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Abstract: We report the influence of positional isomerism on the electronic (electrochemical
HOMO/LUMO energy levels), photophysical and physical properties (molecular organization,
crystallinity and phase transitions) and charge transport properties of dispiroacridine-indacenobis-
thiophene positional isomers. The isomers differ from the central indacenobisthiophene (IDT) core,
which displays either para or meta linkages. We show that the spiro-connected phenylacridine
bridges have a significant influence on all these properties and particularly on the charge transport
mobility values, which were found to be higher in the meta isomer than in the para isomer. This
finding is different to what was reported in literature for other couples of IDT-based isomers and

shows the key role played by the spiro-connected fragments in these molecular systems.

Introduction

In the emerging technologies of organic electronics,' positional isomerism has appeared in recent
years as an efficient molecular tool to tune the electronic and physical properties of organic semi-
conductors (OSCs), which are at the heart of the devices.?? For example, modifying the position
of the linkages (ortho, meta, para), positional isomerism allows to extend or restrict the m-con-
jugation between two molecular fragments* and, all the key electronic parameters of an OSC can
be easily modified. This molecular design strategy has been applied to many molecular fragments

such as dihydroindenofluorene,?? spirofluorene-phenylacridine-tetraphenylethene,® benzo[4,5]-



thieno[2,3-b]pyridine-N-phenyl-carbazole,” dibenzofuran-cyanofluorene,® aryl-substituted spiro-
bifluorene,*° fluorenone-N-phenylcarbazole,'? thienothiophene!! or indacenodithiophene!> !4 (see

molecular structures of these examples in Chart S1 in supplementary data).

Within each isomeric series, the different molecular structures lead to important properties modi-
fications as well as greatly affect the performances of the devices. For example, the positional
isomerism influences the electronic properties, the HOMO and the LUMO, the triplet state
energy level, the charge carriers mobilities leading to substantial different performances in
fluorescent Organic Light-emitting diodes,®!>1® Phosphorescent Organic Light-emitting

diodes,>" 101722 Organic Field-Effect Transistors (OFETs),! 1214 or solar cells.?3-26

The indacenobisthiophene (IDT) fragment, the association of two thienyl cores to a central phenyl
ring, has appeared in the last ten years as an important building unit to construct efficient organic
materials mainly for organic photovoltaics*’® but also for OFETs 34393946 However, with a few
exceptions,'4*14247 nearly all the IDT-based molecules described to date in the literature are cons-
tructed on a central para-linked phenyl with the two thienyl sulfur atoms in an anti-configuration.
Recently, the study of IDT positional isomers possessing a central meta-linked phenyl unit and the
two sulfur atoms in a syn configuration has allowed to show the impact of positional isomerism on
this family of compounds.'# In these previous works, it has been shown that the nature of the brid-
ges has a strong impact on the electronic and physical properties of the resulting OSCs.!>14
Continuing this systematic approach, we investigate herein the incorporation of the widely known
electron rich phenylacridine (PA) fragment>* spiro-linked to the meta- or para-IDT core. Thus,
DiSpiroPhenylAcridine-IDT isomers, para-DSPA-IDT and meta-DSPA-IDT, constructed on a
so-called “3m-2spiro” architecture,>* have been investigated through a detailed structure-
properties relationship study. They possess (i) two different central IDT cores with either a para or
a meta-phenyl/thienyl linkage, (ii) two electron-rich units, ie. phenylacridines, spiro-linked to the
IDT core and (iii) two hexyl side chains on the IDT core for solubility purpose. We show that the
PA fragment significantly modifies the electronic, physical and charge transport properties
compared to structurally related DiSpiroFluorene-IDT analogues (para-DSF-IDT and meta-DSF-
IDT, see structures in Chart 1). In addition, in each family, we show that the bridges have a strong
impact on the charge transport mobilities, which are reported higher in the case of the meta isomers

vs para isomers whereas the opposite was previously observed in literature for other couples of



IDT based isomers.'>!* This shows the key role played by the spiro bridge in these molecular

systems and may open new avenues for meta-substituted oligomers.

meta-DSPA-IDT
para-DSPA-IDT This work

para-DSF-IDT meta-DSF-IDT
SPA-F

Model compounds

Chart 1. Positional regioisomers investigated in this work (para-DSPA-IDT and meta-DSPA-IDT) and structurally
related model compounds (para-DSF-IDT and meta-DSFA-IDT, SPA-F)
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Figure 1: Synthesis of para-DSPA-IDT and meta-DSPA-IDT

CeHyz

meta-DSPA-IDT

Para-DSPA-IDT and meta-DSPA-IDT were prepared from their respective diketones (para-
IDT(=0): and meta-IDT(=0),), previously reported in literature (Figure 1).'>!* The respective

para- and meta-diols (not isolated) were obtained by reaction of the diketones with an excess of 2-
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Li-phenyl-amino-diphenyl, itself obtained by an halogen lithium exchange from 2-Br-phenyl-N,N-
diphenyl-amine. The diols were then cyclized in presence of BFs-etherate leading to the two
isomers in excellent yields, 79 % for para-DSPA-IDT and 91 % for meta-DSPA-IDT (from their

respective diketones).

'H NMR spectroscopy

A detailed "H NMR characterization of para-DSPA-IDT and meta-DSPA-IDT has been perfor-
med and compared to that of spirofluorenes counterparts, para-DSF-IDT and meta-DSF-IDT
(Chart 1) in order to study the influence of the spiro-conjugated fragment (and their respective
electron withdrawing/donating strength) on the IDT core. In assigning '"H NMR spectra of all the
molecules, the following numbering is used, in which Ha and Hc belong to the central phenyl ring
and Hg to the thiophene ring of the IDT core (Figure 2). The complete assignments have been
performed by 2D NMR spectroscopy experiments: heteronuclear multiple bond correlation
(HMBC) and heteronuclear single quantum correlation (HSQC) and '"H/'H bond correlation
spectroscopy (COSY), see SI.
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Figure 2: '"H NMR spectra of para-DSPA-IDT (violet line) and meta-DSPA-IDT (green line) and of para-DSF-IDT
(blue line) and meta-DSF-IDT (red line) recorded in CD,Cl,.



First, as the symmetry of the para- and meta-isomers is different, two resonances are detected for
the hydrogen atoms of the central phenyl ring (Ha and Hc) for the meta-isomers, whereas only one
(Hc) is detected for the para-isomers (Figure 2). The chemical shift of Ha is found at 7.55 ppm in
meta-DSPA-IDT, very similar to that of meta-DSF-IDT'? (7.59 ppm) translating that the spiro-
connected fragment i. e. fluorene vs phenylacridine does not influence the Ha resonance. This is
caused by the spiro configuration. This is a different behavior to what has been previously observed
in literature when the bridge is substituted with a non-spiro-connected fragment (eg

dicyanovinylene and cyanoimine).!'>!4

Hg and Hc resonances display a different behavior. In meta-DSF-IDT, Hg is significantly more
shielded (6.02 ppm) than its homologue in meta-DSPA-IDT (6.68 ppm). The same effect is
observed for Hc and appears even exacerbated (5.86 vs 7.29 ppm). The same trend is detected for
the para-isomers (Hg/Hc: 6.09/6.66 ppm for para-DSF-IDT, and 6.68/7.39 ppm for para-DSPA-
IDT. However, one can note a significant difference between the two series of isomers. In the
DSPA-IDT series, both isomers display a similar chemical shift for Hc (7.29 vs 7.39 ppm), whereas
in the DSF-IDT series, there is a huge difference between the two isomers (5.86 vs 6.66 ppm).
Thus, the replacement of the spiro-connected fluorenyl core in DSF-IDT isomers by the spiro-
connected phenylacridine core in DSPA-IDT isomers has important consequences on the surroun-
ding hydrogen atoms through the displacement of the shielding cone of the spiro-connected
fragments. Indeed, in DSF-IDT, Hg and Hc are in the shielding cone of the orthogonal fluorene
and their resonances are found at a high field. In DSPA-IDT series, the presence of the acridine
unit and its central six-membered ring (vs. five-membered in fluorene) erases this strong electronic
effect by displacing the position of the shielding cone. This feature is also confirmed by the fact
that Hc in meta-DSF-IDT is subjected to the influence of two fluorenes (compared to only one in
para-DSF-IDT and its resonance is recorded at very high field (5.86 ppm), significantly shielded
compared to Hg resonance (7.29 ppm). As the shielding cone is displaced, this effect is very weak

in DSPA-IDT series.



Electrochemical properties- Theoretical calculations

The electrochemical behavior of the two isomers was studied using cyclic voltammetry (CV) in

CH>Cl; + BusNPF¢ 0.2 M for the oxidation and in DMF + BusNPF¢ 0.1 M for the reduction (as no

reduction wave was observable in CH>Cl).

sw{ Para-DSPA-IDT meta-DSPA-IDT
OA
0‘ 1.
< 5T .
£ 500 < : E, 247V
= ‘ LUMO: -1.93 eV
d, 104 :
-1000 4 Eonsetrc 122V 10 R Ve
LUMO: -2.2 eV
-15001 154
25 20 -5 -0 05 35 30 25 20 -15 -0 05
E(V) vs SCE E(V) vs SCE

Figure 3. CVs of para-DSPA-IDT (saturated solution, left) and of meta-DSPA-IDT (2.15 107 M, right) recorded in
DMF + BusNPFg 0.1 M, sweep-rate 100 mV.s™!. Inset Right: zoom of the first meta-DSPA-IDT reduction wave
recorded between -0.5 and -2.75 V. Working platinum disk electrode (@ 1 mm).

First in reduction, as para-DSPA-IDT is only slightly soluble in DMF, its CV (Figure 3-left) pre-
sents a weak reduction wave (-2.4 V) and an onset reduction potential at -2.2 V indicating a LUMO
of -2.2 e¢V. On the other hand, the reduction of meta-DSPA-IDT, which is more soluble in DMF,
was clearly observable. Two successive reduction waves (Figure 3-right) with maxima at -2.6 and
-3.0 eV were detected, only the first being reversible (see inset Figure 3, Right). The onset reduction
potential of meta-DSPA-IDT is more negative (-2.47 V) than that of the para-isomer (-2.2 V),
leading to LUMO values (LUMO(eV)=-[Eonset®(V vs SCE)+4.4]) of -2.20 and -1.93 eV for the
para- and the meta-DSPA-IDT respectively. The reduction of the two DSPA-IDT isomers occurs
in a potential range, similar to that of DSF-IDT isomers, which LUMO were evaluated at -2.09 eV
for para-DSF-IDT!3 and -1.92 eV for meta-DSF-IDT.'3
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Figure 4. Calculated frontier molecular orbitals, energy levels obtained after geometry optimization with DFT
B3LYP/6-311 + G(d,p) shown with a cut-off 0.04[e bohr~]'"? and main electronic transitions obtained by TD-DFT,
B3LYP/6-311 + G(d,p) of para-DSPA-IDT (left) and meta-DSPA-IDT (right).

Theoretical calculations were performed for both isomers by using density functional theory (DFT)
at the Gaussian 09 B3LYP/6-311 + G(d,p) level of theory. In order to simplify the calculation
weight, methyl units were used as external substituents instead of hexyl units. Molecular modeling
on these simplified structures (Figure 4) shows that the LUMO is mainly distributed on the IDT
fragments with a clear conjugation breaking (see red segment, Figure 4) on the central phenyl ring
in the case of meta-DSPA-IDT. This may explain the higher LUMO energy level of meta-DSPA-
IDT (-1.93 eV) compared to that of para-DSPA-IDT (-2.20 eV) obtained from electrochemical
explorations and confirmed by theoretical calculations (meta-DSPA-IDT: -1.15 eV / para-DSPA-
IDT: -1.39 eV, Figure 4).

Second, in oxidation in CH2Cly, the CVs recorded for the two isomers (Figure 5, left) present before
2.0 V, three maxima at 0.86, 1.19 and 1.47 V for para-DSPA-IDT and five maxima at 0.99, 1.34,
1.57, 1.74 and 1.91 V for meta-DSPA-IDT. One also notes for the two isomers an additional
intense oxidation wave at potentials higher than 2.0 V. From the onset oxidation potentials, we

determined the HOMO of para-DSPA-IDT at -5.16 eV and that of meta-DSPA-IDT at -5.26 eV.
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Figure 5. Left, CVs of para-DSPA-IDT (1.5 x 10° M) and of meta-DSPA-IDT (2.15 x 107 M) recorded between
0.25 and 2.25 V. Middle, CVs of para-DSPA-IDT, meta-DSPA-IDT and SPA-F recorded between 0.25 and 1.8 V,
sweep-rate 100 mV.s!. Right: DPVs normalized on the first oxidation wave for para-DSPA-IDT and on the second
oxidation wave for meta-DSPA-IDT. Pulse Height: 25 mV, sweep-rate 50 mV.s"!, t: 50 ms. Working platinum disk
electrode (@ 1 mm).

As the HOMO level is spread out, for both molecules, on the IDT core, the energy difference ob-
served between the two isomers arise from the different linkages, para vs meta, the former allowing
a longer m-conjugation pathway. Theoretical calculations confirm that the HOMO of meta-DSPA-
IDT displays a nodal plane separating the IDT unit in two non-conjugated parts. This feature is not
observed for the para isomer. This conjugation breaking is in accordance with the deeper HOMO
level of meta-DSPA-IDT (calculated HOMO: -5.11 eV) compared to that of para-DSPA-IDT
(calculated HOMO: -5.00 eV).

Looking more deeply at the three/two first oxidation waves of para-/meta-DSPA-IDT (Figure 5-
Middle), as well as at the differential pulse voltammetries (DPV) (Figure 5-Right). It should be
noted that the relative intensity of the three first oxidation waves are in ratio 1/2/1 for para-DSPA-
IDT and that the two first oxidation waves are in ratio 3/1 for meta-DSPA-IDT. Such ratios are
specific to DSPA-derivatives and were not observed in DSF-IDT series (ratio 1/1 for both
isomers),'? showing the strong impact of the PA unit in these molecular systems. In order to unravel
these surprising different behaviors, three model compounds were investigated: SPA-F,*
constituted of a fluorene unit spiro-connected to a phenylacridine unit (see SPA-F molecular
structure in chart 1 and CV in Figure 5, middle) and the two IDT cores, namely para-dihexyl-IDT
and meta-dihexyl-IDT, without the spiro connecting fragments (see molecular structure, synthesis
and CVs of the IDT isomers in supplementary data, Figure S5-S6). For both para-dihexyl-IDT
and meta-dihexyl-IDT, the first wave involves a single electron process clearly indicating that the
behavior of meta-DSPA-IDT arises from the SPA units and not from the IDT core. In term of
HOMO energy levels, those of para-dihexyl-IDT/meta-dihexyl-IDT (-5.06/-5,27 V) follow the



same trend than those of para-/meta-DSPA-IDT (-5.16/-5.26 e¢V). Interestingly, SPA-F displays
a HOMO level of -5.26 eV,*® identical to that of meta-DSPA-IDT. We can hence conclude that, in
meta-DSPA-IDT, the first wave is a three-electron process implying the IDT core and the two PA
fragments. Theoretical calculations show that the HOMO (-5.11 eV), centered on the IDT core and
the HOMO-1 (-5.13 eV) and HOMO-2 (-5.17 eV) both centered on the PA fragments are quasi-
degenerated. This specific feature is in accordance with the concomitant oxidation of the meta-1DT
core and of the two PA units. This feature was not observed neither for meta-DSF-IDT
(HOMO/HOMO-1 difference: 0.69 V), para-DSF-IDT (HOMO/HOMO-1 difference: 0.93 eV)
nor for para-DSPA-IDT (HOMO/HOMO-1 difference: 0.18 V), for which the HOMO/HOMO-
1 difference is indeed large. Finally, it should be noted that the HOMO-1 and HOMO-2 of para-
DSPA-IDT, which are both centered on the PA fragment, are calculated at similar energy levels of
-5.18/-5.19 eV confirming, as observed in the CVs/DPV, that the two PA units are oxidized

simultaneously at the same potential value (second oxidation at 1.2 V).

It is relevant to note that the HOMO energy levels of para-DSPA-IDT/ para-DSF-IDT (-5.16 eV
for both) and those of meta-DSPA-IDT/ meta-DSF-IDT (-5.28 ¢V/-5.33 eV) are very similar,

indicating that the spiro-connected fragment only has a weak influence on the HOMO level.
Therefore, the specificity of the DSPA-IDT isomers oxidation may be summarized as follow.

. For para-DSPA-IDT, the two successive oxidations of the para-IDT core in
radical-cation (para-IDT") and dication (para-IDT?") occur at 0.86 and 1.47 V,
additionally, between the two oxidations of the para-IDT core, occurs at 1.19 V, the
simultaneous oxidation of the two PA units in two PA-* (two-electron process). The
potential value of the PA units oxidation is in accordance with that of other SPA-
derivatives previously reported in literature.>*#3%3! At 1.6 V after a global loss of
four electron, para-DSPA-IDT may be represented with a dicationic charge on the

central para-IDT core and one radical cation on each PA unit.

. For meta-DSPA-IDT, the first oxidation of the meta-IDT core occurs at 0.99 V,
however, the oxidation of the two PA units is also observed at this potential
consequently leading to a three-electron first oxidation process. At 1.34 V after a

global loss of four electrons, meta-DSPA-IDT may also be represented with a

9



dicationic charge on the central meta-IDT core and one radical cation on each

phenyl acridine unit.

Finally, to confirm this hypothesis, theoretical calculations were performed for both isomers on
their radical-cation, dication, radical-trication and tetracation. The results are summarized Figure

S9 shown in supplementary data.

As above mentioned, para-DSPA-IDT (Figure S9A) displays a HOMO localized on the IDT core.
Removing one electron provides the corresponding radical cation (para-DSPA-IDT-Y), with a
SOMO centered on the PA units and a spin-density distribution (SDD) centered on the IDT core.
The second and third oxidations occur simultaneously on each PA unit and lead to a trication-
radical (para-DSPA-IDT=") possessing a para-IDT character and which SDD is located on each
of the three m-systems indicating that each m-system is a radical-cation. The fourth oxidation
corresponds to the second oxidation of the central para-IDT core from its radical cation to give the

dication.

In the case of meta-DSPA-IDT (Figure S9B), the HOMO/HOMO-1/HOMO-2 are degenerated and
the first oxidation is therefore a 3-electron process leading to a trication-radical (meta-DSPA-
IDT-*) with SDD located on each n-system, indicating that they are all a radical-cation. The fourth
oxidation, as for the para-isomer, is the second oxidation of the meta-IDT core from its radical-

cation to give the dication.

As observed in CVs and DPVs, the four electron oxidation processes are reversible indicating the
remarkable stability of these highly charge species. Such highly charged and stable derivatives
have been already observed with other spiro compounds.**>? It is however important to mention
that, contrary to what was previously observed for the DSF-IDT derivatives, '3 no electrodeposition
process is observed along recurrent cycling oxidation of the DSPA-IDT isomers, whatever the
potential of cycling. In the DSF-IDT series, the polymerization process was attributed to the

fluorenyl unit explaining the absence of polymerization in the present case.

In conclusion, the bandgap obtained from the electrochemical measurements is 0of2.96 eV for para-
DSPA-IDT and 3.33 eV for meta-DSPA-IDT, showing a bandgap extension of 0.37 eV from para-

to meta-isomer in accordance with that obtained through theoretical calculations (0.35 eV).
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Optical properties

Absorption spectra of diluted solutions of para-DSPA-IDT and meta-DSPA-IDT recorded in
cyclohexane appear structured and present multiple bands with maxima at 377, 359, 342 nm for
the para-isomer and at 367, 357(sh), 349, 339(sh), 332 nm for the meta-isomer (Figure 6-left). The
10 nm red-shift for para-DSPA-IDT is in accordance with a more extended conjugation for this
isomer compared to the meta one.'* The absorption bands of lowest energy, 377 nm for para-
DSPA-IDT and 367 nm for meta-DSPA-IDT, are similar to those of para- and meta-DSF-IDT
(376 and 363 nm) and assigned to the IDT cores.!3 These bands are hence independent of the spiro-
connected fragment. Indeed, PA and fluorene fragments are small n-conjugated units spatially

separated from the IDT core.

11
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Figure 6: UV/Vis absorption spectra (A in solution, C in film) and emission spectra (B in solution, D in film) of para-
DSPA-IDT and meta-DSPA-IDT. The solution spectra (A and B) are recorded in cyclohexane (Aexc=359 nm for para-
DSPA-IDT and 349 nm for meta-DSPA-IDT). The solid state spectra (C and D) are recorded on spin-coated films
obtained from THF solution at a concentration of 10 mg.mL"'. E: Emission spectra of para-DSPA-IDT and meta-
DSPA-IDT recorded at 77K in 2-Me-THF and triplet spin density distribution (obtained by DFT after geometry
optimization at the B3LYP/6-31G + (d,p) shown with an isovalue of 0.001) of the two isomers.

In the light of Time-Dependent Density Functional Theory (TD-DFT, Figure 4), for para-DSPA-
IDT, the first absorption band is assigned to a HOMO/LUMO transition (379.64 nm, f: 0.652),
only involving the para-IDT core. For meta-DSPA-IDT, the first absorption band includes a
HOMO-LUMO+1 transition with an intense oscillator strength (357.62 nm, f: 0.304) and a HOMO-
LUMO transition with a weaker oscillator strength (351.44 nm, f: 0.088). For both isomers, the
more intense transition of lower energy at 379.64 nm for para-DSPA-IDT and at 357.62 nm for
meta-DSPA-IDT involves only the IDT cores. However, the main transition for meta-DSPA-IDT
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is a HOMO-LUMO+1 transition and not a HOMO-LUMO as observed for the para-DSPA-IDT.
This is assigned to the quasi degenerescence of LUMO and LUMO+1 for meta-DSPA-IDT. Such
a difference between the two isomers, caused by the different para/meta linkage, was also observed

for para- | meta-DSF-IDT.!3

For both isomers, the absorption spectra remained similar whatever the solvent (cyclohexane, THF,
acetonitrile) indicating no solvatochromic effect (see Figure S3 in Supplementary data). This is in

accordance with optical transitions, which do not display a charge transfer character.

The optical energy gaps, AEP', of the two isomers obtained from their respective onset wavelength
of their absorption spectra (Aonset: 388 nm and 374 nm resp.), are evaluated at 3.20 eV for para-
DSPA-IDT and 3.32 eV for meta-DSPA-IDT. The gaps are similar to those of the para- and meta-
DSF-IDT (3.21 eV and 3.36 eV resp.) indicating a similar effect of the phenylacridine and the
fluorenyl units on the IDT cores. It should be mentioned that the energy gap difference between
the isomers obtained from optical experiments, 0.15 eV, is smaller than that obtained by
electrochemistry (0.38 eV) or theoretical calculations (0.35 eV) following however the same trend

(smaller AE°?* for the more conjugated para isomer), and reflects different electronic processes.

The UV-visible absorption spectra of the two compounds recorded as thin spin-coated films (Figure
6C) remain similar, with only a 4-6 nm red shift, to the one recorded in solution indicating the
absence of specific intermolecular interactions in the ground state. The molecules do not strongly
stack in thin films. This may be explained by the bulky spiro architecture of the two

isomers, 333435 which hinders strong intermolecular interactions.

In cyclohexane, the fluorescence spectra of both isomers are the symmetrical image of their
absorption spectra with very small Stokes shifts (determined as Aem-Aabs in nm) of 7 and 2 nm for
the para- and meta-isomer respectively (Figure 6B). This feature indicates a limited reorganization
between So and S; states for both isomers due to the spiro architecture.>® The fluorescence spectra
are therefore structured with maxima at 384, 405 and 428 (shoulder) nm for para-DSPA-IDT and
at 369, 378 (shoulder), 388 and 410 (shoulder) nm for meta-DSPA-IDT.

The PL efficiency (®so1) calculated vs quinine sulfate is of 0.34 for para-DSPA-IDT and 0.55 for
meta-DSPA-IDT. The same trend is detected for para-DSF-IDT (®so1: 0.26) and meta-DSF-IDT
(Dsor: 0.33). This indicates an effect of the architecture of the IDT core on the @y efficiency: the

syn geometry (and the meta linkages) seems favoring higher PL efficiency. These results show that
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in the three 37-2spiro families, para- or meta-DSPA-IDT (this work), para- or meta-DSF-IDT'?
and even structurally related analogues, para- or meta-DSF-IF (®so1: 0.62 or 0.51) possessing a
central dihydroindenofluorene (IF) backbone, the modulation of the quantum yield does not only
originate from the nature of the central n-system (eg IF>> or IDT!?) but also from the external spiro-

linked m-systems (phenylacridine or fluorene).

Emission spectra recorded in solvents of different polarities (cyclohexane, THF, acetonitrile)
remained similar for para-DSPA-IDT and only show a weak modification for meta-DSPA-IDT
(less structured and larger full width at half maximum, see figure S4 in supplementary data)
indicating no or very modest solvatochromic effect and in turn no photoinduced intramolecular

charge transfer.

In the solid state, similarly to the absorption spectra, emission spectra of both isomers are only
slightly red shifted by 7-8 nm (Figure 6D). The spectra remain structured with a slight
intensification of the bands at high wavelength. Although less intense, the modification of the
emission spectrum from solution to solid state is similar to the one observed with the para- and the

meta-DSF-IDT.!3

As it has been previously shown that the energy of the triplet state may be modulated by the nature
(IF or IDT) and the architecture (para or meta) of the central m system,!? the emission spectra of
para- and meta-DSPA-IDT have also been recorded at 77 K (in 2-Me-THF). As shown in Figure
6E, the emission spectra of the two isomers present different shapes. For meta-DSPA-IDT, the
phosphorescence consists in several emission bands between 520 and 680 nm whereas the
phosphorescence contribution of para-DSPA-IDT is only visible by a broad band between 580 nm
and 680 nm. The Et values, obtained by the highest phosphorescent peaks recorded at 587 nm for
para-DSPA-IDT and at 527 nm for meta-DSPA-IDT are estimated at 2.11 eV and 2.35 eV
respectively. These values fit the one obtained from theoretical calculations (2.02/2.33 eV for para-
/ meta-DSPA-IDT). Thus, due to the nature of their linkages (para vs meta), the Er value of the
para isomer is smaller than the one of the meta isomer. These values are almost identical to those
of para- /meta-DSF-IDT (2.12/2.35 eV respectively), showing that the Er value is fixed by the
IDT core and its geometry. This is confirmed by the spin density distribution (SDD) of the triplet
exciton which is confined on the IDT core (Figure 6F) and independent of the spiro-connected

fragment. Finally, the Et values of para- and meta-DSPA-IDT are higher than the Et values of red
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phosphorescent dyes®’, allowing the compounds to be used as host for red dyes in PhOLEDs. This

is out of the scope of this article and will be tested in the future.
Thermal and self-organization properties

The thermal properties of para- and meta-DSPA-IDT were investigated by thermogravimetric
analysis (TGA, see Figure S1 in supplementary data) and differential scanning calorimetry (DSC,
Figure 7). As classically observed for spiro compounds, both possess high decomposition
temperature, with Tq (5% weight loss) of 351 °C for para-DSPA-IDT and 370 °C for meta-DSPA-
IDT. Compared to the two DSF-IDT isomers (Tq4: 323/339 °C for the para- /meta-DSF-IDT'?), T4
of the DSPA-IDT isomers are higher by about 30 °C and a similar Tq4 increase of 19 °C from the
para- to the meta-isomer is observed. The phenylacridine units render the DSPA-IDT isomers

slightly more thermally stable than the DSF-IDT isomers.

As it can be seen in Figure 7-left, para-DSPA-IDT is an infusible solid for which no textural
change (up to 300°C) was revealed by optical microscopy and no phase transition (up to 210 °C)
detected by DSC. Meta-DSPA-IDT is also solid at room temperature, however this isomer melts
to a liquid at 188 °C as shown in Figure 7-right in the first DSC heating cycle (enthalpy change:
AH = 42 J/g = 38 kJ/mol). Small- and wide-angle scattering (S/WAXS) patterns of the powders at
room and higher temperature (Figure 8) revealed the presence of sharp reflections in the whole
angular range, confirming their crystalline structure. The crystalline phases remain a priori
unchanged with temperature. Single-crystals suitable for structure determination by XRD could
not be grown, preventing an intimate comparison of the structural and organizational properties

between the two isomers.
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Figure 7. DSC curves of para-DSPA-IDT (left) and meta-DSPA-IDT (Right) on first heating (black), cooling (red)
and second heating (blue); conditions: 5°C/min, endotherm up.
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Figure 8: S/WAXS pattern of para-DSPA-IDT and meta-DSPA-IDT in the pristine state (bottom, dark), on heating
to 140 °C (red, middle), and on cooling to room temperature (blue top).

Charge Transport properties

Finally, in order to evaluate the potential of these materials as OSCs, charge transport properties
of both para- and meta-DSPA-IDT were investigated using space charge limited current (SCLC)
devices (see device architecture in Figure 9) to measure the out-of-plane hole mobilities. Both
isomers exhibit a moderate hole mobility (2.8 x 10~ cm? V! s7! for the para-isomer and 7.0 x 1073
cm? V-1 57! for the meta-isomer). The hole mobility increases by a factor of 2.5 switching from the
para- to the meta-isomer. Hole mobilities were also measured for the para- and meta-DSF-IDT
isomers using similar experimental conditions. The measurements also show modest hole
mobilities however slightly higher for the meta-isomer (1.1 x 10 ¢cm? V! s°! for meta-DSF-IDT)
and slightly lower for the para-isomer (1.9 x 10 cm? V-! s7! for para-DSF-IDT) leading globally
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to an increase of the hole mobility by a factor 5.8 from the para- to the meta-DSF-IDT.
Surprisingly, for both DSPA-IDT and DSF-IDT series, the meta isomers, which are more twisted

and less conjugated than the para isomers, give the highest hole mobilities.

These results are different to those previously described in literature for which the para isomer
always displays the highest mobility. As examples, the saturated mobility measured by bottom-
gate bottom-contact n-type channel OFETs for IDT-based compounds were respectively 1.2 x 10
2/7.2 x 107 cm? V! s°! for para-/meta-IDT(=C(CN)2)2'* and 1.9 x 103 /3.8 x 10~ cm? V! s”! for
para-/meta-IDT(=NCN),)'? and that measured for IF-based compounds were respectively 2.1 x
102 / 2.0 x 103 ¢cm? V! s7! for dihydroindeno[1,2-b]fluorenyl / dihydroindeno[2,1-b]fluorenyl
based compounds.®® These results suggest that the nature of the bridge strongly influence the 7-
overlaps between neighboring molecules in the solid state. However, as the trend is similar in both
DSF-based and DSPA-based series, it can be suggested that the solid-state organization of DSF-
or DSPA-IDTs is mainly driven by geometrical constraints on the central IDT core due to the

presence of spiro linked F or PA groups.

Material SCLC mobility
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Figure 9. SCLC device (left), thickness-scaled current-voltage characteristic of the para- and meta-DSPA-IDT and
para- and meta-DSF-IDT hole-only SCLC devices (Middle). The dotted lines indicate the SCLC regime and the
continuous ones the Ohmic regime.

17



Table 1 : Main photophysical properties of para-DSPA-IDT, meta-DSPA-IDT, para-DSF-IDT and meta-DSF-IDT.

para-DSPA-IDT meta-DSPA-IDT ipara-DSF- 13
. . meta-DSF-IDT
(this work) (this work) IDT!
s [nim] (e 10°L.mol” |264 (2.11). 277 (1.69). 296 | 283 (4.78), 293 (5.83),304 | 266 (5.41),340 | 261 (5.11),273 (4.38), 293
cm)* (1.40), 342 (1.31), 359 (6.06), 332 (2.16), 340 (1.97, | (2.45),357 (4.42), | (4.97),304 (6.16),321 (2.16),
(2.30), 377 (2.35) 349, 357(sh), 367 (2.27) 376 (4.36) 345 (2.32), 363 (2.15)
abs * [nm] 363, 382 353,371 383 368
e [0 384, 405, 428(sh) 369, 377(sh), 388, 410(sh) | 25> 1237’(:5;‘(51“)’ 365,373, 383, 405(sh)
Quantum yield ®*¢ 0.34 0.55 0,26 0,33
e’ 391, 410, 435, 467 377,384,394 387,412, 440, 460 372,391,419, 480
el el el
[}i(\),l]\fo /LUMO?/AE -5.16/-2.20/2.96 -5.33/-1.93/3.40 -5.16"/-2.09/3.07 -5.33%/-1.92/3.41
AE%P'[eV] 3.20 3.32 3.21 3.36
Er[eV]' 2.10° 2.35¢ 2.12¢ 2.35¢
HOMO"/LUMO"®
A" [eV] -5.00/-1.40/3.61 -5.11/-1.16/3.96 -5.11/-1.47/3.64 -5.23/-1.27/3.96
Tq[°C]® 351 370 323 339
2 -l ol 5 5 1.910° 11107
n [em® V57 2810 710 (this work) (this work)

a: in cyclohexane, b: in thin film obtained by spin-coating from THF solution (10mg 10 mL™), ¢: calculated with
reference to quinine sulfate in 1IN H,SO4 (0=0.546), d: from onset potentials, e: AE°P* is calculated from the edge of
the absorption spectrum by using AEP' = hc/A, f: calculated with the first phosphorescent transition observed in a
glassy matrix of 2-methyl-THF at 77K, g : 5% weight loss, h: value corrected from'?, see figure S7/S8 in supplementary
data.

Conclusion

In this work, we report the influence of positional isomerism on the electronic, physical and charge
transport properties of two dispiroacridine-indacenobisthiophene positional isomers. Despite that
the properties are mainly driven by the IDT core, we show that the bridges (herein spiro-connected
phenylacridine) allow a fine tuning of all the properties. Particularly, the electrochemical studies
have revealed the strong differences observed in the oxidation of the two isomers. We also show
that the mobilities of charge carriers are higher for the meta isomer than for the para isomer. This
finding is different to what was reported in literature for other couples of IDT-based isomers and
shows the key role played by the spiro-connected fragments on the charge transport properties of

these molecular systems.
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