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Abstract 

The spirobifluorene (SBF) is one of the most important scaffold used in the design of Organic Semi-Conductors (OSCs) 
for electronics. In recent years, among all the structures developed for these applications, SBF dimers have 
been highlighted due to their great potentials in Thermally-Activated Delayed Fluorescence and in Phosphorescent 
Organic Light-Emitting Diodes. Attaching two SBF units generate 10 dimers, each possessing its own structural 
specificity, which in turn drives its electronic properties. These ten SBF dimers are gathered herein.Understanding how 
the molecular assembly determines the electronic properties has been one of the pillar of Organic Electronics. This is the 
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goal of this article. As positional isomerism is a key tool to design OSCs, defining the design guidelines for the SBF 
scaffold appears of interest for the future of this building block. Herein, we discuss the importance of the two main 
parameters involved in the electrochemical and photophysical properties, namely the nature of the phenyl linkages 
involved and the steric congestion between the two SBF units. The combination of these two parameters drives the 
electronic properties but their respective weight is different as a function of the regioisomer involved or of the property 
considered (HOMO or LUMO energy level, absorption, fluorescence, phosphorescence).  
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Introduction 

The 9,9’-spirobifluorene (SBF) fragment[1][2] is one of the most important scaffold used in the design 
of Organic Semi-Conductors (OSCs) for the emerging technologies of organic electronic.[3] The 
origin of the success story of the SBF core is undoubtedly linked to its particular geometry and its 
consequences on the structural, physical and electronic properties. This fragment displays a singular 
geometry with two orthogonal fluorene backbones linked by a shared spiro carbon. Over the years, 
synthetic chemists have used the singular geometry of SBF to construct elaborated materials, playing 
around its 3D structure[4] but also, more recently, around its substitution (Chart 1).[2, 5] The SBF 
platform offers indeed many different design options, which have evolved over the years. With two 
substituents on each fluorene, the tetra substitution has been far the most studied and has led to 
appealing cross-shaped structures used for example to generate porous networks (Chart 1, Top). 
Indeed, attaching various molecular fragments to the rigid perpendicular fluorene units allows 
generating privileged connecting directions for the design of open frameworks. This particularity has 
been advantageously used in molecular tectonics[6, 7] and metal organic frameworks (MOF) with 
different building units and metals.[8-10] The tetracarboxylate SBF ligand 1 and its corresponding 
copper MOF is one example among others (Chart 1).[8] The shape persistent macrocyclic nanocarbons 
(such as 2, chart 1) recently reported by Jasti and coworkers are also relevant examples of the high 
degree of complexity of tetrasubstituted SBF-based structures, which can be obtained in 2021 in the 
field of porous materials.[11] 

Anchoring only one substituent on each fluorene allowsobtaining chiral materials with a very specific 
claw-like structure. Owing to the tetrahedral structure of the spiro carbon atom and perpendicular 
orientation of the two fluorenes, such a disubstituted SBF presents an axial chirality.[12] In 1992, 
Diederich and co-worker have reported efficient enantiopure chiral receptors, which incorporate a 
cleft formed by a SBF unit functionalized with amidopyridine groups at the C2 and C2′ position.[13] 
The strong similitude between the claw-like structure of such di-substituted SBFs and that of 1,1’-
binaphtyl system was evidenced.[13] Very recently, the chirality of the C2/C2’-substituted SBF 
scaffold has been used to construct new generations of spectacular chiral structures  
[n]spirobifluorenylenes 3 and 4 (Chart 1).[14] 

However, in order to modulate the size of the cavity formed by the SBF scaffold and its chelate 
substituents, it was proposed to shift the substitution positions from C2 to C1. C1/C1’-disubstituted 
SBFs have thus appeared as efficient chiral ligands in asymmetric synthesis (see for example the 
structural arrangement of PdCl2(SBF(PPh2)2) 5 in Chart 1).[12, 15] These works have shown how the 
structural characteristics of the SBF core could be tuned by the substitution pattern, with strong 
consequences for the targeted applications, herein asymmetric catalysis. More recently, this design 
strategy using the positional isomerism of the SBF core has also been applied in materials science[2] 
and it is now a useful tool to modulate the electronic properties of SBF-based materials.[2, 16, 17] Thus, 
fusing and/or bridging various molecular fragments on different positions of one,[18] two[19] or four 
fluorenes[20] of the SBF core (such as in 6-9, chart 1) has allowed to obtain extended SBF-based OSCs 
with tunable molecular and/or supramolecular properties. 
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Chart 1. Examples of differently substituted SBF-based molecules. 4,4’,4’’,4’’’-(9,9’spirobi[fluorene]-
2,2’,7,7’-tetrayl)tetrabenzoic acid  1 and its Cu-based MOF[8], spiro-Cycloparaphenylene 2 with 16 phenyl 
units (CCDC 1961179),[11]  (S,S,S,S)-cyclo[3]spirobifluorenylene (CCDC 1991410)  3,[14] (S,S,S,S)-
cyclo[4]spirobifluorenylene  (CCDC 1991411)  4,[14] PdCl2(SBF(PPh2)2  5 (CCDC 256882),13 spiro[fluorene-
9,15′-indeno[2,1-g]- chrysene] 6 (CCDC 1557124),[18] spirobi[indeno[2,1-b]fluorene]-12,12’-
diylidene)dimalononitrile 7 (CCDC 1035932),[19] 2,3,8,9,14,15,20,21-Octamethyl-tetrapyrazino[2,3-b:2',3'-
h:2'',3''-b':2''',3'''-h']-9,9'-spirobifluorene 8 (CCDC 15428680),[21] 3,3’,9,9’-Tetra-tert-butyl-6,6′-
spirobi[cyclopenta[2,1-b:3,4- b′]difluorene]-12,12′,15,15′-tetraone 9 (CCDC 1408336)[20] 
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However, the substitution pattern of the SBF core (positions of substitution C1, C2, C3 and/or C4) 
has been a design tool far less used than its 3D structure, most of the molecules reported in the last 
thirty years being substituted at C2, which are the electrophilic substitution positions of the fluorene 
unit.[4] Attaching molecular fragments at C1,[16, 22] C3,[16, 23, 24] or C4[16, 25, 26] nevertheless allow to 
strongly modulate both the electronic and structural characteristics and has opened new possibilities 
in term of materials design. Particularly, there has been a significant rise of these new generations of 
SBF isomers in the field of Phosphorescent Organic Light-Emitting Diodes (PhOLEDs)[16, 24, 26] and 
Thermally Activated Delayed Fluorescence Organic Light-Emitting Diodes (TADF OLEDs).[27, 28] In 
recent years, among all the structures developed for these applications, SBF dimers have been 
particularly highlighted thanks to their great potentials in both TADF OLEDs[27] and PhOLEDs.[29] 
In this field of OSCs for electronics, oligomers are often constructed on the assembly of the same 
molecular unit and the dimeric structures are the simplest, which can be built. Perfectly understanding 
the properties of a π-conjugated dimer (for example vs its monomer) has been a key step in the field 
of materials science to construct more complex structures (such as polymeric assemblies). In the case 
of the SBF fragment, ten different dimeric combinations can be generated, each possessing its own 
structural specificity, which in turn drives its electronic properties (Chart 2). These ten SBF dimers, 
are gathered for the first time in this work. Understanding how the molecular assembly determines 
the electronic properties has been one of the pillar of organic electronics (recently nicely discussed 
by Perepichka et al in the case of planarity[30]). This is the goal of this article. As positional isomerism 
is a more and more useful tool to design OSCs with specific properties,[16, 31-35]  defining the design 
guidelines for the SBF scaffold appears of great interest for the future of this building block.  

In this work, we discuss in detail the importance of the two main parameters involved in the 
electrochemical and photophysical properties of SBF dimers, namely the nature of the phenyl 
linkages (ortho¸ meta and para) and the steric congestion between the two SBF units. The 
combination of the two parameters drives all the electronic properties (and the corresponding devices’ 
performance) but their respective weight is different as a function of the regioisomer involved and/or 
of the property considered (HOMO or LUMO energy level, absorption, fluorescence, 
phosphorescence). This is what we aim to discuss and unravel herein.  

Part 1. Presentation 

To date, eight dimers have been reported in the literature,[27, 29, 36-38]  and the last regioisomers in the 
series, 2,3”-(SBF)2 and 2,4’’-(SBF)2  have been synthesized and studied for the purpose of this work 
(Chart 2). In this work, all the dimers have been synthesized and analysed in order to obtain full data 
sets in strictly identical experimental conditions, a key point to well analyse their fine differences.  
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Chart 2. The ten SBF dimers (Nomenclature of SBF is also presented) 
 
SBF compounds substituted at C2 have been the firsts to be developed because of synthetic 
considerations. A review has been reported by Salbeck and coworkers in 2007.[4] SBFs mono-
substituted at the three other positions C1, C3 and C4 were more difficult to synthesize and have only 
been reported in the last twelve years, respectively in 2017,[16] 2013[23] and 2009.[38] A recent feature 
article on these new generations of SBF positional isomers has been reported in 2019.[2] In 2020, a 
review has shown the diversity of the molecular assemblies, which can be built from rigidly fused 
spiro-conjugated π−systems.[39] All these reviews show the strong interest toward spiro based 
molecular architectures.  
The first SBF dimer reported in literature, 2,2’’-(SBF)2, was published in 2005 and the substitution 
positions involved were logically the positions C2 (Chart 2).[36, 37] In 2017, its crystal structure was 
reported, highlighting a significant particularity (see below), ie the two fluorene units are surprisingly 
planar.[40] 
In 2009, an important contribution dealing with the twisted C4-position of SBF was published. Thus, 
the strongly hindered 4,4’’-(SBF)2 dimer (Chart 2) was synthesized and successfully incorporated in 
a green PhOLED as high-triplet (ET) host material.[38] This work has open new avenues in the design 
of high ET host material for PhOLEDs. 
  
In 2015, the first C3-linked SBF dimers, 3,3’’-(SBF)2 and 3,4’’-(SBF)2 (Chart 2), were reported 
showing, for the first time, the strong potential of pure hydrocarbon (PHC) derivatives as host in 
PhOLEDs.[27] 
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In 2019, the four C1-linked SBF dimers were reported (Chart 2),[29] only two years after the first 
example of a C1-SBF derivative for electronics.[16] When incorporated as host in PhOLEDs, these 
dimers have revealed extremely high efficiency (at that time, it was the highest performance reported 
in blue PhOLED for a PHC host). Thus, in less than two years, the C1-SBF scaffold has appeared as 
a powerful molecular backbone to design high ET host materials for electronics.  
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Figure 1. Nomenclature of the linkages in the SBF compounds considered in this work 

To understand how the properties of these dimers can be modulated, one should first well visualize 
how these dimers are constructed and which parameters will be considered herein. Each molecule is 
constructed on the assembly of two SBF units, two fluorene backbones being linked and two others 
not. The coupling between the two linked fluorene units drives the electronic properties and depends 
on two parameters: the steric arrangement between the two SBF units and the nature of the central 
phenyl linkage (ortho, meta, para). Linking two fluorenes provides a central tetraphenyl fragment 
possessing different phenyl linkages as a function of its substitution (Figure 1).  The four phenyl-
substituted SBF regioisomers, presented in Figure 1, are relevant simplified model compounds to 
visualize the nature of the linkage.[16] These four regioisomers display a terphenyl core (in bold in 
Figure 1) with a para linkage in the case of 2-Ph-SBF, a meta linkage in the case of 1-Ph-SBF and 
3-Ph-SBF and an ortho linkage in the case of 4-Ph-SBF.   
 In the present case of the SBF dimers, the molecular assembly is more complicated as two fluorenes 
units are linked. Thus, each combination of the four SBF platforms (C1, C2, C3 and C4) provides a 
dimer, which can be described by the association of its linkages. Each association is presented in 
Figure 1. For example, the association of C1- and C2-SBF platform provides the 1,2’’-(SBF)2  dimer 
with a tetraphenyl fragment displaying meta/para linkages. 
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Part 2. Structural Properties   

 
Figure 2. Evolution of the fluorene/fluorene dihedral angle in the ten SBF dimers (data obtained from 
X-Ray Crystallography) 

Two parameters control the electronic properties (Table 1), which will be discussed in detail below: 
the electronic parameter (nature of the linkage, i.e. ortho¸ meta and para) and the steric parameter 
(relative position of the two SBF one to the other, i.e. fluorene/fluorene dihedral angle). First, let’s 
have a look at the structural differences between the different isomers. Molecular structures at the 
solid-state have been resolved by X-Ray crystallography on single crystals and are presented in 
Figure 2. The main structural parameter is the fluorene/fluorene dihedral angle (measured as the angle 
between the planes of the two connecting phenyl units). 
The lowest dihedral angle between the two fluorene units is recorded for 2,2’’-(SBF)2 as the two 
fluorenes appear to be perfectly coplanar.[40] As theoretical calculations have shown that the planar 
conformation is not the optimal conformation in the ground state[41] due to repulsive interactions 
between ortho-hydrogens of the bifluorene fragment, this result was, at a first attempt, surprising. 
Huang and coworkers have shown that π−π stacking and C–H-π interactions play a key role in the 
conformational planarization of  2,2’’-(SBF)2.[40] This dimer not only presents, in principle, the most 
conjugated central core (tetraphenyl with two para linkages) but also the lowest dihedral angle. This 
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should strongly extend the conjugation pathway as shown below by UV-vis absorption spectroscopy 
(Figure 3). 
 
Following the evolution of the dihedral angle as a function of the platforms used appears then 
informative. This angle remains below 40° for two other dimers, namely 3,3’’-(SBF)2  (37.3°) and 
2,3’’-(SBF)2 (40°). Interestingly, 2,2’’-(SBF)2, 2,3’’-(SBF)2 and 3,3’’-(SBF)2 are constructed with 
non-encumbered SBF platforms, substituted either at C2 and/or at C3. Changing the substitution to 
the position C1 or C4 drastically changes the deal. Indeed, the anchoring of the most relaxed C2-SBF 
platform to either C1- or C4-SBF increases the dihedral angle between the two fluorene units, from 
2,4’’-(SBF)2 (42.6°) to 1,2’’-(SBF)2 (54.9°). In the light of above-mentioned data, the increase of the 
dihedral angle can only be assigned to the introduction of the sterically hindered C4- and C1-SBF 
platforms. This is confirmed with the other relaxed platform, i.e. C3-SBF. Indeed, the dihedral angle 
of 1,3’’-(SBF)2 (57.9°) and 3,4’’-(SBF)2 (58.9°) is significantly increased when a C1-SBF or a C4-
SBF are respectively attached. This steric hindrance arises nevertheless from two different causes. 
For the C1-SBF platform, this is due to the presence of the cofacial spirofluorene unit. The strong 
interaction between the substituent at C1 and the cofacial fluorene interaction has been recently shown 
(and advantageously used in TADF OLEDs)[42, 43] for other C1-SBF based molecules.[22] For the C4-
SBF platform, the steric hindrance is the geometric consequence of an ortho linkage. The combination 
of the two sterically hindered platforms, i.e. C1- and C4-, effectively provides SBF dimers with a 
high fluorene/fluorene dihedral angle, the highest in the series, from 1,1’’-(SBF)2 (61.1°) to 1,4’’-
(SBF)2 (76.9°) and to 4,4’’-(SBF)2 (88.3°). 

Many information can be deduced from this set of data.  

The C4-SBF platform provides the highest average dihedral angle. The ortho linkage of this platform 
leads to highly twisted molecules with strong steric congestion between the fluorenes. Linking two 
C4-SBF platforms leads to a dihedral angle close to 90°. 

The C1-SBF platform also leads to high steric congestion. In these systems, we think there is a 
repulsion between the fluorene attached at C1 and the cofacial fluorene unit to minimize 
the π−π interactions between the two sets of cofacial fluorenes. This is particularly visible for 1,1’’-
(SBF)2.  

The two other platforms substituted at C2 or C3 do not provide any particular steric hindrance.  

To conclude, two platforms lead to a small fluorene/fluorene angle (C2 and C3) and two others to a 
large one (C1 and C4). This structural characteristic will be involved in the different electronic 
properties described below for all the dimers. With the C1 and C4 platforms, the steric parameter will 
have a key role. 
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Part 3. Optical Properties   
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Figure 3. Absorption spectra (cyclohexane) of the ten dimers. Top. C1- series (Left), C2- series (Right). 
Bottom C3- series (Left), C4- series (Right). Absorption spectrum of SBF is added for comparison purpose 
 
 
Figure 3 gathers the absorption spectra (cyclohexane) of four isomers in each series: C1-series (Top-
Left), C2 (Top-Right), C3 (Bottom-Left) and C4 (Bottom-Right). This way of comparison allows to 
directly see the influence of the substitution pattern on a given platform.  

First, it should be reminded that unsubstituted SBF exhibits two thin absorption bands at ca 297 and 
308 nm (π−π∗ transitions). These two bands will also be found in all the dimers absorption spectra. 
Let’s first consider the most common C2-SBF platform, which possesses a para linkage. In principle, 
the para linkage is the most efficient to induce a high electronic delocalization and a low dihedral 
fluorene/fluorene angle as exposed above. In addition to the two characteristic bands of SBF, 2,2’’-
(SBF)2 displays a very large and unresolved band with a maximum at 329 nm. This band translates 
an extension of the π−conjugation from fluorene in SBF to fluorene-fluorene in 2,2’’-(SBF)2 due to 
the combination of para linkage and a coplanar fluorene/fluorene system.  By connecting a SBF unit 
at C3 in 2,3’’-(SBF)2, this band significantly decreases in intensity and is blue-shifted by ca 10 nm. 
This feature has been assigned to a combination of two parameters: the meta vs para linkage and the 
increase of the dihedral angle between the two fluorenes. It is now admitted that despite a meta linkage 
is involved,[44, 45] the conjugation is nevertheless extended in such C3-substituted SBF systems.[2, 16] 
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As the angle continues to increase in 2,4’’-(SBF)2 and in 1,2’’-(SBF)2, the band at 329 nm 
dramatically decreases. It is nevertheless interesting to determine for these two isomers why there is 
a huge difference in the intensity of their respective tails. First, we can, of course, note that the 
fluorene/fluorene dihedral angle is higher in 1,2’’-(SBF)2 than in 2,4’’-(SBF)2 (54.9 vs 42.6°) but this 
cannot fully explain the strong difference. In this case, the contribution of the linkage is also 
important. Indeed, an ortho linkage (C4) allows, from an electronic point of view, to extend the 
conjugation pathway but such linkage is often very twisted,[5, 25, 46-48] restricting therefore the 
conjugation extension due to steric considerations. Oppositely, a meta linkage[45, 49, 50] (C1) does not 
allow to efficiently extend the conjugation (despite a coupling exists between the fluorenes). The 
difference between 2,4’’-(SBF)2 and 1,2’’-(SBF)2 arises from this feature. In this series, the para 
linkage of the C2-SBF platform allows, even with the two sterically hindered C4 and C1-SBF 
platforms, to maintain a certain degree of conjugation between the two fluorenes. This will be 
different for the other C4 and C1-based dimers. 

For the C3-SBF platform, the situation is similar and the conclusions drawn above are confirmed. 
Indeed, the band at 321 nm observed for 2,3’’-(SBF)2 (translating the extension of the conjugation 
from a fluorene to a difluorene) is strongly diminished for 3,3’’-(SBF)2, what can be essentially 
assigned to the switch from a para linkage for C2 to a meta linkage for C3 (electronic parameter), the 
fluorene/fluorene angle being almost identical for both molecules (40.0 vs 37.3° respectively). As the 
dihedral angle increases in both 1,3’’-(SBF)2 and 3,4’’-(SBF)2 (57.9 and 58.9°), this band disappears 
for the former and appears as a tail for the latter. As observed above for the C2-compounds, the meta- 
linked C1-SBF platform insures a more efficient π−conjugation breaking than the ortho-linked C4-
SBF one. 

The two sterically hindered platforms, i.e. C1 and C4 follow the same rules. The four dimers 
constructed with the C4 platform, 1,4’’-(SBF)2, 2,4’’-(SBF)2, 3,4’’-(SBF)2 and 4,4’’-(SBF)2, display 
a huge fluorene/fluorene dihedral angle and corresponding absorption spectra are strongly impacted.  
In 2,4’’-(SBF)2, the characteristic shoulder at ca 318 nm, translating the fluorene/fluorene coupling 
is relatively intense and clearly detected. As detailed above, this extension of conjugation is enabled 
by the para linkage of the C2-SBF fragment, despite the two fluorene units are in this case relatively 
twisted (42.6°). When a C3-SBF is attached, in 3,4’’-(SBF)2, the shoulder at 318 nm is strongly 
diminished and appears as a tail. This behaviour, due to a combination of electronic (nature of the 
linkage: para vs meta) and steric (high dihedral angle) considerations is similar to that shown above 
with the C2 platform. This evidences that even with a sterically hindered platform, i.e. C4-SBF, the 
linkage effect is not completely erased (the impact of the steric hindrance and of the nature of the 
linkage on the HOMO/LUMO energy levels is described in the electrochemistry part). The same 
conclusion will be drawn with the C1-SBF platform but the effect will be strongly exacerbated. In 
the two other isomers, 1,4’’-(SBF)2 and 4,4’’-(SBF)2, there is no trace of such a low energy band. 
The spectra are very similar and also very similar to that of SBF. These spectra only differentiate by 
the width and the threshold of the band at 310 nm, showing that the π-conjugation between the two 
SBF units is largely broken. This accords with the great dihedral angle measured for these dimers. 
One can note that the difference between 1,4’’-(SBF)2 and 4,4’’-(SBF)2, in term of threshold, is very 
small; the former with its meta linkage possessing nevertheless the lowest threshold meaning that the 
conjugation is almost completely broken. 
 
Finally, the most blue-shifted spectra are obtained with the C1-SBF series. The four dimers 
substituted at C1, 1,1’’-(SBF)2, 1,2’’-(SBF)2, 1,3’’-(SBF)2 and 1,4’’-(SBF)2, all present the same 
overall structure with only the two clear characteristic bands of SBF at ca 297 and 310 nm. Oppositely 
to all the other C2-substituted dimers presented above, 1,2’’-(SBF)2 only displays a small additional 
band at 316 nm, overlapped with that at 310 nm. This means that the association of a high steric 
hindrance (54.9°) and a meta linkage (found in C1) significantly erases the effect of the para linkage 
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and the fluorene/fluorene electronic coupling is weak. The comparison of 1,2’’-(SBF)2 and 2,4’’-
(SBF)2 is particularly interesting. Indeed, in the latter, the extension of the conjugation is more intense 
than in the former. This clearly shows that the C1 platform (with a combination of a meta linkage and 
a high dihedral angle) more efficiently disrupts the conjugation than the C4 platform (ortho linkage). 
In the three other isomers, 1,1’’-(SBF)2, 1,3’’-(SBF)2 and 1,4’’-(SBF)2, and as observed for their C4 
analogues, the π-conjugation between the two SBF units is largely broken. Interestingly, a striking 
difference is nevertheless detected for 1,1’’-(SBF)2. Indeed, its main band displays a 4 nm 
bathochromic shift in respect to its isomers and SBF. This feature has been assigned to the relatively 
strong tilt, which is undergone by the two unsubstituted fluorenes in order to minimize interaction 
with their cofacial substituted fluorenes, that alters the spiroconjugation.[51] In all these dimers, the 
lowest threshold is measured for 1,4’’-(SBF)2. 

Fluorescence 

In emission spectroscopy (Figure 4), will be discussed the evolution of quantum yields, radiative and 
non-radiative constants (and related lifetimes), emission wavelengths, widths and shapes of the 
spectra. All these photophysical parameters can be related to the subtle differences in term of 
molecular structures. First, it should be reminded that the emission spectrum of SBF is thin, well 
structured and displays two maxima at 310 and 323 nm with a quantum yield (QY) of 0.55 (Figure 4, 
Table 1). All these characteristics are the consequence of a very rigid molecular structure with a very 
small Stokes shift, which translates similar geometries in the ground (S0) and the first excited (S1) 
states.  
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Figure 4. Emission spectra (cyclohexane) at room temperature of the ten dimers. Top. C1- series (Left), C2-
series (Right). Bottom C3- series (Left), C4-series (Right). SBF is added for comparison purpose 
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Figure 5. Optimized geometry of the first singlet excited state (S1, left, DFT b3lyp 6-31g(d)) and the first 
triplet state (T1, right, TD-DFT-b3lyp 6-311+g(d,p)) obtained by molecular modelling. 
 
Let’s first detail the C2-dimers series. 2,2’’-(SBF)2 displays a classical fluorescence spectrum, thin, 
highly resolved, with three maxima at 360, 380 and 401 nm. This emission is bathochromically shifted 
by 50 nm compared to that of SBF, translating the extension of the conjugation. As often reported for 
many fluorophores and notably with fluorene- or SBF- based compounds, the spectrum is not the 
mirror image of its absorption spectrum,[52] which is large and unresolved (Figure 4). This is due to 
the planarization of the system at the excited state, with a shortening of the sigma link, which displays 
a double bond character as shown by theoretical calculations, the dihedral angle between the two 
fluorenes in S1 state being equal to 10.1° (Table 1, Figure 5, Left) 

Attaching two SBF units by their C2 positions also significantly improves the QY compare to its 
building block SBF (0.99 vs 0.55, Table 1). This is the consequence of a strongly higher radiative 
constant kr (110 vs 12 ×107 s-1, Table 1) due to the para connection. This will be found for all the 
other C2-based dimers discussed below. 

The same behaviour is detected for 2,3’’-(SBF)2, the three maxima being nevertheless blue shifted 
(347, 362 and 380 nm). The QY and the kr are high (0.89 and 65 ×107 s-1, Table 1) but both lower 
than those of 2,2’’-(SBF)2. These photophysical characteristics and the spectral blue shift are the 
consequence of the meta linkage of the C3-SBF platform. In addition, the fact that the spectrum is 
resolved translates a certain degree of liberty for the SBF units (compared to the other highly 
constrained SBF dimers described below). As for 2,2’’-(SBF), theoretical calculations have shown 
that the dihedral angle between the two fluorenes in S1 state is 10°, Figure 5, Left) with a shortening 
of the C/C bond linking the two fluorenes (ca 1.49 vs 1.44 Å). This is also in accordance with the 
relatively large Stokes shift observed for these two dimers. Indeed, the Stokes shift dramatically 
decreases when the steric congestion increases as shown by 1,2’’-(SBF)2. This characteristic will also 
be found for all the C1-dimers. Thus, the constrained structure of 1,2’’-(SBF)2 leads to an unresolved 
emission spectrum, which appears to be blue-shifted compared to 2,2’’-(SBF)2 and 2,3’’-(SBF)2. 
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Therefore, the properties of 1,2’’-(SBF)2 become closer to those of SBF in term of Stokes shift (23 
vs 2 nm resp) and maximum wavelength (335 vs 310 resp). Such a structureless emission spectrum 
is rare for SBF-based compounds and assigned to the congestion imposed to the sigma link hindering 
the planarization at the excited state, inducing a greater number of emitting conformers. As revealed 
by theoretical calculations (Figure 5, Left), the dihedral angle between the fluorenes is kept high in 
S1 (40.9°). This is one of the characteristics of the 
C1 series as shown below. The case of 2,4’’-(SBF)2 is somewhat different as 4-substituted SBFs are 
known to display very particular fluorescence properties.5 This will not be deeply detailed herein but 
can be found in previous works.[5, 25, 26] In 2,4’’-(SBF)2, it is interesting to note that the dihedral angle 
in S1 is decreased compared to S0 (42.6 vs 31.9°) but the planarization as found for 2,2’’-(SBF)2 and 
2,3’’-(SBF)2 is not possible. 

Thus, in the C2 series, the QY evolves as follows: 2,2’’-(SBF)2 (0.99) > 2,3’’-(SBF)2 (0.89) >2,4’’-
(SBF)2 (0.80) and  1,2’’-(SBF)2 (0.77). Does this trend found for all the other dimers ? As discussed 
below, the C2 platform always provides the highest QY and is always followed by the C3 platform. 
The case of the two encumbered platforms C4 and C1 is different as it depends on the specific steric 
hindrance induced by these platforms.  

The evolution of kr and knr provides relevant information. The kr / knr decreases/increases from 2,2’’-
(SBF)2 to 2,3’’-(SBF)2 and to 2,4’’-(SBF)2 and 1,2’’-(SBF)2. Thus, increasing the steric hindrance 
with the C4 and C1 platforms tends to decrease kr and increase knr decreasing in turn the QY. 
Compared to SBF, the impact of the platform can be clearly highlighted. The relaxed dimers 2,2’’-
(SBF)2 and 2,3’’-(SBF)2 display a higher kr and a lower knr, whereas encumbered dimers 2,4’’-(SBF)2 
and 1,2’’-(SBF)2 also display a higher kr but knr is kept almost identical. This clearly shows how the 
platform influences the photophysics of the excited states. 

From this series of dimers, the first conclusions can be drawn. One can conclude, that with relaxed 
structures, 2,2’’-(SBF)2 and 2,3’’-(SBF)2, highly resolved fluorescence spectra are obtained, the QY 
is high, the emission is red-shifted compared to that of SBF and the Stokes shift is large. All these 
characteristics are the consequence of almost coplanar fluorene units in S1 state as shown by 
theoretical calculations (Figure 5). Despite a meta linkage is involved, the shape of the emission 
spectrum of 2,3’’-(SBF)2 is comparable to that of 2,2’’-(SBF)2 and confirms that the C3-SBF scaffold 
allows an extension of the π-conjugation pathway. The two other isomers, 1,2’’-(SBF)2 and 2,4’’-
(SBF)2, with a more congested molecular system do not present a planar S1 state and therefore display 
unresolved spectra as their emissions arise from a great number of conformers. However, due to the 
para linkage, their QY remain nevertheless very high (0.77 and 0.80 respectively). 

The next important question is to know if this trend is the same for all the dimers. The answer is yes. 

3,3’’-(SBF)2 does not present any steric congestion and displays all the characteristics above 
mentioned for relaxed structures, 2,2’’-(SBF)2 and 2,3’’-(SBF)2. Thus, the spectrum is well resolved, 
with three maxima (342, 355 and 372 nm) and the Stokes shift is large, in accordance with a 
planification of the linked fluorenes at S1 state (dihedral angle= 4.0°, Figure 5, Left). The influence 
of the linkages on the QY outlined above is confirmed with this example. Due to the meta/meta 
linkage, the QY of 3,3’’-(SBF)2 (0.59) is significantly decreased compared to the two other relaxed 
dimers. This is mainly assigned to the decrease of kr. This shows that dimers constructed on the C3 
platform always present a lower QY compare to those constructed on the C2 platform (2,2’’-(SBF)2 
vs 2,3’’-(SBF)2, 2,3’’-(SBF)2 vs 3,3’’-(SBF)2, 1,2’’-(SBF)2 vs 1,3’’-(SBF)2 and 2,4’’-(SBF)2 vs 3,4’’-
(SBF)2) due to a combination of kr decrease and knr increase. The meta linkage has therefore a 
significant impact on both radiative and non-radiative constants. Thus, in the C3 series, as shown for 
the C2 series, the relaxed dimers, 3,3’’-(SBF)2 and 2,3’’-(SBF)2 display different characteristics 
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(higher QY, higher kr, well resolved spectra…) compared to the sterically hindered isomers 3,4’’-
(SBF)2 and 1,3’’-(SBF)2. 

The C4 dimers display a peculiar fluorescence. The spectra are all large and unresolved and red- 
shifted compared to all the other dimers. In S1 state, the four C4 based dimers all present twisted 
fluorene/fluorene backbone (dihedral angle comprised between 31.9 and 89.7°, Table 1). 
Interestingly, the C4 platform follows nevertheless the same rules than those exposed above. Thus, 
2,4’’-(SBF)2, with its para linkage displays the most red-shifted spectrum, whereas 1,4’’-(SBF)2, 
with its combination of a meta linkage and a sterically hindered environment, the most blue-shifted. 
The trend in term of QY and kr/knr also appears to be the same, indicating a similar impact of the 
platform on the fluorescence properties. The relaxed dimers 2,4’’-(SBF)2 and 3,4’’-(SBF)2 display a 
higher QY than the constrained dimers 1,4’’-(SBF)2 and 4,4’’-(SBF)2, Table 1. It is particularly 
interesting to correlate the QY decrease found in the following sequence 3,3’’-(SBF)2-0.59 > 3,4’’-
(SBF)2 -0.51 > 4,4’’-(SBF)2 -0.33 to visualize the influence of the C4 platform on this data. Adding 
one and then two C4-SBF platform gradually increases the knr (10, 19 and 24 ×107 s-1 respectively), 
which results in a QY decrease. The same trend is found for 2,2’’-(SBF)2-0.99 >2,4’’-(SBF)2-0.80 > 
4,4’’-(SBF)2-0.33, confirming that a sterically hindered platform leads to a QY drop. 

Finally, the data obtained with the C1 series have revealed a unique behaviour. The spectra of the 
four dimers 1,1’’-(SBF)2, 1,2’’-(SBF)2, 1,3”-(SBF)2 and 1,4’’-(SBF)2 are all unresolved, appear very 
close to that of SBF and span in a very short range of wavelengths (from 320 to 335 nm). This is the 
only family of SBF dimers displaying such a behaviour. Such a structureless emission is rare for SBF 
derivatives and is the consequence of the C1 platform. In these structures, the steric hindrance 
strongly hinders the planarization at the excited state (the dihedral angles between the fluorenes are 
high: 61.2, 40.9, 51.5 and 42.6° for 1,1’’-(SBF)2, 1,2’’-(SBF)2, 1,3”-(SBF)2 and 1,4’’-(SBF)2 

respectively), inducing a greater number of emitting conformers. Except for 1,4’’-(SBF)2, these 
angles are higher than those of their corresponding C4 counterparts. The four spectra remain in the 
near UV-violet region (despite two fluorenes are linked), which is an important point for their use as 
hosts in PhOLEDs as exposed below. The impact of the para linkage in 1,2’’-(SBF)2 seems to be 
strongly diminished in this series. This will also be shown by the electrochemical data (see below). 
The spectra of 1,1’’-(SBF)2, 1,3”-(SBF)2 and 1,4’’-(SBF)2 are nevertheless blue-shifted compared to 
that of 1,2’’-(SBF)2, translating the slight influence of the para linkage. From a spectral shape point 
of view, 1,1’’-(SBF)2, 1,3’’-(SBF)2 and 1,4’’-(SBF)2 are even difficult to discriminate with a similar 
maximum wavelength at 325, 320 and 326 nm resp. However, the three dimers present different QY, 
i.e. 0.25 for 1,1’’-(SBF)2, 0.47 for 1,3’’-(SBF)2 and 0.37 for 1,4’’-(SBF)2) but similar lifetimes (Table 
1). The low kr of 1,1’’-(SBF)2 (5.4 × 107 s-1), the lowest in the whole dimer series is at the origin of 
the QY loss compared to the two other dimers: kr = 11 × 107 s-1 for 1,3’’-(SBF)2 and kr = 8.8×107 s-1 
for 1,4’’-(SBF)2. These kr values are nevertheless all significantly lower than that of 1,2’’-(SBF)2, 39 
× 107 s-1, showing a stronger electronic transition moment in accordance with its higher QY (0.77). 
This is in accordance with the conclusion drawn above stating that high kr values are one of the 
characteristics of the C2 family (and leading to a high QY). Therefore, the effect of the C2 platform 
is herein reduced by the sterically hindered C1 platform.  
It is important to mention to conclude this part, that except 2,2’’-(SBF)2, which possesses a low knr, 
of 1.1 ×107 s-1, the nine other dimers present knr values similar to that of SBF (knr is between 7.3 and 
24 ×107 s-1 for the dimers and 10 ×107 s-1 for SBF). Thus, despite their different structural 
environments, these dimers present similar vibrational deactivation pathways. The highest knr is 
interestingly recorded for the dimer presenting the highest dihedral angle between the fluorenes, ie 
4,4’’-(SBF).  
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Figure 6. Emission spectra (cyclohexane) at 77 K of the ten dimers. Top. C1- series (Left), C2-series (Right). 
Bottom C3- series (Left), C4-series (Right). SBF is added for comparison purpose 
 
 
The last question, that is important to answer is: How T1

 state energy level of the dimers is affected 
by the SBF positional isomerism ? 
 
We have shown above that the C1 scaffold is that which leads to the most efficient π-conjugation 
breaking. Thanks to this characteristic, the phosphorescence contribution (measured from the 
emission spectra at 77 K at the peak maximum, Figure 6) is strongly blue shifted compared to all the 
other isomers. The corresponding ET have been evaluated at ca 2.85, 2.80, 2.87 and 2.86 eV for 1,1’’-
(SBF)2, 1,2’’-(SBF)2, 1,3’’-(SBF)2 and 1,4’’-(SBF)2 respectively (Figure 6-Top, Left). The ET are all 
very high and close to that of SBF (ET = 2.89 eV) as the triplet exciton is efficiently confined on one 
fluorene (Figure 7, Right). The highest ET is reported for 1,3’’-(SBF)2 due to the combination of two 
meta linkages and a constrained environment (dihedral angle in T1 state is measured at 71.1°, Table 
1). The slightly lower value of 1,1’’-(SBF)2 could be assigned to the tilt of its unsubstituted fluorenes, 
altering the spiroconjugation, in accordance with the conclusion drawn from the UV-vis absorption 
spectra. The para isomer 1,2’’-(SBF)2 displays a different behaviour as its triplet exciton is spread 
out on two fluorenes (Figure 7, Right), which decreases the ET to 2.80 eV. However, we should 
mention that this value is high for a 2-substituted SBF considering its para linkage.[5] In 2019, these 
C1-SBF dimers have appeared as a real alternative to heteroatom-based host materials for blue 
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PhOLEDs.[29] In all the dimers series, the highest ET is found with the C1 scaffold (except for 1,1’’-
(SBF)2 in the C1 series due to a spiroconjugation effect as shown above). Thus, in the C4-series, 
1,4’’-(SBF)2 presents a higher ET than that of the highly twisted 4,4’’-(SBF)2 (2.86 vs 2.83 eV resp.). 
This is caused by the different electronic natures of the two linkages (ortho/ortho for 4,4’’-(SBF)2 
and meta/ortho for 1,4’’-(SBF)2) and the different dihedral angles (44.1° for 4,4’’-(SBF)2 and 75.7° 
1,4’’-(SBF)2). Then, the ET significantly drops down with the two non-encumbered platforms, i.e. C3 
and C2. Thus, 3,4’’-(SBF)2 and 2,4’’-(SBF)2 display an ET of 2.73 and 2.64 eV resp in accordance 
with a triplet exciton spread out on the two connected fluorenes (Figure 7, Right). As the 
fluorene/fluorene dihedral angle in T1 is almost identical (ca 30°), the difference arises from the 
nature of the linkage (meta vs ortho). However, as the ET of 3,4’’-(SBF)2 is kept lower than that of 
4,4’’-(SBF)2 (2.73 vs 2.83 eV), this shows also the importance of the dihedral angle on the ET value. 
Thus, these data show how the relative weight of the steric hindrance and the linkage on the ET values 
is not easy to determine. The three dimers, which do not present any steric hindrance, 2,2’’-(SBF)2, 
2,3’’-(SBF)2 and 3,3’’-(SBF)2 respectively display an ET lying at 2.36, 2.53 and 2.84 eV. If the very 
low ET of the two first were obvious due to the efficient π-electronic delocalization induced by the 
para linkage, the case of 3,3’’-(SBF)2 is more surprising. Indeed, we have shown above that the meta 
linkage in this molecule does not fully block the π−conjugation between the two fluorenes. Thus, 
despite the two fluorene units are coplanar in T1 (dihedral angle= 0°), the ET of 3,3’’-(SBF)2 is kept 
very high. The triplet exciton in these three molecules is differently spread out on the two connected 
fluorenes and follows the experimental trend (Figure 7, Right). For 2,2’’-(SBF)2, the triplet exciton 
is spread out on the four phenyl units of the two connected fluorenes but for 3,3’’-(SBF)2, the triplet 
exciton is concentrated on the central biphenyl fragment in accordance with its high ET value. Such 
a triplet localization is unique in the dimer series and a particularity of the C3 platform. 
Thus, the ET of 3,3’’-(SBF)2 is higher than that of 3,4’’-(SBF)2 showing that the linkage has a stronger 
influence on the ET than the dihedral angle (Figure 5, Right). The localization of the triplet exciton, 
biphenyl for the former and ortho-terphenyl for the latter is in accordance with the experimental data. 
The same analysis can be done for 3,3’’-(SBF)2 and 1,3’’-(SBF)2 (both meta/meta linkage) which 
possess a very similar ET despite a very different dihedral angle. However, the influence of the 
dihedral angle and the linkage is also dependent of the positional isomer involved. Indeed, despite its 
meta linkage, 2,3’’-(SBF)2 displays a lower ET than 2,4’’-(SBF)2, therefore assigned to angular 
considerations. In 2,3’’-(SBF)2, the two fluorene units are coplanar in T1 state and the para linkage 
significantly decreases the ET value, whereas in 2,4’’-(SBF)2, the dihedral angle is measured at 31°, 
keeping a relatively high ET value. This shows how, as a function of the positional isomer involved 
(and hence the nature of its linkage), the dihedral angle holds a different importance in the ET value. 
 
 
The conclusion of this part is that both steric hindrance and nature of the linkage are key parameters 
in the ET values. As a function of the isomer involved, these parameters have different weights. In 
each series, the position C2, due to its para linkage, always leads to the lowest ET even with highly 
sterically hindered platforms. With the C3 platform, due to its meta linkages, high ET are always 
reached even with relaxed dimers. The comparative analysis of all the dimers constructed on the C4 
and C1 platforms, 4,4’’-(SBF)2 vs 1,4’’-(SBF)2, 3,4’’-(SBF)2 vs 1,3’’-(SBF)2 and 2,4’’-(SBF)2 vs 
1,2’’-(SBF)2 allows concluding that the highest ET values are always obtained with the C1 scaffold, 
independently of the linkage involved (only the couple 1,4’’-(SBF)2/1,1’’-(SBF)2 is different due to 
spiroconjugation considerations). Gathering a high steric hindrance and a meta linkage, as in 1,3’’-
(SBF)2 is therefore the most efficient combination to reach a high ET (2.87 eV), which is almost 
identical to that of building unit SBF. 
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Figure 7. Frontier molecular orbitals (left: LUMO, middle: HOMO) and Spin Density Distribution 
(SDD) triplet (right) with isovalues of 0.04 and 0.004 respectively (b3lyp/6-311+g(d,p)) 
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Part 4. Electrochemical Properties   
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Figure 8. CV of the ten dimers. Oxidation: DCM + Bu4NPF6 0.2 M, Reduction DMF + Bu4NPF6 0.2 M 
From top to bottom: C1-series; C2 series; C3 series and C4 series, SBF is given as model. 
 
 
The last important parameter we need to discuss is the frontier molecular orbitals energies.  
Electrochemistry is a useful tool to evaluate HOMO and LUMO energy levels from the anodic and 
cathodic explorations.[53] In organic electronics, HOMO/LUMO energy levels are key data as they 
drive many devices parameters such as the threshold voltage in an OLED. Electrochemical data and 
corresponding HOMO/LUMO are gathered in Table 1 and Figures 8 and 9. The electrochemical 
investigations were performed in Bu4NPF6 0.2 M in CH2Cl2 in oxidation and in Bu4NPF6 0.1 M in 
DMF in reduction, using a platinum disk as working electrode, a vitreous carbon rod as counter 
electrode and a reference electrode (Ag/AgNO3 0.1 M in CH3CN in oxidation in CH2Cl2 or Ag/AgI, 
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I- (BU4NI 0.1M) in DMF in reduction). For purpose of comparison, all the potentials are referred to 
SCE (see experimental details in SI). 
 
Let’s start, this time, with the C1-series, which has shown the most blue-shifted absorption and 
emission spectra.  
Electrochemical investigations have surprisingly revealed that the first oxidation potential and 
therefore the HOMO energies were reported almost identical, -5.95, -5.95 and -5.92 eV for 1,2’’-
(SBF)2, 1,3’’-(SBF)2 and for 1,4’’-(SBF)2 respectively. This shows that the HOMO is only weakly 
dependent on the substitution pattern, the HOMO of their building block SBF being also measured at 
ca -5.95 eV. As all the molecules display a high dihedral angle between the fluorenes, this feature 
shows the importance of the steric hindrance on the HOMO energy levels. 
Indeed, even with the C2-scaffold and its para linkage, the large dihedral angle between the two 
connected fluorenes fully breaks the conjugation and the resulting HOMO is kept identical to that of 
SBF. In these systems, the steric hindrance appears as the driving force erasing the effect of the 
linkage. Surprisingly, 1,1’’-(SBF)2 with its C1/C1 linkage (dihedral angle of 61.1°) displays a 
different behaviour compared to its regioisomers and its first oxidation wave is shifted to a lower 
potential (1.53 V) leading to the highest HOMO (-5.84 eV) in the series. In addition, this wave is 
bielectronic whereas the first wave of the other isomers was found to be monoelectronic. This has 
been assigned to the particular structural arrangement of 1,1’’-(SBF)2 which shows sp2-CH-
π interactions and π−π interactions between facing fluorenes as revealed by analysis of the molecular 
structure by X-Ray crystallography (Figure 2). The two cofacial fluorene dimers are concomitantly 
oxidised. This is supported by the delocalization of the HOMO, which is spread out on the entire 
molecule and not only on one SBF as observed for the three other isomers (Figure 5, Right). The 
singular arrangement of this dimer drastically changes its electrochemical properties. 
The cathodic explorations have clearly shown a different behaviour (Figure 8, Right). Indeed, the 
LUMO energy of 1,2’’-(SBF)2 is, this time, the lowest of the series (-2.11 eV). As the LUMO of SBF 
is reported at -1.74 eV, this indicates a certain degree of coupling between the two connected 
fluorenes in 1,2’’-(SBF)2. This is a drastically different result from what was observed for the HOMO. 
In this example, the torsion between the two fluorenes seems to have a significantly greater impact 
on the HOMO energy than on the LUMO energy (that shows the influence of the electronic effect of 
the para linkage). This experimental result is confirmed by the electronic delocalization of the LUMO 
obtained by theoretical calculations, which is spread out on the two connected fluorenes (Figure 7, 
Middle). The important question was now to determine if this holds true for the other dimers families. 
In this C1 series, the answer is yes. The same effect is indeed observed for 1,3’’-(SBF)2 and 1,4’’-
(SBF)2 (LUMO=-2.01 and -1.90 eV respectively) but appears less pronounced due to the nature of 
their linkages (meta and ortho respectively vs para for 1,2’’-(SBF)2). This is also in accordance with 
HOMO and LUMO distributions (Figure 7). Due to the particular geometry of 1,1’’-(SBF)2, its 
LUMO energy level does not follow this trend (-1.84 eV). 
These first set of data clearly shows the different impact of the linkage and its torsion on the 
HOMO/LUMO distribution. Does this behaviour true for the other series of dimers? The answers are 
presented below. 
 
Let’s shift now to the C2-series, which is the less sterically hindered. Oppositely to what was observed 
above for the C1-series, the HOMO energies were all very different, -5.95, -5.68, -5.76 and -5.88 eV 
for 1,2’’-(SBF)2, 2,2’’-(SBF)2, 2,3’’-(SBF)2 and 2,4’’-(SBF)2 respectively. As expected, the highest 
HOMO is recorded for 2,2’’-(SBF)2 with its relaxed para/para linkage. Then, comes 2,3’’-(SBF)2 
displaying also a low fluorene/fluorene dihedral angle but a meta/para linkage. The HOMO energy 
continues to decrease as the dihedral angle increases, 2,4’’-(SBF)2 (42.6°) and 1,2’’-(SBF)2, (54.9°). 
This shows, as observed for the C1 series (but in a different way as all the angles were very high in 
this series), the great impact of the steric hindrance on the HOMO energies. The HOMO difference 
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between 1,2’’-(SBF)2 and 2,4’’-(SBF)2 cannot be nevertheless fully assigned to steric considerations 
as the meta/para linkage of the former (vs para/ortho linkage for the latter) can also be involved in 
its lower HOMO. In these examples, the effect of the dihedral angle on the HOMO energy is clear, 
the higher the angle, the lower the HOMO. 
The cathodic explorations of this series confirm the different impact of the linkage and torsion effects 
on the HOMO and LUMO distribution. Thus, the LUMO energies of 1,2’’-(SBF)2, 2,2’’-(SBF)2, 
2,3’’-(SBF)2 and 2,4’’-(SBF)2 were respectively reported at -2.11, -2.34, -2.14 and -2.22 eV. In these 
examples, the decrease of the LUMO (LUMO of SBF is -1.74 eV) is twice larger in magnitude 
compared to the increase of the HOMO observed above, showing the importance of the linkage on 
the LUMO energy levels. The LUMO energy levels of the C2 series follows a trend driven by the 
nature of the linkage: the two highest being the C1 and C3 meta linkages, followed by the C4 ortho 
linkage and finally the C2 para linkage. Comparison of 2,3’’-(SBF)2 and 2,4’’-(SBF)2 are particularly 
relevant to illustrate this feature. Indeed, 2,4’’-(SBF)2 possesses a lower LUMO than 2,3’’-(SBF)2 
(due to different linkage ortho vs meta) but also a lower HOMO (due to the higher fluorene/fluorene 
dihedral angle). This shows that the steric congestion between the fluorenes mainly drives the HOMO 
whereas the electronic nature of the linkages mainly drives the LUMO. This will be confirmed below 
in the C3 series with 3,3’’-(SBF)2 and 3,4’’-(SBF)2. 
 
The C3-series is characterized by its meta linkage, which, in principle, strongly disturbs the π-
electronic delocalization.[44, 45] This linkage also leads to a different impact on the HOMO and LUMO 
energies. The HOMO energies were measured at -5.95, -5.76, -5.90 and -5.97 eV for 1,3’’-(SBF)2, 
2,3’’-(SBF)2, 3,3’’-(SBF)2 and 3,4’’-(SBF)2 respectively. As for the C2 series, we can split this 
family into two groups: those construct on relaxed platforms (C2 and C3), i.e. 2,3’’-(SBF)2 and 3,3’’-
(SBF)2 and those constructed on encumbered platforms (C1 and C4), i.e. 1,3’’-(SBF)2 and  3,4’’-
(SBF)2. Thus, the highest HOMO is obviously recorded for 2,3”-(SBF)2 with its relaxed para/meta 
linkage and low dihedral angle (40.0°) followed by 3,3”-(SBF)2 with its meta/meta linkage and a low 
dihedral angle (37.3°). The HOMO energy of the two other isomers 1,3”-(SBF)2 and 3,4”-(SBF)2 
constructed on encumbered platforms are the lowest in this series and close to that of SBF, indicating 
a very weak conjugation between the fluorene units. As the dihedral angle increases, the HOMO 
decreases.  
A last feature should be precise. Except for 2,2”-(SBF)2 and 2,3”-(SBF)2, the anodic explorations 
show, for each dimer, an irreversible first oxidation process. The irreversibility of the oxidation signs 
the high reactivity of the radical cations formed at the first oxidation process. The radical-cations are 
involved in carbon-carbon couplings leading to electrodeposition (see new reduction waves at the 
reverse scan for all the dimers in the first column of Figure 8). These electrodeposition processes due 
to the insolubility of the oligomers formed upon the couplings are classically observed for fluorene,[54] 
extended fluorenes,[55, 56] SBF[57] and many electroactive materials based on SBF.[25, 26, 58-60] For 2,2”-
(SBF)2 and 2,3”-(SBF)2, the electrodeposition process occurs at the second oxidation step due to the 
higher stability of the corresponding radical-cations due to the conjugation extension.’ 
 
In reduction, the behaviour is different and driven by the linkage. The lowest LUMO are recorded for 
2,3”-(SBF)2 (-2.14 eV) and for 3,4’’-(SBF)2 (-2.05 eV), possessing respectively a para and an ortho 
linkage, which in principle extends the π-delocalization. The two other dimers have higher LUMO 
due to the meta linkage (-2.01 and -1.98 eV for 1,3”-(SBF)2 and 3,3”-(SBF)2 respectively). This trend 
is identical to that highlighted above for the C2 series. The comparison of HOMO/LUMO energy 
levels of 3,3’’-(SBF)2 and 3,4’’-(SBF)2 appears particularly relevant to confirm the laws exposed 
above for the C2-series. Thus, the HOMO/LUMO energies of 3,4’’-(SBF)2 (-5.97/-2.05 eV) are both 
lower than those of 3,3’’-(SBF)2 (-5.90/-1.98 eV) confirming that the dihedral angle drives the energy 
of the HOMO whereas the electronic nature of the linkage drives that of the LUMO. To conclude, 
the two relaxed C2 and C3 platforms display the same trend and obeys the same rules. 
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Finally, in the C4-series, as in the C1-series, all the dihedral angles are high and therefore all the 
HOMO are deep and almost identical to that of SBF: -5.92, -5.88, -5.97 and -6.01 eV for 1,4’’-(SBF)2, 
2,4’’-(SBF)2, 3,4’’-(SBF)2 and 4,4’’-(SBF)2 respectively. Subtle nuances should nevertheless be 
stated. 
First, one can note that the HOMO of 2,4’’-(SBF)2 is higher than the others. This is different to what 
was observed with its C1 analogue, 1,2’’-(SBF)2 exposed above (the HOMO of 1,2’’-(SBF)2 was 
identical to that of SBF), and in accordance with the lower dihedral angle measured for 2,4’’-(SBF)2 
vs 1,2’’-(SBF)2 (42.6 vs 54.9°, in this case the linkage can also be involved). Thus, in the case of 
2,4’’-(SBF)2, despite a rather high dihedral angle, the conjugation is not completely broken and the 
HOMO energy is modified. This result appears particularly interesting as it shows how, even with a 
sterically hindered platform, a fine tuning of the HOMO level can be performed. For the three other 
dimers 1,4’’-(SBF)2, 3,4’’-(SBF)2 and 4,4’’-(SBF)2, the HOMO is very deep and even lower than 
that of SBF for the two latters. These three dimers display the highest dihedral angles in the series 
(76.9, 58.9 and 88.3° respectively, Figure 2) and it can be hypothesized that some deformations of 
the fluorene units may occur leading to a perturbation of the conjugation (as previously observed for 
other structurally related compounds).[31] The lowest HOMO is reported for the dimer displaying the 
highest dihedral angle, 4,4’’-(SBF)2.  
 
The LUMO energies of the C4 series were measured at -1.90, -2.22, -2.05 and -2.06 eV for 1,4’’-
(SBF)2, 2,4’’-(SBF)2, 3,4’’-(SBF)2 and 4,4’’-(SBF)2 respectively. As observed for the other series, 
the SBF dimerization has a stronger influence on the LUMO than on the HOMO. The meta linkages 
of 1,4’’-(SBF)2 and 3,4’’-(SBF)2 provide the highest LUMO, whereas the ortho linkage of 4,4’’-
(SBF)2 and more importantly the para linkage of 2,4’’-(SBF)2 provide the lowest LUMO.  
 
Thus, in the C4 series, the C2 isomer, 2,4’’-(SBF)2 displays the highest HOMO and lowest LUMO. 
This behaviour is identical to that of C2 and C3 series (2,2’’-(SBF)2 and 2,3’’-(SBF)2 also display 
the highest HOMO and lowest LUMO) but different than that of the C1 series (1,2’’-(SBF)2 display 
the lowest LUMO but not the highest HOMO). This translates the different impact of the steric 
congestion between the fluorenes and the resulting different HOMOs evolution, the C4 platform 
providing, in this example, less steric constraints than the C1 platform (in accordance with the 
dihedral angles). However, the three other dimers, 1,4’’-(SBF)2, 3,4’’-(SBF)2 and 4,4’’-(SBF)2 
display a very high dihedral angle and hence the lowest HOMO in all the dimers studied. Their LUMO 
are nevertheless significantly lower than that of SBF, confirming the rules exposed above on the 
parameters influencing the HOMO and LUMO evolution. 
 
 

 
Figure 9. HOMO/LUMO energy levels obtained from cyclic voltammetries. 
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These electrochemical investigations show that these regioisomers are driven by the same laws. The 
nature of the fluorene/fluorene linkage and the dihedral angle between these units drive the π-
electrons delocalization. The impact of these two parameters is not only different as a function of the 
isomer considered but also as a function of the frontier molecular orbital considered, ie HOMO 
(benzenoidal) or LUMO (quinoidal). Thus, the torsion (steric effect) between two connected 
fluorenes seems to always have a greater impact on the HOMO energy than on the LUMO energy, 
the latter being more sensitive to the electronic effect of the linkage. This feature provides a 
remarkable way to selectively tune their energies. 
 
 
 
 
 
Table 1. Selected Properties of the ten dimers and SBF. 
 

sh = shoulder a. in cyclohexane, b. from the first maximum of the emission spectra at 77 K in 2-Me-THF, c. compare to quinine sulfate, 
d. from CVs in DCM, e. from CVs in DMF, f. from UV-Vis spectra in cyclohexane, g. LUMO (DMF) –HOMO (DCM); h. for τf =4 
ns, i. from the onset of the fluorescence spectrum at room temperature. 

Conclusion  

 1,1’’-
(SBF)2 

1,2’’- 
(SBF)2 

1,3’’-
(SBF)

2 

1,4’’-
(SBF)

2 

SBF[16, 24, 

61] 
2,2’’-

(SBF)2 
2,3’’- 

(SBF)2 
2,4’’-

(SBF)2 
3,3’’-

(SBF)2 
3,4’’-

(SBF)2 
4,4’’-

(SBF)2 

Dihedral angle 
between the two 
fluorene (from X-
Ray) 

61.1 54.9 57.9 76.9 - 0.0 40.0 42.6 37.3 58.9 88.3 

Dihedral angle in 
S1 state (from 
theoretical 
calculations) 

61.2 40.9 51.5 42.6 - 10.1 10.0 31.9 4.0 29.8 89.7 

Dihedral angle in 
T1 state (from 
theoretical 
calculations) 

62.6 47.2 71.1 75.7 - 0.0 0.0 31.0 0.0 30.1 44.1 

λabs [nm]               
(×104 L.mol-1.cm-

1) a 
312 310 

316 (sh) 310 310 308 309 
329 

309 
321 (sh) 

309  
318 (sh) 

309 
318 309 309 

λfluo (nm)a 325a 335a 320a 326a 310 
323 

360 
380 
401 

347 
362 
380 

377 
342 
355 
372 

365 365 

λphospho (nm)b 435 443 432 434 429 526 491 470 436 454 438 
λabs-λfluo (nm) 13 18 11.5 16.5 2 30 25 59 24 56 56 
QYc 0.25 0.77 0.47 0.37 0.55 0.99 0.89 0.80 0.59 0.51 0.33 

τf [ns] 4.6 2.0 4.4 4.2 4.6 0.9 1.5 2.1 

4.0 
(71%) 

7.8 
(29%)h 

2.8 2.8 

kr (×107) [s-1] 5.4 39 11 8.8 12 110 59 38 15 18 12 
knr (×107) [s-1] 16 12 12 15 10 1.1 7.3 9.5 10i 19 24 
τp [s] 5.1 4.8 5.6 5.7 5.4 1.3 3.2 3.9 4.4 3.9 5.1 
LUMO (eV)d -1.84 -2.11 -2.01 -1.90 -1.74 -2.34 -2.14 -2.22 -1.98 -2.05 -2.06 
LUMO th (eV) -1.37 -1.40 -1.34 -1.37 -1.26 -1.66 -1.53 -1.54 -1.35 -1.38 -1.29 
HOMO (eV)e -5.84 -5.95 -5.95 -5.92 -5.95 -5.68 -5.76 -5.88 -5.90 -5.97 -6.01 
HOMO th (eV) -5.86 -5.89 -5.90 -5.87 -5.99 -5.67 -5.76 -5.87 -5.84 -5.95 -6.00 
ΔE 
(eV) 

Optf 3.89 3.84 3.92 3.94 3.97 3.45 3.61 3.68 3.76 3.85 3.94 
Elg 4.00 3.84 3.94 4.02 4.21 3.34 3.62 3.66 3.92 3.94 3.95 

ET (eV)b 2.85 2.80 2.87 2.86 2.89 2.36 2.53 2.64 2.84 2.73 2.83 
ES (eV)i 4.01 3.96 4.03 4.03 4.05 3.54 3.70 3.66 3.76 3.79 3.79 
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In the present work, we unravel the impact of the two main parameters involved in the electrochemical 
and photophysical properties of SBF dimers, namely the nature of the phenyl linkages and the steric 
congestion. We show how the combination of these two parameters finely tunes the electronic 
properties of the SBF dimers and how their respective weights are different as a function of the 
regioisomer involved and of the property considered (HOMO or LUMO energy level, absorption, 
fluorescence, phosphorescence). This is particularly important to control all the electronic properties 
to accurately design efficient functional materials for a specified application. As the new generations 
of SBF isomers have only been reported in the last five years, these design guidelines may contribute 
to develop this fragment. Finally, it should be mentioned that new generations of double linked dimers 
have recently been reported in literature (Figure 10).[62] In these structures, the two fluorenes are 
attached by their C2/C2’ positions and benzene rings appear to be strongly bent as in nanorings.[63, 64] 
In these dimers, the size of the cavity and more importantly the electronic properties can be strongly 
modulated by modifying these anchor points following the guidelines provided in this work. For 
example, a substitution at C1/C1’ positions will provide a very high ET material and a small cavity. 
In any event, we are convinced that SBF dimers and more generally the SBF fragment will remain a 
central scaffold in the future of organic electronics. 

 
 

Figure 10.  Example of a double-linked dimer reported by Amaya and coworkers.[62] 
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