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Incorporation of spirobifluorene regioisomers in
electron-donating molecular systems for organic
solar cellst

Ibrahim Bulut,? Patricia Chavez,? Sadiara Fall,” Stéphane Méry, Benoit Heinrich,©
Joélle Rault-Berthelot,® Cyril Poriel,*® Patrick Lévéque*® and Nicolas Leclerc*?

We report herein the synthesis and characterizations of new small molecules for organic photovoltaics
including diketopyrrolopyrrole and spirobifluorene. Two grafting positions of the spirobifluorene units are
used leading to two regioisomers with different optoelectronic properties. Despite, the moderate
photovoltaic performances, we show that the incorporation of spirobifluorene as a three-dimension
platform into conjugated material backbones allows the increase of dimensionality and brings a more
isotropic character to the charge transport properties of the final materials. The solubility is also
increased despite the low density of grafted alkyl side-chains, which is an important feature for the

www.rsc.org/advances future of this technology.

Introduction

In 2009, Nguyen and co-workers demonstrated that organic
small molecules can act efficiently as electron-donating species
in bulk heterojunction (BHJ) organic solar cells." Since this
seminal work, the field of conjugated small molecules for
organic photovoltaics (OPV) has known a continuous growth of
interest. At present the best solution-processed solar cells using
small molecules as electron-donating species exhibit power
conversion efficiencies (PCE) of around 10%, which is close to
the best PCE of polymer-based devices.>

Small molecules can fill all the prerequisites for high effi-
ciency solar cells i.e. a broad absorption spectrum and high
extinction coefficient, appropriate frontier energy levels and
good charge transport properties. Numerous molecular struc-
tures have been studied to reach high OPV efficiencies in blends
with fullerene derivatives. Diketopyrrolopyrrole (DPP),* bodipy,*
merocyanine,® squaraine,® oligothiophene,” benzodithiophene,*
bophy®* and others have been scrutinized as valuable
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building-blocks for efficient electron-donating small molecules.
Most of these molecular systems have a planar elongated structure
and their efficiencies in BH]J devices are based on their strong
ability to build an anisotropic m-stacking edifice. For such electron-
donor linear molecules in blend with PCBM fullerene derivatives,
the solution deposition often leads to kinetically frozen non-
equilibrium and non-optimized nanoscale morphologies with
anisotropic charge transport properties. Over the last decade,
several studies focused on an alternative approach, which consists
to increase the dimensionality of the electron-donor molecules to
promote three-dimensional (3D) self-assembled edifices matching
with the intrinsically 3D character of intermolecular interactions
with the fullerene acceptor.” Beside the anticipated isotropic
optical and charge transport properties of such 3D derivatives,
a more stable morphology in blends with PCBM is expected® as
well as a higher solubility compared to classical linear 7-stacked
molecules.™ As a consequence of this improved solubility, the alkyl
side-chain density (and all the issues related to their position and
nature'?) can be reduced. Moreover, it has been reported that
minimizing the alkyl side-chain density can be beneficial for the
material optical properties as the concentration of the photoactive
material is increased.”

Among the interesting non-planar chemical building blocks
that have been recently investigated, the spirobifluorene (SBF)
moiety, that is the orthogonal connection via a spiro-carbon of
two fluorenyl cores, has become an important molecular scaf-
fold in organic electronics.* Indeed, spiroconfigured semi-
conductors display many characteristics such as high thermal/
morphological and emission colour stability, which are impor-
tant properties for Organic Light Emitting Diodes (OLED).*
Using spiro-carbons to design shape persistent molecules with
specific arrangements has been also used in recent years.">’

This journal is © The Royal Society of Chemistry 2016
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Thus, the SBF core has not only allowed important break-
throughs in the field of OLEDs but has also been investigated as
chiral ligand,"" electropolymerizable unit,” or to construct
coordination polymers.”® One of the main advantages of the
integration of the SBF core in a given material is to limit the
intermolecular interactions by keeping a 3D configuration. This
strong T-stacking restriction is known to greatly improve the
solubility and processability of the resulting material.** In spite
of these promising structural features, the SBF unit remains
nearly absent from the OPV literature.>

In this report we describe the first use of SBF as a soluble
non-planar end-capping group associated to a DPP core and
investigate its behaviour as electron-donor in OPV devices. By
comparing this molecular architecture to already published
molecular systems using identical thiophene-DPP-thiophene
(Th-DPP-Th) as central chromophore,'**** we demonstrate in
particular that excellent solubility and processability can be ob-
tained in a low alkyl side-chain molecular system content, without
preventing its crystallization ability.

In order to broaden the understanding of the impact of
SBF-containing molecular structure on optoelectronic properties,
two positional isomers with a C2 (SBF2-DPP) or a C4 (SBF4-DPP)
SBF substitution (see Scheme 1) have been designed, synthesized
and studied. Previous reports on SBF-based materials for OPV
application were indeed exclusively based on the C2 regio-
isomers.”® Yet, differences in conjugation lengths, molecular
shapes and morphological behaviours are expected for both
isomers, as recently reported for other 2- and 4-substituted SBF.>**

Results and discussion

Both molecules have been synthesized following the same
approach (Scheme 1), including a Suzuki-Miyaura cross-coupling

RSC Advances

reaction promoted by palladium catalyst between the boronate
derivatives of SBF (1 *® or 2 *’) and the bis-brominated Th-DPP-
Th-based moiety (3).

As Suzuki-Miyaura cross-coupling reactions using SBF
derivatives may sometimes be difficult to perform, different
conditions have been screened for this key reaction, first
focusing on the SBF4-DPP isomer. A combination of different
parameters such as catalyst, ligand or solvent was tested to
improve the reaction yield.

Tertiary phosphines PR;, have been employed as ligand in
this reaction, with R being a phenyl (P(o-tolyl);) or a cyclo-
hexyl (P(Cy);) moiety. A better reactivity is obtained by
using the ligand P(Cy);, as expected from its highest
electron donating character which helps stabilizing the in
situ formed palladium complex (see entry 2 versus entry 4 in
Table 1).>

Among the different solvents tested, the dioxane/water polar
mixture led to best efficiencies (Table 1, entries 5) in regards to
the standard xylene/water (Table 1, entries 4) and toluene/water
(Table 1, entries 1) mixtures. Finally, the choice of Cs,CO; as
base, instead of the usual K,COj3, motivated by its higher solu-
bility in the dioxane/water mixture, led to an even better yield
(Table 1, entries 6).

Thus, upon optimization of the catalyst, phosphine ligand
and solvent (Table 1), it was possible to set the best conditions
leading to a high yield (56%) of the targeted SBF4-DPP
compound. The protocol involves the use of Pd,dba;, P(Cy); and
Cs,CO;3 in a dioxane/water mixture at a temperature of 100 °C
for 24 hours.

For the synthesis of SBF2-DPP, only two conditions were
tested (entries 7 and 8 in Table 1), leading to the best yield of
54% when the optimized protocol used for SBF4-DPP was
employed.

Cso~
(M~
x S
! g Pda(dba)s, PCys
Cs,CO;q
1 dioxane/H,0 SBF2-DPP
100°C
56%
N 0 s Br
N k)
G N
Br o
2 3 SBF4-DPP
54%

Scheme 1 Synthesis of SBF2-DPP and SBF4-DPP.

This journal is © The Royal Society of Chemistry 2016
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Table 1 Optimization of Suzuki cross-coupling reaction with the C2/C4-dioxoborolane-spirobifluorene unit and the dibrominated diketo-

pyrrolopyrrole—thiophene moiety

Entry Isomer Catalyst” Ligand? Base’ Solvent 10/17 Yield®
1 SBF4-DPP Pd,dba;, P(o-tolyl), K,CO; Toluene/H,0O 26%
2 SBF4-DPP Pd,dba, P(o-tolyl), K,CO; Xylene/H,0 33%
3 SBF4-DPP Pd(dppfCl,)-CH,Cl, — K,CO; Xylene/H,O 26%
4 SBF4-DPP Pd,dba;, P(Cy)s K,CO, Xylene/H,0 37%
5 SBF4-DPP Pd,dba; P(Cy)s K,CO; Dioxane/H,0 46%
6 SBF4-DPP Pd,dba; P(Cy]3 Cs,CO;3 Dioxane/H,O 56%
7 SBF2-DPP Pd,dba, P(o-tolyl), K,CO; Toluene/H,O 25%
8 SBF2-DPP Pd,dba, P(Cy); Cs,CO;4 Dioxane/H,0 54%

“ 3 mol% of Pd-catalyst. % 6 mol% of phosphine ligand. ¢ 2.2 equiv. of base to refer of Th-DPP-Th. 4 Concentration: 0.1 M of solvents mixture (10/1)

as function of Th-DPP-Th monomer. ¢ Pure isolated product.

Fig. 1 Minimal energy conformation for the SBF2-DPP molecule
including the definition of the angle between the central Th-DPP-Th
plane (blue plane) and the plane defined by the conjugated fluorene
units of the SBF group (red plane).

Interestingly, despite a very low alkyl side-chain density
along the conjugated backbone, both molecules show a high
solubility in common organic solvents, such as chloroform and
THF, allowing high quality thin films to be obtained by

SBF2-DPP

spin-coating. This remarkable solubility promotor effect of the
SBF unit can be observed by comparing with other similar
molecules where SBF were replaced by pyrene units.>* For the
latter, much bulkier side-chains were required to bring suffi-
cient solubility for the molecules to be processed into homo-
geneous films.

Density functional theory (DFT) calculations have been per-
formed using SPARTAN 10 at the B3LYP/6-311+G* level of
theory in vacuum on both molecules. For both molecules, the
central Th-DPP-Th core is almost planar with a dihedral angle
between the central DPP and the adjacent thiophene units in
the 6-7° range. On the other hand, the dihedral angle between
the mean plane of this central Th-DPP-Th core (blue plane in
Fig. 1) and that of the substituted fluorene unit of the SBF
fragment (red plane in Fig. 1) differs from one molecule to the
other. Indeed, in SBF2-DPP a dihedral angle of only 25° has
been calculated while it reaches 50° in SBF4-DPP. This signifi-
cant difference between the dihedral angles has been assigned
to the steric interaction in SBF4-DPP between the hydrogen
atoms in the ortho position of the pendant thiophene ring and
that of the phenyl unit of the fluorenyl core (position C5)

SBF4-DPP

Fig. 2 Calculated LUMO (top) and HOMO (bottom) surface contour plots for SBF2-DPP (left) and SBF4-DPP (right), respectively.

25954 | RSC Adv., 2016, 6, 25952-25959
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Fig. 3 UV-vis absorption spectra of SBF2-DPP (red) and SBF4-DPP (blue) in chloroform solutions (full line) and in thin films (dashed line).

(see Fig. S2 and related discussion in ESI}).** This angular
variation between C2- and C4-SBF fragments is at the origin of
the restricted m-conjugation observed in literature for the latter
and will have herein remarkable consequences on the electronic
properties (see below).>”*

The calculated HOMO and LUMO are mainly delocalized for
both molecules on the Th-DPP-Th fragment but with a more
intense delocalization on the connected fluorene for SBF2-DPP
than for SBF4-DPP (Fig. 2). This is the direct consequence of the
restricted m-conjugation of C4-SBF vs. C2-SBF. The calculated
LUMO levels are lying at —2.5 eV below the vacuum level for
both molecules while the calculated HOMO levels are situated
at —4.7 and —4.9 eV for SBF2-DPP and SBF4-DPP, respectively,
leading to a theoretical bandgap of 2.2 and 2.4 eV for SBF2-DPP
and SBF4-DPP, respectively.

Thermal stability and phase behaviour of the two molecules
were investigated by thermal gravimetric analysis (TGA), polar-
izing optical microscopy (POM) and differential scanning calo-
rimetry (DSC). Both molecules present a high thermal stability
well above 200 °C (Fig. S4 in ESIt). SBF2-DPP was found to be an
infusible solid before thermal decomposition whereas
SBF4-DPP is a crystalline solid turning into the isotropic liquid
at approximately 170 °C. The crystalline nature of these two
solid phases was confirmed by small-angle X-ray scattering
(SAXS), as patterns contain overlapping reflections in the small,

Table 2 Optical absorption properties of the molecules

Solution Solid state

Amax (NM)
Molecule [eMem )] EP (eV)  Amax(nm)  EP (eV)
SBF2-DPP 572, 623 [51 500] 1.88 590, 640 1.81
SBF4-DPP 530, 570 [35 000] 2.02 535, 580 1.95

This journal is © The Royal Society of Chemistry 2016

intermediate and wide-angle regions, with no detectable diffuse
signal from partial structural disorder (Fig. S5 in ESIf).
Although the induction of mesomorphism was from the
beginning unlikely to occur without aliphatic chains on
side-cores, one could expect that the molecular self-assembling
would be hampered by the steric hindrance of SBF units. The
introduction of these globular-shaped end-cappers is finally not
detrimental to crystallization. An influence on the thermal
behaviour should nevertheless exist since the most
irregular-shaped isomer SBF4-DPP is also the one exhibiting the
lowest (actually the only accessible) melting transition.
Remarkably, despite these high-melting crystalline phases and
the presence of only two side-chains on the whole molecule, SBF
brings enough solubility to lead to soluble molecules in
common solvents.

UV-vis absorption spectra of the molecules in chloroform
solution and in thin films are given in Fig. 3. Values are
summarized in Table 2.

Both molecules exhibit several absorption bands between
300 and 700 nm. The first thin band recorded at ca. 308 nm is
characteristic of the mw-7* transition of the fluorenyl units.*
Four other absorption bands are also detected with maxima
recorded around 350, 390 (shoulder), 530 and 570 nm for SBF4-
DPP, and around 360, 415, 572 and 623 nm for SBF2-DPP.
Except the first high-energy band, the absorption spectra of the
two SBF derivatives present the same shape than that reported
in the literature for the central Th-DPP-Th core,** which also
possess four maxima at 340, 391, 513 and 548 nm. The low
energy absorption band of SBF4-DPP (1.« = 570 nm) and
SBF2-DPP (A, = 623 nm) is hence clearly red shifted by 22 nm
and 75 nm respectively compared to that of Th-DPP-Th.** This
bathochromic shift of the spectra may be explained by the
T-conjugation extension occurring between the central
Th-DPP-Th core and the two SBF units. This shift appears
larger for SBF2-DPP than for SBF4-DPP, the former displaying,

RSC Adv., 2016, 6, 25952-25959 | 25955
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due to the para linkage and the smaller torsion angle, a more
efficient conjugation between the SBF fragment and the central
Th-DPP-Th core.

Interestingly, both molecules display different behaviours in
thin films. The absorption maximum is bathochromically
shifted by roughly 20 nm in solid state for SBF2-DPP, whereas
SBF4-DPP shows an overall broadening of the low energy band,
resulting in a slight band gap reduction in the solid state. Thus,
SBF2-DPP presents a quite standard behaviour going from
solution to solid state, with a better conjugation in solid state
attributed to an increased intermolecular m-stacking. Two
important features can be deduced from these observations and
will have important consequences on the subsequent device
performances: (i) despite the presence of the spiro carbon,
which usually leads to restricted m-intermolecular interactions,
SBF2-DPP shows the feature of solid-state stacking indicating
that 2-substituted SBF units at the periphery of the DPP core do
not completely restrict the intermolecular -7 interactions, (ii)
the C4-SBF substitution reduced the intermolecular stacking as
SBF4-DPP only displays a very weak gap contraction from
solution to solid state (Table 2).

From the onset of absorption in solid state, measured optical
bandgaps are 1.81 and 1.95 eV for SBF2-DPP and SBF4-DPP
respectively, confirming a better -electron delocalization for
the former. SBF2-DPP also presents a higher extinction coeffi-
cient for its main band (A = 623 nm, ¢ = 51500 M cm ")
compared to that of its regioisomer SBF4-DPP (1 = 570 nm, ¢ =
35 000 M cm ™ ') reflecting again the different optical properties
of the two chromophores.

The electrochemical properties of both molecules have been
investigated by cyclic voltammetry (CV). The solution of
SBF2-DPP was 40 times more diluted than that of SBF4-DPP,
leading to higher background currents for the first isomer. For
that reason, the CV reported for SBF2-DPP in Fig. 4 has been
intentionally limited to the potential range of its electroactivity
(for the complete CV curve recorded for SBF2-DPP, see Fig. S6
in ESIY).

SBF4-DPP presents two successive oxidation and reduction
waves, with only the first processes being reversible
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(see Fig. S7 in ESIt). The peak potentials are measured at 0.97
and 1.23 V vs. SCE in oxidation and at —1.16 and —1.7 V vs.
SCE in reduction. As the first oxidation wave of SBF is known
to take place at a higher potential, i.e. 1.69 V,** the two first
oxidation waves of SBF4-DPP should be attributed to the
Th-DPP-Th core, in agreement (i) with the electrochemistry
previously reported for Th-DPP-Th (0.905 and 1.28 V vs. SCE)
and (ii) with the present theoretical calculations presented
above (HOMO and LUMO are mainly localized on the
Th-DPP-Th fragment). Thus, the presence of the SBF units
has only a slight effect on the first oxidation potential of
SBF4-DPP, with a positive 0.07 V shift in the anodic direction.
The presence of the two SBF units makes nevertheless the
reduction easier as shown by the presence of a reversible
wave at —1.29 V, positively shifted by 0.13 V compared to
Th-DPP-Th.**

From the onset oxidation and reduction potentials, HOMO
and LUMO of SBF4-DPP were estimated at —5.65 and —3.75 eV,
giving an electrochemical bandgap of 1.9 eV in line with the
optical bandgap measured in CHCI; solution (2.02 eV). Due to
the lower concentration, CV traces recorded for SBF2-DPP were
less well defined than those recorded for SBF4-DPP. Only one
oxidation and one reduction wave (corresponding maxima at
0.83 and —0.95 V) are observed, showing an easier oxidation
and reduction process of SBF2-DPP compared to SBF4-DPP and
to Th-DPP-Th. HOMO and LUMO of SBF2-DPP were calculated
from the onset potentials at —5.47 and —4.0 eV giving an elec-
trochemical bandgap of 1.47 eV lower by 0.34 eV from its optical
bandgap (1.81 eV) determined in solution. The SBF core seems
hence to have a stronger effect on the LUMO energy level than
on the HOMO energy level. This tuning of the molecular orbital
energy levels leads to a SBF2-DPP electrochemical bandgap
0.43 eV lower than that of SBF4-DPP. This bandgap reduction is
significantly larger than that estimated from optical data
(0.14 eV, optical transitions recorded in CHCl;) and from
theoretical calculations (0.2 eV without solvent).

Finally it is important to mention that the HOMO, LUMO
and bandgap changes observed when comparing SBF4-DPP
to SBF2-DPP follow the same trend than those observed from
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Fig. 4 Cyclic voltammograms of SBF4-DPP (left) and SBF2-DPP (right) recorded in CH,Cl, + 0.2 M [NBu4][PFg]. Platinum working electrode,

sweep-rate: 100 mV s %,
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4-Ph-SBF to 2-Ph-SBF.”* This suggests that the impact of the
regioisomerism on the electronic properties is only weakly
dependent on the SBF substituent nature.

The charge transport was investigated by means of
field-effect transistors (FET) and space-charge limited current
devices (SCLC). A typical FET output characteristic (bottom
contact, bottom gate configuration) for the as-cast SBF4-DPP
molecule is displayed in Fig. 5.

For both molecules, an injection barrier is visible in the
output characteristics. This is rather expected as the contact
work-function (5.1 eV for gold) is far from the HOMO of both
molecules (—5.47 and —5.65 eV for SBF2-DPP and SBF4-DPP,
respectively). Nevertheless, hole mobilities have been estimated
in the linear regime using the usual formalism. Hole mobility
values (underestimated due to the injection barrier) are in the
2 x 10 and 5 x 1077 em® V™' s~ range for SBF2-DPP and
SBF4-DPP, respectively.

Hole mobilities measured by SCLC are for both molecules in
the 6-7 x 107> cm® V' s™' range. The SCLC hole mobility is
thus significantly higher than the FET hole mobility while the
opposite is naively expected from the mobility dependence as
a function of the charge-carrier concentration.®® This unex-
pected behaviour could be due to a certain structural anisotropy
favouring m-stacking orientation out of the substrate plane. On
the other hand, as FET mobilities are probing a very thin layer
close to the oxide/semiconductor interface, the formation of
a low-conduction layer on top of the oxide cannot be completely
ruled out. Despite all these open questions, the charge-carrier
mobilities measured by SCLC reach decent values opening the
way for OPV devices elaboration and characterization.

Organic photovoltaic (OPV) devices were elaborated using
a standard architecture (anode on the transparent side of the
device) with the following structure: ITO/PEDOT:PSS/active-
layer/Al. The active layers made up of SBF-based molecular
compounds : PC,;BM blends have been deposited by spin-
coating from chlorobenzene or chloroform solutions and
thermal annealing steps have been performed after the
aluminium thermal evaporation. Each OPV device had an active

Fig. 5 Output characteristic of an as-cast SBF4-DPP FET with gate
voltage ranging from 0 to —80 V with a —10 V voltage step.
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Table 3 Photovoltaic properties of SBF-DPP molecules

Molecule : PCBM Voe JTse FF PCE
Molecule ratio ) (mAem™?) (%) (%)
SBF2-DPP 1:1.5 0.73 3.6 31 0.8
SBF4-DPP 1:3 0.48 0.7 29 0.1

area of 12 mm?. Details on OPV device fabrication can be found
in the ESI.} Electrical parameters of OPV devices are summa-
rized in Table 3. The (J-V) curves for the best devices are re-
ported in Fig. 6.

As above mentioned, both compounds show sufficient
solubility to be processed from chloroform and to form uniform
thin films in blend with PC-;BM.

SBF2-DPP shows a moderate but marked photovoltaic effect
with especially a good open circuit voltage (V,.) of 730 mV. The
measured short circuit current density (Js.) value for SBF2-DPP
is rather low, i.e. 3.6 mA cm™?, despite its moderate bandgap.
External quantum efficiency measurements were carried out to
calculate J,.. The calculated values were found to be 12% higher
(global tilt) than the Ji. values measured under standard illu-
mination conditions (AM1.5G, 100 mW cm™ ). The fill factor
(FF) is low (31%) and the (J-V) curves show a strong variation of
the current-density as a function of the negative voltage.

SBF4-DPP shows poorer photovoltaic performances with all
parameters lower than those found for the SBF2-DPP
regioisomer. The combination of a lower mobility (i.e. a lower
charge transport ability) with a higher band-gap and a lower
extinction coefficient (i.e. a lower photon harvesting ability) are
most probably at the origin of the far lower J,. measured on
SBF4-DPP devices. The V. value is also 250 mV lower than for
the SBF2-DPP regioisomer. Taking into account that V, linearly
depends on the LUMO (A)-HOMO (D) offset** and that the
HOMO level of SBF4-DPP (measured by CV) is 180 mV deeper

o

IS

J (mA/cm?)

()

Fig. 6 Current density—voltage curve for the best BHJ device based
on the SBF2-DPP: PC,,BM blend under darkness (black line and
closed symbols) or standard (AM1.5G, 100 mW cm™2) illumination (red
line and open symbols).
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than that of SBF2-DPP, one should rather anticipate a higher V.
for SBF4-DPP. The strong reduction of the measured V,, for the
SBF4-DPP regioisomer could be due to an unfavourable
morphology leading to a high charge-carrier recombination
rate.*® Moreover, the different regioisomer: PC,;BM weight
ratio needed to obtain the highest photovoltaic properties
evidence very different morphologies in blends for the two
regioisomers.

Conclusion

To conclude, this study describes the incorporation of a SBF
unit as end capper in a soluble electron donor fragment for
photovoltaic applications. It is noteworthy that despite a low
alkyl side-chain density grafted along the conjugated backbone
(i.e. only two ethylhexyl side-chains onto the central DPP frag-
ment) and high melting temperature crystalline phases, a high
solubility has been reached in common solvents, leading to
homogeneous thin films formation. This feature highlights the
positive effect of the sterically demanding SBF unit on the
compound solubility and processability.

Despite low performances in regards to the OPV state-of-the-
art, this study shows that different molecular packing can be
obtained depending of the substitution pattern of the SBF core.
In addition, the 2-SBF unit is found to display a better
m-stacking in solid state compared to the 4-SBF isomer, ulti-
mately leading to slightly better OPV performance. We believe
that with an optimized molecular design of the overall conju-
gated backbone, the SBF core can become an interesting scaf-
fold for OPV.
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