounds 1a and 2a constituting building blocks of
aryl-substituted DSF-IFs 1c¢-g and 2c-g, present HOMO

% Electrochemical properties of 1a and 2a have been previously report-
ed 2631

Table 1. Selected electrochemical and optical data of DSF-IFs 1 and 2.

E, [V] EX., E< (V] HOMO LUMO LUMO AEP! AE™
[Vl [eV]¥ [eV]" [eV]* [ev]¥ [eV]©
(1,2-b)-TFB 1.31 (1e7), 2.01 (>1e) 121 —2.41 -5.61 -1.99 —2.00 3.62 3.61
(2,1-a)-TFB! 1.31 (1e"), 1.98 (> 1e7) 122 —2.46 -5.62 —1.94 -1.86 3.68 3.76
1a 1.47 (1e7), 1.959 (> 1e") 1.36 —2.23 -5.76 -2.17 -2.25 3.59 3.51
2a 1.36 (1e7), 1.69 (1le7), 1.99 (>1e”) 1.24 —2.37 —5.64 —2.03 -2.07 3.61 3.57
1c 1.28 (3¢), 1.5311 (2¢7), 1.75 (1e7), 1.96 (2¢") 1.09 —2.40 —5.49 —2.00 —2.04 3.49 3.45
2¢ 1.07 (2¢7), 1.31(1e"), 1.51 (2¢7), 1.63 (2¢"), 0.93 —2.42 -5.33 -1.98 —-1.94 3.34 3.39
1.93 (1e")
1d 1.45 (1e7), 1.55 (le7), 1.66 (1e7), 1.87" 1.33 —2.24 —-5.73 —-2.16 —2.24 3.57 3.49
(>1e7),1.96 (>1e7)
2d 1.20 (1e"), 1.36 (1e7), 1.58 (1e"), 2.06!1 (> 1e7) 1.10 —2.39 -5.50 —2.01 —2.06 3.49 3.44
le 1.42 (1e”, shoulder), 1.70 (> 1e") 1.17 2.4 -5.57 —2.00 —2.08 3.57 3.49
2e 1.13 (1e7), 1.31 (le7), 1.57 (1e7), 1.97 (2¢") 1.02 —2.4 —542 —2.00 —2.02 3.42 3.40
1f 1.30 (1e"), 1.38 (1e"), 1.68 (2¢7), 2.131 (> 1e7) 1.19 -2.33 -5.59 —2.07 —2.11 3.52 3.48
2f 1.11 (1e7), 1.25 (1e7), 1.60 (1e7), 1.87 1.01 -2.38 —5.41 —2.02 —2.01 3.39 3.40
(>1e),2.02" (> 1e")
1g 3.50
2g 1.10 (le"), 1.32 (1e"), 1.73 (1e7), 1.96 (>2e") 0.99 —2.44 -5.39 —-1.96 -1.92 3.43 3.47

[a] Calculated from the onset oxidation potential EO¥

onset*

B [b] Calculated from the onset reduction potential

Ered [37)

onset”

[c] Calculated from the HOMO

energy level and the edge of optical band gap. [d] Calculated as AE® = |[HOMO-LUMO| from redox data. [e] Optical band gap AE™ =hc/A (AE*
[eV]=1237.5/4) has been estimated from the liquid UV/Vis spectra in THF. [f] Beginning of the electropolymerization process observed along recurrent
sweeps.
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1cf (except 1d) are shifted by at least 0.17 eV. Similarly,
compared to 2a, the HOMO levels of 2¢c—g (except 2d) are
shifted by at least 0.22 eV. These observations led us to con-
clude that the HOMO levels of aryl substituted 1c¢—f and
2c-g are not only governed by the electronic properties of
the central indenofluorenyl core but also i) by the presence
of the “aryl-fluorene-aryl” units and ii) by the geometry of
the indenofluorenyl core which leads to “aryl-fluorene-aryl”
units in different structural environment (face-to-face in
DSF-IFs 2 or not face-to-face in DSF-IFs 1). In addition, it
is important to stress that the HOMO energy levels of 1¢c—f
and 2c-g can be finely tuned depending on the substituents
borne by the aryl rings. Indeed, 1d/2d for example, present
low-lying HOMO levels (1d: —5.73 eV and 2d: —5.50 eV),
significantly different from those of their congeners and as-
signed to the electron-withdrawing effect of the fluorine
atoms borne by the aryl rings.

In the cathodic range (see Figures S5-S13 in the Support-
ing Information), all aryl-substituted 1c¢—f and 2c¢-g exhibit
an irreversible reduction wave, which maximum is not ob-
served before the reduction of the electrolytic medium
(CH,Cl,; 0.2m [NBu,][PF¢]). However, the CVs allowed the
determination of the reduction onset potential (E&! ) and
hence to the LUMO energy levels. Thus, all compounds
present LUMO levels, close to —2.0 eV (—2.08 £0.08 eV for
lcf and —2.00+£0.04 eV for 2¢-g). The LUMO energy
levels of 1c—f and 2¢—g are almost identical to those of their
corresponding parent indenofluorenes (—1.99 eV for (1,2-b)-
IF and —1.94eV for (2,1-a)-IF, Table 1). The very low
LUMO energy levels of 1¢—f and 2c—g highlight their poor
electron-affinities.

The electrochemical band gaps AE® (consistent with the
measured optical band gaps AE®, Table 1) of both 1¢-f and
2c—g are wide (ca. 3.3/3.6eV) and dependent of the sub-
stituents borne by the aryl groups. The band gaps of 1c—f
(around 3.5/3.6 V) are always larger compared to those of
their corresponding isomers 2c¢-g (3.3/3.5¢V) due to the
higher HOMO levels of 2¢—g. Compared to its constituting
building block 1a (AE¥=3.59 eV), le—f present a similar
band gap, around 3.5/3.6 eV. A drastically different behavior
is observed with 2¢—g, which present a smaller band gap
(3.3/3.5eV) compared to its building block 2a (AE¥=
3.61 eV). Careful investigations of these intriguing different
electrochemical behaviors between 1c¢—f and 2¢-g are dis-
closed below.

Aryl-substituted 1c—f, present a first oxidation potential
E! ranging from 1.28 V for 1¢ to 1.45V for 1d. This might
be easily rationalized by the electron-donating/electron-
withdrawing effects of the different substituents borne by
the phenyl rings. Thus, 1¢ with three electron-donating me-
thoxy groups on the phenyl rings present the lowest E.
(1.28 V, Table 1) of the series. On the contrary 1d, with an
electron-withdrawing fluorine atom on the phenyl rings,
presents the highest E}_(1.45V, Table 1) of the series. Thus,
E! can be easily tuned by the nature and the position of the
different substituents borne by the phenyl rings.
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An important feature in le—f is to assign the different
electron transfers. The assignment of the first electron trans-
fer, indenofluorenyl versus “aryl-fluorene-aryl” cores oxida-
tion, appears however difficult to perform. Indeed, 1a the
constituting building block of 1¢—g presents a first oxidation
wave E! at 1.47 V that is assigned to an indenofluorenyl
electron transfer.?l On the other hand, literature reports for
several molecules bearing the “aryl-fluorene-aryl” moieties
such as 2,7-bis-(4-tert-butylphenyl)-9,9'-spirobifluorenel"!
and 2,2',7,7'-tetraphenyl-9,9"-spirobifluorene,* a first oxida-
tion potential E!_around 1.39 V vs SCE. It is hence difficult
to assign the first electron transfer of 1¢—f since i) the inden-
ofluorenyl core and the “aryl-fluorene-aryl” core are oxi-
dized at similar potentials (1.47 vs 1.39 V, respectively) and
ii) 1e—f present a first oxidation potential E' ranging from
1.28 to 1.45V, depending on the substituents borne by the
phenyl rings. We thus focus on a single illustrative example
with identical phenyl rings substitution, namely 1f and its
model compound ml, both bearing a nonyl chain in para-
position of the phenyl rings (Figure S11 and S14 in the Sup-
porting Information). This example has been chosen since
the nonyl chains i) allow a very good solubility of both 1f
and 2f and ii) do not add any strong electronic effect. Thus,
ml possesses a first multielectronic oxidation wave at about
1.45 V corresponding to the oxidation of the “aryl-fluorene-
aryl” moieties, consistent with the calculated nature of its
HOMO (Figure S29 in the Supporting Information). In addi-
tion, 1f presents a first oxidation E! at 1.30 V (vs. 1.45V
for m1). On the basis of the oxidation potentials of 1f and
ml, it is then reasonable to contend that the first oxidation
process in 1f leans more towards the (1,2-b)-indenofluoren-
yl core than to the “aryl-fluorene-aryl” moieties. Theoretical
calculations on 1d-g models lend support to this assignment
with the following nuances: the calculated nature of their
HOMOs shows that they are spread out between both types
of electrophores with a strong contribution of the indeno-
fluorenyl moiety (see Figures S24-S28). It should be noted
that 1¢, bearing three methoxy groups per phenyl unit ap-
pears in the series as an exception. Indeed, 1¢ has a HOMO
level fully centered on the “aryl-fluorene-aryl” units due to
the strong electron-donating effect of its methoxy groups.

Compounds 1¢—f present a second oxidation potential E>,
ranging from 1.28 V for 1¢* to 1.70 V for 1e. Notably, 1f
presents a second oxidation potential E> recorded at 1.38 V.
This potential is close to that of the first of the model com-
pound m1 (1.45V, see above). As the first oxidation process
in 1f has been assigned to an orbital with a strong indeno-
fluorenyl character (see above), it is hence rational to assign
the second oxidation process of 1f to the oxidation of an
“aryl-fluorene-aryl” moiety. We contend that aryl-substitut-
ed 1c-g possess the same behavior. Accordingly, theoretical
calculations on 1c—f models indicate that their SOMOs are
all strongly centered on the “aryl-fluorene-aryl” moieties
(see Supporting Information). In the light of these two ob-
3 Oppositely to 1d—f, we note that the first wave of 1¢ (1.28 V) is multie-

lectronic and hence the oxidation of both the indenofluorenyl core and
the “aryl-fluorene-aryl” moieties occurs at very close potentials.
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servations, one can then conclude that 1d—f are sequentially
oxidized with a first oxidation process centered on a site
with a strong (1,2-b)-indenofluorenyl character and a second
oxidation centered on the “aryl-fluorene-aryl” moieties. As
exposed above, le¢ appears as an exception with both
HOMO and SOMO fully located on the “aryl-fluorene-
aryl” moieties.

Aryl-substituted 2¢—g present a first reversible oxidation
wave E! around 1.1V (from 1.07 V for 2¢ to 120V for
2d). As exposed above with 1c-g, the first oxidation poten-
tial of 2¢-g is slightly shifted depending of electron-donat-
ing/electron-withdrawing effects of the different substituents
borne by the phenyl rings. However, the key feature is relat-
ed to the marked difference observed between the first oxi-
dation potentials of 2¢—g and those of 1¢—g. Indeed, all aryl-
substituted 2c¢—g are oxidized at a significantly lower poten-
tial than their corresponding isomers 1. As the first oxida-
tion of 2a, constituting building block of 2¢-g, is observed
at 136 V and centered on the (2,1-a)-indenofluorenyl
core,” the first oxidation of 2¢—g (around 1.1 V) is proba-
bly not centered on the (2,1-a)-indenofluorenyl core. How-
ever, this first and reversible oxidation wave of 2¢-g is not
centered either on the “aryl-fluorene-aryl” moieties, which
are found at higher potentials values (vide supra). The
“aryl-fluorene-aryl” cofacial arrangement in 2c-g is hence
at the origin of their remarkably low first oxidation poten-
tial, as it is known that the oxidation of m-stacked systems is
more facile than their non-stacked analogues.** It is
hence rational to assign the first oxidation process of 2¢-g
to an oxidation centered on an “aryl-fluorene-aryl” cofacial
dimer. This is confirmed by theoretical calculations, which
show that the HOMO of 2¢-g has a mixed character with
nevertheless major coefficients found on the “aryl-fluorene-
aryl” moieties (see Supporting Information, Figures S24-
S28).

The second oxidation process of 2¢—g is recorded at about
1.3V, very similar to the first electron transfer of 2a cen-
tered on the (2,1-a)-indenofluorenyl core and recorded at
E! = 136V, Table 1. The second oxidation process of
2c¢-g appears however to be highly dependent of the sub-
stituents borne by the phenyl rings. Indeed, theoretical cal-
culations show that the SOMO of 2d'", involved in the
second monoelectronic oxidation, is almost exclusively cen-
tered on the (2,1-a)-indenofluorenyl core.?* On the contra-
ry, the calculated SOMO of 2f* is found to be spread out
over the two types of electrophores with nevertheless a
strong indenofluorenyl character, while in 2¢'¥, 2e'* and
2g't the SOMOs are found to be mainly centered on the
“aryl-fluorene-aryl” moieties (see Supporting Information).
This is tentatively attributed to the effect of the strongly
electron-donating phenyl substituents in 2¢, 2e and 2g.

Interestingly, with the exception of le/2e, the shift be-
tween the two first oxidation waves (E2,—E.) is always
larger in 2¢—f compared to 1e—f This potential difference
shows that the radical cations of 2¢—f is significantly more
stabilized thermodynamically compared to those of 1lec-f.
This difference between the two series might be ascribed to
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the different character of their HOMO levels induced by
their different geometry profiles. Indeed and as exposed
above, theoretical calculations show for 1le-f a HOMO
almost exclusively centered on the indenofluorenyl core, as
opposed to the “aryl-fluorene-aryl” moieties character ob-
served for the HOMO level of 2¢-f (see Supporting Infor-
mation). Thus, the oxidation of 1¢-f leads to a radical cation
where the cationic charge is delocalized on the (1,2-b)-in-
denofluorenyl core whereas the oxidation of 2¢—f results in
a radical cation where the cationic charge is delocalized
over both “aryl-fluorene-aryl” moieties. Therefore, the radi-
cal cations of 2¢—f appear to be much more stabilized com-
pared to those of 1¢-f.

To conclude, the electrochemical investigations of aryl-
substituted DSF-IFs 1c—g and 2c¢-g have highlighted the
marked differences between these two families of molecules.
Notably, in 2c¢—f, the first oxidation process is always found
at a lower potential compared to their congeners 1c¢—f clear-
ly signing the intramolecular - interactions of “aryl-fluo-
rene-aryl” moieties in 2c¢—f.

Optical properties in solution

Absorption spectroscopy: UV/Vis absorption spectrum of
1la (THF) presents a fine vibronic structure with A,,,=
345 nm (Figure 4, top). Our previous works demonstrated
that this band corresponds to the absorption of the (1,2-b)-
indenofluorenyl chromophore.?*4
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Figure 4. Absorption spectra (THF, ¢=10"°m) of top: 1a and le-g;
bottom: 1f and the model compound m1.
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Aryl-substituted 1c-g, in solution in THF (Figure 4, top),
present an absorption band in which, one can distinguish
five maxima at about A,, = 301 (shoulder), 314, 327, 336,
and 345 nm. Despite the general broadness of these spectra,
the five absorption bands fit well with those of 1a, constitut-
ing building block of 1¢—g. The broadness of the 1c-g spec-
tra is due to a rotational freedom of the aryl rings around
the C—C bonds joining the fluorene and the aryl units. The
model compound ml gave us important insights on the as-
signments of the different electronic transitions. Thus, the
UV/Vis spectrum of m1 has two maxima at about 4,,,, = 310
and 335nm, fitting well with its DSF-IF analogue 1f
(Figure 4, bottom). However, m1 does not show any band at
345 nm, which was observed in the UV/Vis spectrum of 1f
and assigned to the (1,2-b)-indenofluorenyl core.”**! In ad-
dition, the band at about 314 nm and the split band at about
330-336 nm found in all aryl-substituted DSF-IFs 1¢-g, have
been ascribed to the “aryl-fluorene-aryl” moieties. Indeed,
these bands are also found in other oligoaryl derivatives
linked by a central spirobifluorene unit as previously report-
ed in the literature.[*+%

The UV/Vis absorption spectra of DSF-IFs 2 were also
studied in solution (Figure 5) and compared to those of
DSF-IFs 1. With respect to 1a, the UV/Vis spectrum of 2a
exhibits a main absorption band slightly hypsochromically
shifted by 4 nm (4,,,,=339 nm), in accordance with previous
observations on the (1,2-b)-IF and (2,1-a)-IF core.>*! This
hypsochromic shift, has been assigned to a better delocaliza-
tion of m-electrons in 1a compared to 2a. The UV/Vis ab-
sorption spectra of aryl-substituted 2c—g present broad
bands, with two maxima at about 323 and 340 nm. It should
be stressed that 2¢ possess a broader spectrum compared to
2d-g. The lowest energy transition at 340 nm is found for all
aryl-substituted 2 c—g and fits well with that of 2a. This tran-
sition has been hence ascribed to the (2,1-a)-indenofluorenyl
core, similarly to the above discussion on the DSF-IF 1 mol-
ecules.

In addition, a salient feature is the absorption onset of
2c¢-g, which is always found at higher intensity and wave-
length than those of 1c¢-g, respectively (Figure 5, bottom).*"
Similar features in the absorption spectra of other molecular
systems containing two chromophores in a face-to-face ar-
rangement, have been previously reported in the literature,
and assigned to intramolecular interactions in the ground
state.1134471 These m—m interactions, in the ground state,
between the two face-to-face “aryl-fluorene-aryl” units are
in complete accordance with the results obtained in the
"HNMR and electrochemical studies (see above). More-
over, the spectral features (red-shift, weak oscillator
strength) of the onset observed in the absorption band of
2c-g is consistent with the presence of H-aggregates, as de-
picted by Kasha for “side-by-side” interaction®! of the two
“aryl-fluorene-aryl” transition dipole moments for S-S, ex-
citation. It can be stressed that in compound 2 a, this interac-
tion seems to be negligible, certainly due to the much small-
er transition dipole moments of the unsubstituted fluorenes.
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Figure 5. Top: Absorption spectra of 2a and 2 ¢-g in solution in THF (c=
10~°m). Bottom: focus on the 340/370 nm portion of the absorption spec-
tra of 1¢-g and 2¢-g (10~°m in THF).

Fluorescence spectroscopy: The fluorescence spectrum
(THF) of 1a presents a fine vibronic structure with A, =
348 nm (Figure 6, top).”! The fluorescence spectra of aryl-
substituted 1d-g (Figure 6, top, Table 2) display two well-de-
fined bands in the near UV domain, that is, at 360/368 and
377/385 nm. Thus, the first emission peak of 1d-g (360/
368 nm) is red-shifted with respect to 1a (348 nm) due to
the important contributions of the aryl rings leading to a
more conjugated excited state. This effect has been previ-
ously highlighted with indenofluorene derivatives.””! This
feature is also confirmed by the fluorescence spectra of 1d-
g, which are better resolved than their absorption spectra.
Such differences between absorption and emission band-
shapes could be related to the flexible character of the mol-
ecules, as already studied for p-terphenyl and indenofluor-
ene compounds by ab initio quantum chemical methods.*!
This suggests that, in the excited state, the bonds joining the
fluorene and the aryl rings acquire some double bond char-
acter, hence a more rigid/planar structure.”” Tt should be
noted that 1c¢ presents a different behavior with a less well-
defined and red-shifted fluorescence spectrum compared to
its analogues 1d—g. This has been ascribed to the electron-
donating effect of the methoxy groups borne by the pendant
phenyl rings.*>3! A fine tuning of the emission color in
1c—g can be hence easily achieved using electron-donating
or electron-withdrawing substituents.

The fluorescence spectrum of the model compound ml, is
identical in shape to that of its homologue 1f (Figure 6
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Table 2. Optical properties of DSF-IFs 1 and 2.

labs[a] hq }'ahs[bvg] flll'l'l }'em liq[C] }'em[dg] flll’l'l lem_labs hq ¢sol[e]
[nm] [nm] [nm] [nm] [nm] (%)
(1,2-b)-IFPY 289, 302, 319, 328, f 339, 347, 356 f 5 61
334
(2,1-a)-IFP 307, 315, 322 f 326, 343, 360 f 4 60
1ab 299, 310, 328, 336, 301, 313, 332, 340, 348, 355, 366, 388 (sh) , 355, 374, 386 3 62
345 349 405 (sh)
2al 295, 311, 323, 339 300, 314, 323, 339 345, 363, 380 (sh) , - 6 60
400 (sh)
1b 294, 302, 314, 330, 305 (sh), 316, 333, 340, 350, 368, 390 (sh), 410 (sh) 374, 394, 415 (sh) 4 70
338, 346 350
2b 295, 307, 323, 340 285, 298 (sh), 308, 320, 346, 365, 382 (sh) , 350, 369, 388,408 (sh) 6 68
326, 344 404 (sh)
1c 301 (sh), 314, 331, 337, 303 (sh), 317, 332, 341,351 381 (sh), 393 416 36 75
345
2c¢ 314 (sh), 328, 340 314 (sh), 332, 345 457 466 116 35
1d 301 (sh), 313, 330, 336,345 301 (sh), 316, 333, 341, 360, 377, 397 (sh), 417 (sh) 387, 401, 423, 448 (sh) 15 77
349
2d 311 (sh), 323, 340 312 (sh), 329, 345 450 451 110 30
1le 301 (sh), 314, 330, 336, f 365, 384, 403 (sh), 426 (sh)  f 20 77
345
2e 311 (sh), 324, 340 312 (sh), 326, 343 413 432 73 48
1f 301 (sh), 314, 330, 337, 303 (sh), 317, 332, 340, 368, 385, 406 (sh), 432 (sh) 377,392, 411, 441 (sh) 23 77
345 349
2f 312 (sh), 324, 340 315 (sh), 327, 345 454 453 114 30
1g 303 (sh), 312, 329, 334, f 363, 380, 399(sh), 423 (sh)  f 19 74
344
2g 310 (sh), 322, 340 310, 324, 342 404 (sh), 431 434 64 38
ml 310, 335 - 366, 384 - 31 75

[a] Absorption spectra in solution in THF (c=10"°m). [b] Absorption spectra in thin-solid films (depositing solvent: toluene: 1a; 1,2-dichlorobenzene
(1,2-DCB): 2a, 1¢/2¢; THF: 1d, 1f, 1b/2b, 2d-g. c= 15 mgmL~' or 10 mgmL ™). [c] Emission spectra in solution in THF (c=10"°m) with A..=345 nm
for DSF-IFs 1 and A.,.=340 nm for DSF-IFs 2. [d] Emission spectra in thin-solid films (depositing solvents: toluene: 1a; 1,2-DCB: 1¢/2¢ THF: 1d, 1f,
1b/2b, 2d-g. [e] The relative quantum yield was measured with reference to quinine sulfate in 1N H,SO, (¢p=0.546). [f] Not recorded due to very poor

solubility. [g] Spectra provided in the Supporting Information.

inset, top). Since the quantum yields (Table 2) and molar ab-
sorption coefficients (see Table S4 in the Supporting Infor-
mation) of 1f and m1 are almost identical, it is reasonable
to conclude that the main fluorescent emitter in 1f is the
“aryl-fluorene-aryl” moieties. The emission maxima of 1d-g
are also in perfect accordance with those previously report-
ed in the literature for fluorophores containing “aryl-fluo-
rene-aryl” units.?*5441 Similarly, the fluorescence of 1c—g
appears hence to be mainly due to the emission of the “aryl-
fluorene-aryl” fluorophores. This is also confirmed by the
considerable difference observed between non aryl deriva-
tives 1a-b and aryl derivatives 1c-g, in terms of molar ab-
sorption coefficients (see Supporting Information) and
quantum yields (see Table 2).

The Stokes shifts* for 1¢—g are rather small and consistent
with a rather rigid molecular structure (Table 2). However,
these Stokes shifts are larger than those observed for the
non-aryl 1a and 1b (3/4 nm). This difference in term of
Stokes shift between non-aryl 1a-b and aryl-substituted 1¢—
g has been ascribed to i) the rotational freedom induced by
the introduction of the aryl arms in 1c—g, which leads to a
loss of the rigidity and hence a larger Stokes shift and ii) the
different fluorescent emitters that is, the indenofluorenyl

4 Defined in this work as A.,—A., in nm.
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core in the case of non-aryl 1a-b and the “aryl-fluorene-
aryl” moieties in the case of aryl-substituted 1c-g.

The fluorescence spectra of DSF-IFs 2 were also studied
in solution in THF (Figure 6, bottom, Table 2). 2a presents
two well-resolved emission bands at 345 and 363 nm as-
signed to the emission of the (2,1-a)-indenofluorenyl core.!
Interestingly, the emission spectra of 2c—g are significantly
different than that of 2a and than those of their correspond-
ing isomers lec—g (Figure 6, top). Indeed, 2¢c—g present a
structureless and red-shifted band (with respect to 1¢—g and
2a) with maxima recorded at 457 nm (2¢), 450 nm (2d),
413 nm (2e), 454 nm (2f) and 404/431 nm (2g) (Figure 6,
bottom). In addition and opposite to 1c—g, the Stokes shifts
of 2¢—g become very large (Table 2) highlighting the re-
markable effect of the cofacial fluorenes arrangement found
in 2¢-g. It is hence reasonable to contend that the fluores-
cence features of 2c—g arise from intramolecular excimers,
due to the interactions between “aryl-fluorene-aryl” moiet-
ies in the excited state. Several groups have also reported
similar behavior in fluorescence spectroscopy, for example
with oligophenyl based cruciforms,”! ethynyltriphenylene de-
rivatives,® dibenzofulvene polymers with fluorene side
chains,”! carbazolophanes,"” and various pyrene deriva-
tives.[*!>¥ Tt is hence clear that m—m interactions exist in
2c-g not only in the ground state but are also strongly en-
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Figure 6. Top: Emission spectra (1., =345 nm; C=10"°wm in THF) of: 1a
and 1c-g; middle: Emission spectra 1f and m1. Botl,tom: Emission spec-
tra of 2a and 2¢-g in THF (4.,.=340 nm).

hanced in the excited state. These interactions in 2¢—g lead
to drastically different emission colors compared to their po-
sitional isomers 1c-g.

There are additional evidences for the assignment of the
emission band of 2¢—g to the excimer formation upon intra-
molecular interactions of the “aryl-fluorene-aryl” fluoro-
phores and not upon intermolecular interactions: i) the fluo-
rescence spectra of 2¢—g are independent of the concentra-
tion (see Figure S15 for 2¢ and S16 for 2e) and ii) the fluo-
rescence spectra of 2c—g in solution are almost identical to
those in solid state (see Figure S23). Such a behavior clearly
signs that the fluorescence in 2c¢-g arises from intramolecu-
lar excimer and not from intermolecular excimers.”? A simi-
lar behavior has been recently highlighted by Meinardi and
co-workers with oligothiophene derivatives.'¥! It is also im-
portant to mention that the fluorescence of 2¢—g is inde-
pendent of the excitation wavelength.
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In terms of quantum yield (determined by standard
method with quinine sulfate in H,SO,, see Supporting Infor-
mation), aryl-substituted le-g possess higher quantum
yields (ca. 75%) than that observed for 1a (ca. 62% )™ due
to the different emitters involved: the indenofluorenyl core
in the case of non-aryl 1a and the “aryl-fluorene-aryl” moi-
eties in the case of aryl-substituted 1c-g.

Whereas the quantum yield of 2a is relatively high (ca.
60%),’"! we note an important decrease of the quantum
yields in the case of aryl-substituted 2¢-g (30/48%) com-
pared to 1c—g. Therefore, the introduction of the aryl arms
in 2¢—g has a remarkable effect not only on the emission
color (Figure 6, bottom) but also on the quantum yields,
which is consistent with the presence of H-type interaction
of the two “aryl-fluorene-aryl” in addition to the intramo-
lecular excimers in the case of 2¢-g.[11-534

Finally, in 2c-g, the emission color can be also easily
tuned by the careful choice of the steric bulk of the substitu-
ent borne by the aryl rings. Indeed, 2¢, 2d and 2f present
very similar, i) emission bands with maxima around 450 nm,
ii) quantum yields, around 30%, iii) Stokes shifts, around
110 nm (Table 2). However, 2e and 2g, present drastically
different behaviors as they possess i) the smallest Stokes
shift that is, 73 nm (2e) and 64 nm (2g), ii) the highest quan-
tum yield that is, 48 % (2e) and 38 % (2g) and iii) the short-
est emission wavelengths that is, 413 nm (2e) and 431 nm
(2g) in the series. The fluorescence spectra of 2e and 2g are
hence significantly different compared to those of 2¢, 2d
and 2f This has been ascribed to a larger steric hindrance
between the aryl rings induced by the bulkiness of the tert-
butyl substituents borne by 2e and 2g. This steric hindrance
in 2e and 2g leads to weaker n—m interactions between the
“aryl-fluorene-aryl” moieties and hence compared to 2¢, 2d
and 2f, to a shift of the emission band to shorter wavelength
and to a higher quantum yield. This has been supported by
theoretical modeling (see below). The bulkiness of the sub-
stituents borne by the aryl rings play hence a crucial role in
the tuning of the emission color of aryl-substituted 2 c—g.”!
Such remarkable tuning of the emission band by steric hin-
drance appears to be a simple and efficient way to tune the
emission colors of aryl-substituted DSF-IFs 2 fluorophores.

Fluorescence decays: In order to go deeper in the photo-
physical properties, the fluorescence decays of 1a—g and 2a—
g were investigated in THF by the time-correlated single
photon counting technique, with a common excitation wave-
length at 330 nm (third harmonics of a fs-pulsed Ti/Sa laser).
For each molecule, several decay curve acquisitions were
performed at multiple emission wavelengths, in order to
probe the properties in the blue edge, red edge, and in the
middle region of the emission spectrum. The full sets of
wavelength-dependent decay curves relative to single com-
pounds were successfully analyzed by means of a global fit-
ting procedure involving a single exponential (1a-g, 2a-b)
or three exponentials (2¢—g). In all cases, satisfactory fits
were obtained (global yx? < 1.2, see Table 3).
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Table 3. Fitting parameters of fluorescence decays (7;, Aj), fluorescence quantum yields @, radiative and non-
radiative rates (k,, k,,) of DSF-IFs 1 and 2.

lem[a] 7 7, 7 A, A, A, er[C] Dy kr[g] k“r[g]
[nm] [ns] [ns] [ns] (™ (A" () (x10°s7") (x10°s7")
350
1al 375 195 - - 1i080 - - 1.18 0.62 32 1.9
400 (1.00)
350
1pl 375 196 - - 1i080 - - 1.06 0.70 3.6 1.5
400 (1.00)
375
14 322 117 - - zi(.)(())ﬁ) - - 1.15 075 6.4 21
450
350
14 375 134 - - 1i0(())0 - - 112 077 5.8 1.7
400 (1.00)
375
1eld 400 110 - - 1i0(())0 - - 1.14 0.77 7.0 2.1
425 (1.00)
375
1£4 400 109 - - 1i0(())0 - - 1.12 077 71 2.1
425 (1.00)
350
1g 375 124 - - 1i080 - - 1.10 0.77 6.2 1.9
400 (1.00)
(1,2-b)-TF 350 154 - - 1.00 - - 120 - - -
(1.00)
(2,1-a)-IF 350 125 - - 1.00 - - 0.99 0.61 4.9 3.1
(1.00)
350 1.00
2ald 375 208 - - (i 00) - - 1.17 0.60 2.9 1.9
400 ’
3350 1.00
2pl 375 183 - - (i 00) - - 1.18 0.68 3.7 1.8
400 )
375 0.15 0.11 0.74
(0.91) (0.08) 0.01)
425 0.25 0.12 0.63
. (0.94) (0.05) 0.01)
2l 475 1125 130 0035 0 b 0.49 1.10 035 - -
(0.96) (0.03) (0.01)
525 0.53 0.10 0.37
(0.98) 0.02) (0.00)
350 0.07 0.10 0.83
0.87) 0.12) (0.01)
400 0.17 0.11 0.72
0.94 0.06 0.00
24" 450 1299 128 <0.030 3.33) (().11) (().56) 1.03 030 - -
0.97) (0.03) (0.00)
500 0.52 0.08 0.40
(0.98) 0.02) (0.00)
350 0.23 0.07 0.70
(0.93) (0.05) 0.02)
400 0.29 0.06 0.65
. (0.95) (0.03) 0.02)
2ell 450 156 119 0074 o 0.06 0.58 1.03 048 - -
(0.96) (0.03) (0.01)
500 0.46 0.05 0.49
0.97) 0.02) (0.01)
360 0.10 0.11 0.79
0.87) (0.09) (0.04)
400 0.15 0.10 0.75
’ 0.92) (0.06) 0.02)
211 450 1116 104 0070 o0 0.09 0.6 1.09 030 - -
(0.95) (0.03) 0.02)
500 0.38 0.07 0.55
0.97) (0.02) (0.01)
10282 — www.chemeurj.org © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Fluorescence decay curves of
1a-g (Figure 7, top) were found
to be monoexponential and in-
sensitive to emission wave-
length, with lifetimes measured
at 1.95-1.96 ns for non aryl-sub-
stituted 1a-b and comprised
between 1.09 ns and 1.34 ns for
aryl-substituted  1lc-g.  The
marked difference between the
lifetimes of 1a-b and those of
1c-g (Figure 7, Table 3) clearly
evidences that the emission
arises from different molecular
species: the indenofluorenyl
core in the case of non aryl-sub-
stituted 1a-b, and the “aryl-flu-
orene-aryl” moieties in the case
of aryl-substituted 1ec-g. This
general conclusion is fully com-
patible with the analysis of the
related absorption and fluores-
cence spectra, as discussed
above. Furthermore, this
scheme is in perfect accordance
with the lifetime of a pure spiro
“aryl-fluorene-aryl”  analogue
reported by Salbeck and co-
workers, which was found to be
~1.1ns in dichloromethane!
and with the lifetime of the
core  compound  (1,2-b)-IF
(1.54 ns, see Table 3).

For 1a-b, the radiative (k;)
and non-radiative (k,) rate
constants were calculated to be
32-3.6x10%s™' and 1.5-1.9x
10® s™', respectively. Interesting-
ly, the lc-g derivatives show
similar non-radiative rate con-
stants  (k,=1.7-2.1x10%s7"),
but k., is more than doubled
(k,=5.8-7.1x10%s™). The
higher quantum yields and
shorter lifetimes of the “aryl-
fluorene-aryl” derivatives 1lc—g
are then mostly due to faster
radiative deactivations com-
pared to the indenofluorenyl
species in the case of 1a-b.

For 2a-b compounds, the
fluorescence decay curves were
recorded and fitted satisfactori-
ly with a single exponential
(Figure 7, bottom, Figure 8, top,
Table 3). The lifetimes were
found to be in a very similar
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Table 3. (Continued)

FULL PAPER

ous paragraph, this observation

suggests that in the non-aryl
DSF-IFs series (1a-b and 2a-

A T, 7 A, A, A, L e, ko 8
[nm] [os] [ns] [ns]  (A™) (5" (") (x10°s7")  (x10°s™")
350 0.05 0.58 0.37
(0.49) 0.51) (0.00)
375 0.06 0.63 0.31
" (0.55) (0.45) (0.00) ~ ~
2g 425 10.75 0.90 <0.030 0.10 0.62 028 1.04 0.38
(0.66) 0.34) (0.00)
475 0.17 0.65 0.18
(0.76) 0.24) (0.00)

b), the emission predominantly
arises from their central inden-
ofluorenyl cores. The difference
between 1la-b/2a-b lifetimes
and those of their correspond-
ing core compounds (2,1-a)-IF
(125ns) and (1,2-b)-IF may

[a] Selected emission wavelength by means of a monochromator with a 50 nm-bandwidth. [b] Intensity frac-
tions were calculated by the following equation: f,=A;r/SAy; [c] Global »’,, obtained for a global analysis of
the full set of decay curves. [d] Excitation at 330 nm and fluorescence decay recorded on a 25 ns-time window
(channel width=6.1 ps, pulse fwhm =47 ps). [e] Excitation at 310 nm and fluorescence decay recorded on a
25 ns-time window (channel width=6.1 ps, pulse fwhm =47 ps), including a long-pass filter to reduce the scat-
tering signal. [f] Excitation at 330 nm and fluorescence decay recorded on two different time windows to reach
a high degree of accuracy at both short and long time-ranges: 12.5 ns (channel width=3.05ps and pulse
fwhm =35 ps) and 100 ns (channel width=24.4 ps, pulse fwhm=102 ps). [g] Except for 2¢-g, k, and k, were

calculating assuming that: @p=k,/(k+k,) and 1/t =k, +k,,.

range compared to 1a-b: 2.08 ns (2a) and 1.83 ns (2b). The
radiative and non-radiative rate constants are also very
close to those determined for 1a-b (see Table 3). Together
with the short Stokes shift as already mentioned in a previ-
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ic m 1d
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Figure 7. Fluorescence decay curves of 1a—g and (1,2-b)-IF (top) and 2a—
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g and (2,1-a)-IF (bottom) in solution in THF (4.,.=330 nm).
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originate from the electron-
withdrawing effects of spiro-
fluorene units.

The fluorescence decays of
2c-g show a drastically differ-
ent shape (Figure7, bottom).
Indeed, the decay curves are
multiexponential and extend
over 50 up to 100 ns (three de-
cades). The analysis was per-

formed with a sum of three exponentials. The first time-con-
stant A, is very slow (7.5-13.0 ns), the second one A, is in

Fluorescence (counts)

Fluorescence (counts)

1073 B 2b (., =350nm)
: B 2b (A.,=375nm)
. B 2b (A,,=400nm)
!
10°q 1
:
:
10°q ¢
10" == . ; : .
0 2 4 6 8 10
10* 4
10° 4
T T T T
. 1 2 3 4
Time (ns)
10° 9
B 2c (A;;,=375nm)
m 2c¢ (Agn=425nm)
2¢ (Agm=475nm)
B 2c¢ (Aen=525nm)
10" T T T
0 10 20 30 40 50 60 70
Time (ns)

Figure 8. Fluorescence decay curves of 2b (top) and 2¢ (bottom) in solu-
tion in THF as a function of emission wavelength (4., =330 nm).
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the same range than the lifetimes of 1le—g (0.90-1.30 ns),
and the third one Aj; is very short (<75 ps). This situation is
actually a strong indication of the kinetics of excimer forma-
tion. In addition, the fluorescence decays of 2¢c—g are wave-
length-dependent as exemplified in Figure 8, bottom for 2¢.
From the full set of decay curves recorded at several emis-
sion wavelengths, a general trend can be drawn (see Fig-
ure S21): i) for each given compound, the three time-con-
stants were found identical whatever the emission wave-
length, ii) the relative contribution of the first time-constant
(A, slow contribution) increases as the emission wavelength
increases, whereas the relative contribution of the third
time-constant (A;, short contribution) decreases as the emis-
sion wavelength increases, and iii) the relative contribution
of the second time-constant (A,, intermediate contribution)
remains almost constant whatever the emission wavelength.
Then, the slower time-constant 7;, mostly present at higher
emission wavelength, is representative of the excimer emis-
sion of the “aryl-fluorene-aryl” species. Most of the intensity
fraction is actually contained in this slow excimer contribu-
tion, as shown by the f; values, greater than 0.85 except for
2g where f] is in the range 0.49-0.76. The short time-con-
stant 7, represents the deactivation of the “aryl-fluorene-
aryl” monomers, forming the intramolecular excimers in a
very short time after excitation and leading to a very limited
intensity fraction (f;<0.04 in all cases). One can emphasize
that no rise time were observed experimentally for 2c-g.
Indeed, at the emission wavelength of the excimers, one
could expect a short rise time,***” corresponding to the ki-
netics of the intramolecular excimer formation process from
one excited “aryl-fluorene-aryl” moiety and its neighbor. In
the present case, as shown by the very short decay time 73
corresponding to the decay of monomers forming excimers,
this rise time takes probably place in a few picoseconds or
tens of picoseconds at most. Such a rise time would repre-
sent a very limited intensity fraction,” and may be hidden
by the fast decay time 7; itself, that is nevertheless almost
beyond the time-resolution of our instrument (~10 ps).
Indeed, several examples in the literature show that the rise
time corresponding to fluorene excimer formation is not
always observed.’”*® The very fast process of intramolecu-
lar excimer formation strongly suggests that the “aryl-fluo-
rene-aryl” chromophores in 2¢-g are located closely, in a fa-
vorable conformation, and require only a very slight spatial
reorganization to form excimers. This close vicinity between
the two “aryl-fluorene-aryl” chromophores in the ground
state in the 2c-g series was already highlighted by '"H NMR
spectroscopy and electrochemical studies (see above).

The second decay time of 2¢—g (7,=0.90-1.30 ns) corre-
sponds quite closely to the lifetimes of the 1c-g derivatives
(1.09-1.34 ns). Its relative contribution to the decay (A,)
stays almost constant over the emission wavelength, but its
intensity fraction (f,) decreases significantly as the emission
wavelength increases. Then, it is reasonable to conclude that
this intermediate decay represents some very small propor-
tion of emitting monomers which cannot form excimers. It
could originate from “aryl-fluorene-aryl” chromophores in a

10284 ——
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very specific conformation, due to the relative flexibility of
the molecules, such that the conformational reorganization
to form excimers is too large to take place within the life-
time of the monomer.

Interestingly, derivatives 2¢, 2d, and 2 f display very simi-
lar behaviors: excimer emission wavelength is located be-
tween 450 and 457 nm, the slower decay time 7, is in a
narrow range 11.16-12.99 ns, corresponding to an intensity
fraction greater than 0.87. For 2¢, 2d and 2f, excimer for-
mation represents the predominant process leading to a
well-defined red-shifted emission.

In the case of 2e, the slower time-constant 7, is also pre-
dominant (f; >0.93), showing that despite the existence of
monomer, most of the emission intensity is due to excimer
species. However, the emission wavelength of 2e is shorter
(Aem=413 nm, see Table 2), and its main time-constant 7, is
also shorter (r;=7.56 ns, see Table 3) than that of its conge-
ners 2c—d and 2f-g. In the specific situation of 2e, the
nature of the excimers could be different than for the other
derivatives. Indeed, due to the steric hindrance of the tBu-
aryl substituents, the m-stacking mode between the two con-
jugated “aryl-fluorene-aryl” moieties would be less efficient,
leading to a less-stabilized excimer geometry. Such a sche-
matic interpretation would explain that the excimer emis-
sion is less red-shifted, compared to 2¢—d and 2 f-g (see Sec-
tion on Theoretical modeling below).

Compared to 2c—f derivatives, 2g shows a unique excimer
feature (Table 3, Figure 7, bottom). Its slower decay time t,
(10.75 ns) is in the same range than 2¢~d and 2f, but its rel-
ative contribution is drastically reduced (A;=0.05-0.17).
This observation applies also for the shorter time-constant
73, for which A; <0.37, whereas its relative contribution is
noticeably larger than 0.37 in all other derivatives 2c—f. This
tendency is accompanied by a stronger contribution of the
intermediate time-constant 7, (A, >0.58, f,=0.24-0.51)
compared to 2¢—f. One can easily conclude that the emission
of 2g is composed of two overlapped contributions: the blue
part of the emission spectrum arises mainly from monomers
that are unable to form excimers (larger contribution of the
intermediate time-constant in the decay curves, structured
“monomer-like” emission shoulder in the emission spectrum
below 410 nm), whereas the red part of the emission spec-
trum results from the excimer emission (larger contribution
of the slower time-constant, structureless “excimer-like”
emission in the spectrum at 4 >410 nm). Then, 2g repre-
sents a borderline situation where both monomers (that
cannot form excimers) and excimers can emit. The two
bulky rBu substituents borne by the phenyl rings of 2g are
surely responsible for this effect. Indeed, the steric hin-
drance is quite large, inhibits the spatial approach between
two neighboring “aryl-fluorene-aryl” moieties, and allows
monomer emission to occur. Nevertheless, due to large de-
grees of freedom of this “aryl-fluorene-aryl” molecular
structure, some very specific conformations may probably
lead to excimer formation.

Geometry optimization of 2d and 2e in the first singlet
excited state indicates a relevant conformational change

Chem. Eur. J. 2011, 17, 10272 -10287
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from the ground state, Figure 9,
akin to that published recently
for the non-substituted DSF-IF
2a.BY% Indeed, the indenofluor-
ene core moves to planarity
and the face-to-face fluorene
moieties switch from a stag-
gered arrangement in the
ground state to an eclipsed con-
formation in the first singlet ex-
cited state. This had no dramat-
ic consequences on the emissive
properties of 2aP! in contrast
to the peculiar properties of
phenyl substituted 2c-g dis-
cussed herein. We note that the
two pairs of face-to-face phenyl
groups align in an open fashion
giving the structure of the
whole optimized structures a 2e
“dragonfly” aspect. We tenta-
tively assign the spectacular ex-
cimer emission properties of
the 2c-g series to this close
proximity of the aryl-fluorene-
aryl groups in the excited state,
as previously observed with dif-
ferent systems for instance
those based on stilbeno-
phane.'!! Looking closer into
the distances between these
eclipsed groups in 2d and 2e,
we find an interesting trend re-
lated to the relative bulkiness
of the substituent borne by the
phenyl groups. As illustrative
examples, the calculated dis-
tance between the face-to-face
apical carbon atoms of the fluo-
rene group in the relaxed ge-
ometry in the first singlet excit-
ed state is 3.745 A for 2d and 3.802 A for 2e (this distance
was 3.675 A in 2a),’"! while the distance between the closest
carbon atoms of the face-to-face phenyl group is 3.503 A for
2d and 3.664 A for 2e. Hence as the bulkiness of the phenyl
group substituent increases (as in 2e) the overlap of the
eclipsed face-to-face aryl-fluorene-aryl groups is somehow
frustrated which may explain the decrease of the emission
wavelength in 2e compared with 2d. Similar geometry opti-
mization in the first singlet excited state in the case of 2g
yielded a staggered geometry similar to that of the ground
state. This might be explained by the difficulty to converge
to an eclipsed conformation with such a large steric hin-
drance. It is also consistent with the different emissive con-
tributions experimentally found in 2g (see above).

2d
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Figure 9. Views of the optimized geometry of 2d (top) and 2e (bottom) in their ground state and first singlet
excited state with selected relevant distances as discussed in the text.

Conclusion

In summary, we have designed and synthesized via a
common intermediate, two families of aryl-substituted DSF-
IFs 1c-g and 2c-g. Their properties have been studied in
detail by a combined experimental and theoretical approach
and compared to relevant model compounds (SBF, m1) and
to their constituting building blocks 1a/2a and (1,2-b)-IF/
(2,1-a)-IF. Due to their different geometries, the two fami-
lies of aryl-substituted 1c—g and 2c¢—g present drastically dif-
ferent properties. Indeed, the geometry of aryl-substituted
2c-g, with face-to-face “aryl-fluorene-aryl” moieties, leads
to intramolecular m—m interactions in the ground and excited
state. The m—m interactions in the ground state between
face-to-face ‘“aryl-fluorene-aryl” moieties have been evi-
denced through detailed "H NMR, electrochemical and pho-
tophysical investigations. Of particular interest was the be-
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havior of aryl-substituted 1¢c-g and 2¢-g in the excited state.
Both 1c—g and 2c-g are violet/blue fluorescent emitters
with emission wavelengths ranging from about 360 to
460 nm and quantum yields ranging from about 30 to 80%.
The aryl-substituted 1c¢—g present the properties of both the
“aryl-fluorene-aryl” and indenofluorenyl fluorophores. For
2c-g, the face-to-face arrangement of the “aryl-fluorene-
aryl” moieties predominantly leads to intramolecular exci-
mer emission as evidenced by a detailed analysis of fluores-
cence spectra and decay curves. In addition, aryl-substituted
2c¢-g also possess remarkable tunable optical properties.
Indeed, the emission color can be easily modulated through
the steric hindrance between the adjacent substituted phenyl
rings leading to conformationally-controllable intramolecu-
lar excimer formation. This strategy constitutes an appealing
approach to control and finely tune the fluorescence proper-
ties of violet/blue indenofluorene emitters.
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