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Abstract:

The present works report the first structure-proeerrelationship study of a key class of
organics semiconductors, ie the four spirobifluer@ositional isomers possessingaa, meta
or ortholinkage. The remarkable and surprising impact efring bridging and of the linkages
on the electronic properties of the regioisomers leen particularly highlighted and
rationalized. The impact of the ring bridging o thhotophysical properties has been stressed
with notably the different influence of the linkagand the bridge on the singlet and triplet
excited states. The first member of a new familyspirobifluorenes substituted in position 1,
which presents better performances in blue Phosghent OLEDs than those of its
regioisomers is reported. These features highligittonly the great potential of 1-substituted
spirobifluorenes but also the remarkable impackegfoisomerism on electronic properties.

1. INTRODUCTION

Regioisomerism, also called positional isomerissran important concept in organic chemistry
which can have remarkable consequences on the riezpef molecule$! Indeed, a simple

structural modification can drastically influendeetelectronic and physical properties of an
organic semi-conductor (OSC), which in turn strgnmlodifies the performance and stability of



the corresponding electronic device. Although vengmising, this concept remains nevertheless
barely used in optoelectronics. Recently, our gsobpve reported the remarkable impact of
regioisomerism to finely tune the singlet and &tptnergies of dihydroindenofluorenes leading
to highly efficient optoelectronic devicEs? Similarly, Haley and co-workers have shown the
impact of the regioisomerism on the electronic praps of a promising family of antiaromatic
indenofluorene derivativé$.” Spiro configured compounds constitute one of tostrimportant
class of OSCs. Indeed, since the discovery ofgieo’ concept’, the 9,9’-spirobifluorene (SBF)
has become a central molecular scaffold in orgelgictronicd®® 2-Substituted SBFs are in this
context the most developed class of SBF-based mok/mand oligomers. Thpara linkage
between the pendant substituent in position 2 &edcbnstituted phenyl ring of the fluorene
ensures a good delocalization pfelectrons, essential to develop efficient fluoroms.
However, in recent years, the growing necessit)deei?n efficient host materials for blue
Phosphorescent Organic Light-Emitting Diodes (PhO)E" 'Y has led to a huge demand of
new generations of SBF based materials with widgngap (ca 4 eV) and hence a restricted
p-conjugation. Indeed, in order to obtain a higblé&ti energy (k), key feature in the design of
host materials for blue PhOLEDs, which are stik tiveakest link of this technology, it is
mandatory to restrict thep-electrons delocalization within the OSC. Thisconjugation
disruption has been successfully investigated witho linked SBFs (substitution in position
4)*21% and metalinked SBFs (substitution in position 8)1?% leading to high performance
blue PhOLEDs. However and despite the recent vigly &éfficiency devices obtained by Jiang
et al*” and by our groups' only few examples of 3- and 4-substituted SBFsehbeen
described to date and more importantly no ratistraicture-properties relationship studies have
been reported on SBF regioisomerism. Such studeseavertheless the foundation of materials
design for electronics. Thus, the combination efisthindrancedrtho position) and electronic
decoupling nheta position) found in 1-substituted SBF, has neveerbstudied and could
nevertheless be the best way to obtain higiDECs based on the SBF scaffold. We hence aim
to report herein not only the first example of aubstituted SBF, namely 1-phenyl-SBEChart

1), but also a detailed study describing the impHcSEBF regioisomerism on the electronic
properties and device efficiency.

Meta Para Meta Ortho
Chart 1. SBF andhe four positional isomers of phenyl substitut&Fs

This work reports hence the first structure-prapsrtrelationship study of the four SBF
positional isomers (substituted with a phenyl rimgmely 2-phenyl-SBR2 possessing para



linkage!®!! 1-phenyl-SBF1 and 3-phenyl-SBB both possessing metalinkage and 4-phenyl-
SBF 4 possessing anrtho linkage!®® Chart 1. Thanks to a comparison with the strutifura
fluorene analogues, this work provides a foundatiorthe impact of SBF regioisomerism on the
electronic properties. This study notably showsgirising consequences of the ring bridging
on thep-conjugation and the different influence of thekges and the bridge on the singlet and
triplet excited states. This approach has allowexl design of the first membet)(of a new
family of OSCs, which possesses a very higi{Z86 eV), one of the highest reported for SBF-
based materials. As a first electronic applicatibrinas been used as a host in blue PhOLEDs
with higher performance than those using its regimiers, highlighting the great potential of this
family of OSCs.

RESULTS AND DISCUSSIONS

The synthesis o2 and4 has been previously described in literatttre?” that of 1 and 3 is
described in Scheme 1. The synthesid ¢bcheme 1, Top) starts with the synthesis of the ke
fluorenonecl, substituted in position 1 with an iodine atomrsgithe Susuki-Myaura cross-
coupling between 3-bromoaniline and (2-(ethoxycagthphenyl)boronic acid in the presence of
Pd(dppf)C} as catalyst and potassium carbonate as base esavid corresponding bipherad
bearing a carboxylate and an amine function (y4#ld6). The electrophilic intramolecular
cyclization of the esteal was then performed in methanesulfonic acid at heghperature
(130°C), providing the fluorenor®l substituted in position 1 (43% yield). One carentbiat the
reaction also provides the fluorenone substitutegasition 3. The regioselectivity has not been
studied in detail herein but preliminary works se@enshow that the temperature and the nature
of the solvent have an important effect as preWjotsported in literature for similar aromatic
electrophilic substitution$®> 24 The substitution of the amine by an iodine atomttien
performed through a Sandmeyer reaction on fluorerxdnproviding the 1-iodofluorenonel
with 75% vyield. We note that compourd reported herein widens the scope of substituted
fluorenone isomers as key building blocks for tlyatlsesis of spiro derivatives for organics
electronicd** 2°271pd Catalysed cross-coupling (Pd(@b®Cy;, KF, DMF, 130°C) betweenl

and phenylboronic acid then gives the 1-phenylBnonedl with a high yield of 85%. Thus,
despite a sterically hindered environment, incoapon of pendant substituents in position 1
through Pd Catalysed cross-coupling is an intargsttrategy to obtain 1-substituted fluorenone
derivatives. Finally, the synthesis df was then carried out through a classical two-step
procedure. The lithium-bromine exchange of 2-broiploényl with n-butyllithium at low
temperature, followed by addition of fluorenodé afforded the corresponding fluorenol (not
isolated) and further involved in an intramolecutgclization reaction (AcOH/HCI) to provide
the expected 1-phenyl spirobifluorefevith an overall yield of 38% over the two stepsisT
synthetic strategy is straightforward and provittethe best of our knowledge the first example
of a 1-substituted SBF for organic electronics.

The synthesis a3 (Scheme 1, bottom) follows a similar strategy iniray the synthesis of the 3-
bromofluorenoned3 as key fragment. Thus, (2-Aminophenyl)(4-bromophemethanone,
possessing an amine functiorairposition of the ketone, was first diazotised byvamtional means
and then reacted in situ to form a carbon-carbamd deading to the corresponding fluorenone
backboné®® 3-bromofluorenonec3 is thus obtained with 55% vyield. Susuki-Myaura ssro
coupling betweemr3 and phenylboronoic acid (Pd(dppf)CIK,CO;, DMF, 150°C) leads to the
formation of 3-phenylfluorenond3 with a high yield of 89%. Finally, following theame



sequence than that above exposed, the 3-phenytitatdxs SBF3 is obtained with a very high
yield of 90% (2 steps).

Pd(dppf)Cl, 2CH.,Cl, o)

cogEn KoCO3 CO,Et  NH, acid NH,
_DWF,130C 130°C '
43%

al
b1

1) H,O/HCI, 0°C
2) NaNO,/H,0, 0°C
3) KI/H,0 0°C - 60°C

75%

1) /nBuLi O Pd(dba),, PCys, KF
O O THF, -78°C Q PhB(OH),
B O 2) AcOH/HCI reflux DMF, 130°C '
SO a2e & Q

38%
d1

NHz O o Pd(dppf)Clo 2CH,Cly

o
1) Ho0/H;S04, 60°C KoCOy/PhB(OH),
O O 2) NaNOy, 0°C - 50°C Q'O DMF, 150°C Q'Q
—_— —_—
Br 55% 89%
Br o
c3 d3

1) / nBuLi
THF, -78°C
2) ACOH/HCI reflux

90%

Scheme 1Synthetic routes tth and3.

The structural arrangement ©f4 obtained by X-Ray diffraction is depicted in Figut. The
most important structural feature is the relatiesipon of the pendant phenyl ring with respect
to the fluorene. Firsf presents a dihedral angle between the mean pfathe pendant phenyl
ring and that of its attached phenyl ring of theofene of 37.4° fFigure 1, top right). This angle,
characteristic of a non-encumbered phenyl/fluoneas linkage!?® maximises the conjugation
between the two fragments. 8) the metalinkage leads to an even smaller dihedral angle of
34.2° between the fluorene and its attached phamyl(Figure 1, bottom left). |4, the presence
of the pendant phenyl ring iartho position of the biphenyl linkage leads to an ingsree
enhancement of the dihedral angle, recorded af §Eigure 1, bottom rightf* This structural
feature, assigned to the steric interaction betwbenhydrogen atoms iartho position of the
pendant phenyl ring and that of the fluorenyl cwrat the origin of the partigd-conjugation
breaking of 4-substituted SBFE8! In 1, this dihedral angle appears to be impressivelyelarg
reaching 75.4° (Figure 1, top left) for one molecand 66.7° for the other (2 molecules are
indeed present in the asymmetric unit, see Sl)s $tructural particularity is the consequence of



the substitution inortho position of the spiro carbon, which leads to aistdly hindered
environment due to the presence of the cofacialréine. Indeed, very short C/C distances are
measured between carbon atoms of the non-subditifiuterene and those of the pendant phenyl
ring (3.25 and 3.31 A for one molecule and 3.2292ind 3.33 A for the other molecule, see Sl).
These C/C distances are shorter than the sum iof\tae der Waals radii (3.4 A) and translate
strong interactions between the two cofacial fragim@as confirmed by the electrostatic potential
surface obtained by molecular modelling (see SiusT in the four SBF isomers, the position of
the phenyl ring leads to different steric hindraneéth the substituted or the non-substituted
fluorene. This structural feature will be one o€ tkey parameters involved in the electronic
properties (see below).

Figure 1. ORTEP drawing df-4 (ellipsoid probability at 50 % level).
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(Y () 2.44)  [(0.92) |297 297
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319 316 (1.49) |(1.45)

(1.60)  |(0.64)
o () 313,323 | 334,350 332,348 359 310, 323
Qve 0.61 0.87 0.74 0.42 0.40
(nsf 5.16 156 5.74 4.20 2.60
k (x10) (sh) [1.22 5.60 1.29 1.00 0.87
knr (x10°) (s7) [0.72 0.83 0.45 1.40 1.30
HOMO EI° |-5.94 -5.86 -5.94 -5.95 -5.95
©V)  |cad|-6.00 -5.90 597 |-6.02 -6.03
LUMo |EP [-1.73 1.09 177 187 174
@V)  |cad|-1.32 155 -1.34 -1.38 -1.30
£ |Opf |3.95 3.70 3.78 3.82 3.07
V) |gP |421 3.87 4.17 4.08 4.21
. Opf |2.86 2.56 2.83 2.78 2.88
©V)  |cad|2.65 2.38 2.64 2.57 2.67

sf |58 3.3 54 4.7 5.3

Table 1.Electronic data of-4 andSBF

2in cyclohexané® from CVs,® from UV-Vis spectra® from DFT calculations® in 2-Me-THF." from

TD-DFT calculations

The UV-Vis absorption spectra of the SBF regioissrae presented Figure 2, top left and
time-dependant density functional theory (TD-DFigufe 3) calculations have been performed



using the B3LYP functional and the extended 6-31(thH{e) basis set on the optimized geometry
of SO (B3LYP/6-31G(d). The unsubstitut8&8F exhibits two characteristic bands at 297 and 308
nm corresponding t@-p* transitions (See TD-DFT calculations in 8. The four phenyl-
substituted SBF isomers all display these two tands (Figure 2) at a similar wavelength. In
addition to these band2,displays an extra and large band centred at 319Thie band clearly
signs an extension of th@ conjugation from fluorene II$BF to phenyl-fluorene ir2 and is
assigned to an HOMOLUMO transition (with both orbitals centred on tpeenyl-fluorene
fragment), possessing a high oscillator strengtf.&9, Figure 3, Top right). This extension of
conjugation is due to the combination of two pareeree thepara linkage and the small dihedral
angle (Figure 1) formed between the phenyl andfltteene. Instead of this large band at 319
nm, the spectrum off only presents a weak tail between 309 and 325 ssigred to an
HOMO LUMO transition with a weak oscillator strength @21, Figure 3, bottom right). The
presence of this tail reflects a certain degrep-obnjugation between the fluorene moiety and
the phenyl ring, induced by thertho linkage. There is however a stroqgconjugation
disruption in4 due to the large angle formed between the fluoegrethe phenyl in C4. Indeed,
the calculated electronic density accompanying ftingt electronic excitation shows that this
pendant phenyl ring is involved with a weak conitibn (see Sl). Thenetalinkage found in
both 1 and3 leads to very different results. Indeed3inve note the presence of a large band at
316 nm, very similar to that observed ®yrand assigned in the light of TD-DFT to a tramsiti
possessing two major contributions, HOMQUMO and HOMO LUMO+2 (f=0.15, Figure 3,
bottom-left). This band at 316 nm translates a rciegension of thep- conjugation with
nevertheless a molar absorption coefficient 2.5esinfower than that observed for thara
isomer 2 (2 e310nn=1.6x1d L mol* cm®; 3: e3160n=0.64%18 L mol™* cm™). However, the
presence of this band appears to be very surprigsinthe light of literature. Indeed, the
absorption spectrum of theetaterphenyl (analogue dfand3 but without the bridge) possesses
a max at 246 nm, strongly blue shifted compared to tifats regioisomer, th@ara terphenyl
(analogue oR), max = 277 nm? This p-conjugation disruption observed foretaterphenyl
finds its origin in the shape and distribution dfetmolecular orbitals involved (small
contributions are indeed found ometacarbons}*” Indeed, it is admitted that there is a better
delocalisation ofp-electrons following thepara/ortho/metasequence and numbers of studies
have tried to elucidate the origin of the restdcpeconjugation betweepara, orthoand meta
substituted oligophenylen€83® In our case, it is clear th& displays a different behaviour
compared to its building blocknetaterphenyl as it presents a relatively intense degk
conjugation between the phenyl and the fluorenaisTlthe 'linkage' effect cannot explain by
itself this feature and other parameters shouldnieeked. We believe that thg conjugation
extension of3 finds its origin in the electron donating effect thie bridge, herein the spiro
carbon. Indeed, the spiro carbon may increaselduéren density in itgpara position that is in
C3 allowing thep-conjugation extensiot’’
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Figure 2. Top: Absorption in cyclohexane df4 and SBF (left) and 1F-4F and F (right);
bottom: Emission at rt (cyclohexane, left) and aK7(2-Me-THF, right) ofl-4 andSBF

To unravel this 'ring bridging' effect, we have witeally modified the bridge through the
synthesis of the related fluorene analogues (sge r&mely 1-phenylfluorenelF), 2-
phenylfluorene ZF), 3-phenylfluorene 3F), 4-phenylfluorene 4F), possessing a methylene
bridge instead on the spirofluorene bridge. As olesk for 3, the absorption spectrum of the
meta isomer 3F surprisingly displays a large bandya.x =308 nm, at an almost identical
wavelength than that observed for {h&ra isomer2F, nax =310 nm BF: €308nn=0.60x10 L
mol* cm™; 2F: es10n=2.68x10 L mol™ cm?, Figure 2, Top right). This large band translates
p- conjugation extension and the clear difference teskbetween the absorption spectra of the
two metaisomers,3F and 1F, sheds light on the key role played by the bridfeus, meta
isomers3F and 3 display a similar behaviour showing a surprisingjugation extension, less
intense than thpara analogue and2F but more intense than thertho isomers4F and4,
hence confirming the remarkable impact of the leidmm the optical properties. Thus, the



rigidification of themetaterphenyl core by one bridge cancels, at leastgligrtthe effect of the
linkages on the conjugation length, which appearsirainteresting way to tune the electronic
properties of bridged oligophenylenes.

The othermetalinked SBF1 displays a very different absorption spectrum almdentical to
that of SBF with a main thin band at 309 nm and no trace démded conjugation at higher
wavelengths. TD-DFT ofl reveals for this band two main transitions (HOMQUMO and
HOMO LUMO+1, Figure 3, Top left) all involving only théluorene fragment with no
electronic density found on the phenyl unit (ses® dhe calculated electron density changes in
Sl). This feature highlights a strong similitudetlwihe transitions observed f8BF. Thus, the
completep-conjugation breaking df finds its origin not only in thenetalinkage, which cannot
completely break the conjugation as exposed abmnv&lfut also in the very large dihedral angle
measured between the phenyl unit and the fluorBims.large angle is caused by the presence of
the spiroconjugated fluorene, which strongly resérihe rotation of the phenyl ring. Removing
this bulky spirofluorene such as in the fluoren@lague 1F above mentioned, confirms its
importance as one can note a long tail in the gibisor of 1F (Figure 2, top right) reflecting a
clear conjugation between the phenyl and the flu@maoiety (see the calculated electron density
changes in Sl). It is noteworthy thatetaisomer 1F and ortho isomer 4F possess an almost
identical absorption spectrumiR: €302n=0.55%x10 L mol™ cm™; 4F: e300n=0.58%13 L mol™
cm?, Figure 2, top right), confirming that the bridggidification cancels the effect of the
linkages on the conjugation length. There is hembetter delocalisation following ti&/3-/4-

/1- sequence which translates into an opening of theadmapDE,,: from 2 (3.70 eV) tol (3.95
eV). Thus, the most efficient conjugation is fouind 2 and3, which do not present any steric
congestion highlighting its importance whateverlthkages involved.
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Figure 3 Representation of the energy levels and the mailecular orbitals involved in the
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TD-DFT B3LYP/6-311+G(d,p), shown with an isovalufédc04 [e bohr]*2.

The properties of-4 in their excited state confirm the key steric atettronic roles of the spiro
bridge. In fluorescence (Figure 2, bottom leftg #ame trend as that exposed above is observed
for all dyes (excep# which is a very particular case not discussed hgréndeed,2 and 3
possess an almost identical emission spectrum hvdre the most red-shifted in the series due to
their extended conjugatioh {,,=334 and 332 nmesp). This result, although in full accordance
with that exposed above in absorption appears again surprising as thmetalinkage of 3
should strongly restrict the-conjugation compared to tipara linkage of2.?* This is again the
consequence of the spiro bridgepara position of the phenyl ring. Both fluorophor2and 3
alsodisplay a high quantum vyield (87 and 74résp), indicating weak non-radiative pathway
from S to . Thus, from a spectral shape point of vipara andmetalinkages are noticeably
almost indistinguishable. Important differences cde nevertheless found in the
activation/deactivation processes. Indeed, therdlsmence decay curves dfprovides a single
lifetime of 1.56 ns, which is noticeably shortemanhthat of3 (5.74 ns). The radiative rate
constant (R of 2 is calculated to be 5.6x41@", that is about 4 times that 8f(1.29x1§ s%).
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This feature is in good agreement with the osaitlatrengths difference observed for the first
electronic transitions (f=0.59 f@&and 0.15 foB3). However, the non-radiative rate constanf)(k
of 2, (k. =0.83x108 s) is twice that of3 (k. =0.45x16 s), this feature showing that vibrational
deactivation pathways are more favourable for themér than for the latter despite their
identical environment. Thus, despReand3 possessing a similar quantum yield and spectrum
shape, they neverthelgsesent very different radiative and non-radiateastants, highlighting
the importance of the linkages on the photophygicatesses. Remarkably,displays a blue-
shifted emission spectrunt o= 313 nm) compared to that &f despite the identicamneta
linkages of both molecules. The spectrumlab even almost identical to that of its building
block SBF, completely erasing the effect of the pendant pheimg on the p-conjugation
pathway at the excited state. The quantum yield &f nevertheless higher than thatSBF
(0.61 and 0.40esp), indicating that 1-substituted SBFs are veryocggfit near UV emitters. The
higher quantum yield ol compared to that o6BF is due to a combination of a higher k
(1.22x10 s* for 1 and 0.87x19s* for SBF) and a smallerk (0.72x18 s* for 1 and 1.30x1bs

! for SBP). If one compares the twmetasubstituted isomers and3, it is noteworthy that the
loss of quantum yield in case bimainly results in more efficient internal conversiprocesses
(knr of 3 smaller than k of 1) and not in much lower electronic transition moin@dentical k

for 1 and3). Thus, the absorption and emission spectra ah teonperature follow the surprising
same trend. This is not the case at 77 K.

At 77 K, the emission spectra ¥4 present a well resolved phosphorescence contibutvith

a first band centred at 431 nm fbr483 nm for2, 438 nm for3 and 445 nm fod (Figure 2,
bottom right). The correspondingr Bf 1-4 were thus respectively estimated at ca 2.86, 2.56,
2.83 and 2.78 eV. Due to tlpeconjugation disruption, themetasubstituted terphenyl core af
and3 leads to an increase of the @mpared to thpara-substituted terphenyl core afand to a
lesser extent to that of tleetho-substituted terphenyl core éfPara, orthoandmetaterphenyls,
analogue ofl-4 but without any bridge, follow the same trend wihof 2.55, 2.67 and 2.82 eV
respectively? 3! Two important features need to be stressed duthe E of 1 (2.86 eV) is
almost identical to that o6BF (Er=2.88 eV) confirming that the pendant phenyl has no
influence on the T1 state (Figure 4 bottom), whila key point for further use as host in blue
PhOLED (see below), (i) The emission from T1 st&ilows a classicalpara/ortho/meta
sequence (Eincreases as follow2/4/3/1), being hence different to that of S1-S0. Thug] an
oppositely to our observations in absorption amriéscence, the nature of the linkage fully
drives the E values. Indeed, the triplet exciton ®fs localized along the substituted fluorene
with no contribution of the pendant phenyl (Figdrebottom), maintaining hence a high &
2.83 eV. Oppositely, the delocalization of the laipexciton of 4 presents a significant
contribution of the pendant phenyl, which in turectbases thetHo 2.78 eV. This feature is
very different to that observed for HOMO and LUM®@tdbution (see below) and indicate the
peculiar behaviour of these isomers. Thus, theledirmgnd triplet energies follow different trends
with a remarkable different contribution of the gdant phenyl. The bridge seems hence to have a
strong impact in the singlet state energy wherbastriplet state energy is fully driven by the
nature of the linkages. Finally, radiative deaatiion of the triplet state 8BF and1-4 has been
measured and appears to be very slow under theseimental conditions: the phosphorescence
decay was measured and the lifetime of thetéte ofl and3 was found to be 5.8 semd 5.4
sec, respectively. Thus, timeetalinkages ofl and 3 lead to the longer lifetimes very similar to
that measured fd8BF. Thepara linkages of2 have an important influence on the photophysical
properties of the fstate, since its lifetime (3.3 sec) was found tosbherter than itpara and
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