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We present the simple synthesis of a star-shape non-fullerene acceptor (NFA) for application in organic
solar cells. This NFA possesses a D(A)s structure in which the electron-donating core is an aza-triangulene
unit and we report the first crystal structure for a star shape NFA based on this motive. We fully
characterized this molecule’s optoelectronic properties in solution and thin films, investigating its
photovoltaic properties when blended with PTB7-Th as the electron donor component. We demonstrate
that the aza-triangulene core leads to a strong absorption in the visible range with an absorption edge
going from 700 nm in solution to above 850 nm in the solid state. The transport properties of the pristine
molecule were investigated in field effect transistors (OFETs) and in blends with PTB7-Th following a
Space-Charge-Limited Current (SCLC) protocol. We found that the mobility of electrons measured in films
deposited from o-xylene and chlorobenzene are quite similar (up to 2.70 x 107* cm? V! s7%) and that
the values are not significantly modified by thermal annealing. The new NFA combined with PTB7-Th in
the active layer of inverted solar cells leads to a power conversion efficiency of around 6.3% (active area
Received 20th December 2022, 016 cm? when processed from non-chlorinated solvents without thermal annealing. Thanks to
Accepted 25th January 2023 impedance spectroscopy measurements performed on the solar cells, we show that the charge collection
DOI: 10.1039/d2tc05424h efficiency of the devices is limited by the transport properties rather than by recombination kinetics.
Finally, we investigated the stability of this new NFA in various conditions and show that the star-shape
rsc.li/materials-c molecule is more resistant against photolysis in the presence and absence of oxygen than ITIC.
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printing methods, thus reducing their carbon footprint.” Until
the middle of the 2010s, OSCs’ performances have continuously
progressed thanks to the development of a large library of
p-type polymers.* These polymers have been mostly used with
fullerene-based materials, such as phenyl-Cg;-butyric acid
methyl ester (PC¢;BM) or its C,, analogue (PC,;BM). In such
systems, photons are mainly absorbed by the polymer and not
by the fullerene, thus limiting power conversion efficiency
(PCE). In 2013, Nelson and Janssen identified the factors
limiting the device efficiency in OPV and predicted that PCE
of over 20% could be reachable in single junctions.* Since then,
considerable efforts have inspired new research directions in
semiconductors synthesis,” device engineering,”” and tandem
or ternary approach.®® Swapping fullerenes for other molecules
in bulk-heterojunction solar cells has been a challenge. In
recent years, the rise of non-fullerene acceptors (NFAs) resulted
in quick improvements in device efficiency and opened new
perspectives for the launch of this technology in building
integrated photovoltaics.® The development of molecules such
as ITIC derivatives, followed by the Y6 family, led to a rapid
increase in the performances, which attained 19.2% in 2022,
which would have been unthinkable a few years ago."™* The
performances of OSCs are now competitive with well-established
technologies such as silicon solar cells, but their long-term
stability and the development of even more ecological fabrication
process still require research efforts.">"*™” In comparison to the
plethora of linear NFA molecules developed in the last decade,
only a few efficient star-shaped NFAs have been reported in the
literature."®"® Star shape molecular semi-conductors containing
donor and acceptor units have attracted increasing attention for
use in OLEDs since many of them show thermally activated
delayed fluorescence (TADF) characteristics.’”*' However, the
potential of donor-acceptor star-shape NFAs for application in
OSCs remains underexplored despite some demonstrating PCE
over 10%.>

Star shape NFAs show some advantages compared to linear
systems, such as their 3D structure that promotes an isotropic
charge transport or lowers the aggregation propensity that can
enhance the nanoscale phase separation in thin films.** The main
families of star shape molecules comprise spiro-fluorene,* per-
ylene diimide,*>* a triphenylamine (TPA) or truxene core.”®>’
We learn from previous works that the bulkiness of the truxene
core, which comes from the alkyl side chains, limits the molecular
aggregation and tends to stabilize the morphology.>® Unfortu-
nately, truxene is rather sensitive to photo-oxidation, which can
lead to rapid performance degradation.*® The TPA unit has often
been used as a core to design star-shape NFAs leading to
increased exciton dissociation efficiency in blends. Unfortunately,
the TPA unit’s poor rigidity and the molecule’s strong distortion
can be detrimental to the transport and impact the blends’
thermal and morphological stability.>*

To solve these problems, Xiong et al. have proposed the
synthesis of an NFA molecule based on a fused-TPA core, also
known as aza-triangulene.?' This molecule was coupled with 3
perylene diimide acceptor units through dimethylmethene-
spacers (DMTPA-PDI3). This molecular design induced a better
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n-electron delocalization resulting in a wider spectral absorption
and a higher LUMO level. When used in blend with PTB7-Th,
this star shape NFA shows a low intermolecular aggregation,
giving rise to a uniform bulk-heterojunction and a balanced
charge transport. To the best of our knowledge, DMTPA-PDI3 is
the only example containing an aza-triangulene central unit in
the construction of star shape NFA materials, leading to a PCE of
5% when used with PTB7-Th.

Our interest in aza-triangulene-based molecules not only
comes from their better optical properties and lower propensity
to aggregate when mixed with polymers but also from their
remarkable electrochemical stability. Compared to TPA-based
molecules, the central sp>-nitrogen of aza-triangulene is shielded
by the substituents attached to the carbon bridge linking the
phenyl units.*>** This helps stabilizing molecules either in the
neutral or even in their oxidized states.>*

Surprisingly, only a few examples of small molecules based
on an aza-triangulene core have been reported for use in bulk-
heterojunction solar cells, mainly as donor components.*>~’

To explore further the potential of star shape NFA molecules
based on an aza-triangulene core in organic solar cells, in this
work, we designed and synthesized a novel star shape NFA
embedding an aza-triangulene unit functionalized by 3 electron
accepting units based on 2-(3-oxo-indan-1-ylidene)-malononitrile
groups. These accepting groups are connected to the central unit
through a thiophene-vinylene bridge. We report the crystal
structure of this molecule, being the first one reported so far
for a star shape molecule based on an aza-triangulene unit.
Then, we investigate its optoelectronic and transport properties
in detail, and report its photovoltaic performances in blend with
PTB7-Th (deposited from non-chlorinated solvent) leading to a
maximum PCE of 6.27%. We identify the factors limiting the
efficiency of this molecule in devices thanks to impedance
spectroscopy measurements and, finally, we study its degrada-
tion mechanisms.

Results and discussion
Synthesis

The synthesis of the AzaTk NFA is shown in Fig. 1. First, the
aza-triangulene core was synthesized in 2 steps following
literature procedures (see ESIT).*® Then, with the double goal
of enhancing the solubility in non-halogenated solvents and
increasing the steric hindrance around the nitrogen core, six
phenylhexyl units were introduced on the sp’-spiro bridges.
The core was brominated in 3 positions with NBS and TriAld
was then obtained from this intermediate in an 88% yield via a
Stille cross-coupling reaction followed by an acidic deprotection.
AzaTk was finally obtained in good yield (85%) through a
Knoevenagel condensation. It has to be highlighted that the
new NFA can be obtained with a remarkable overall yield of 28%.

After the purification of the AzaTk molecule, we obtained
crystals suitable for X-ray crystallographic analysis (Fig. 1b) by
vapour diffusion method in a dibromomethane/cyclohexane
mixture. From the X-Ray structure, we confirm the planarization

This journal is © The Royal Society of Chemistry 2023
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Fig. 1

of the triphenylamine core.* We clearly see that the hexylphenyl
units on the sp® carbon are oriented in the axial and the
equatorial positions leading to the formation of a “cage” around
the nitrogen atom of the central electron-rich unit. The vinylene
bridges are all oriented in cis configuration with the cyano
groups pointing outwards of the core. The close interactions
between the oxygen and sulfur atoms planarize the extremities
without preferential orientation for the thiophene linked to the
core. One should also mention that the distance between the
electron accepting units of two different molecules in the crystal
is 3.37 A, which is typical for pi-stacking interactions.

Optical properties

The NFA was found to be soluble in the main chlorinated solvents
used for the processing of OPV devices, such as chloroform and
chlorobenzene (CB), but also in the more industrial friendly
oxylene. The absorption spectra measured in chlorobenzene
and o-xylene are collected in Fig. 2.

In solution, the molecule shows a broad absorption band
across the visible spectrum with a maximum found at 642 nm
(CB) and 630 nm (0-xylene) corresponding to the HOMO-LUMO
transition (see TDDFT absorption simulation in Fig. S1 and S2,
ESIY), the maximum molar absorption coefficient of this band
was found to be 1.28 10° L mol~" em™" in chloroform (Fig. S3,
ESIT). Compared to the CB solution, the absorption peak of
AzaTk in o-xylene is blue-shifted. It may be attributed to the
different polarity index of both solvents.*® This value lies in the
same range as those of other NFA materials, such as ITIC or Y6,
and materials made of the same central core.*>*®*! In addition,
AzaTk also presents an additional absorption band at ca.

This journal is © The Royal Society of Chemistry 2023
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(a) Synthesis of AzaTk non fullerene acceptor. X-Ray structure of the AzaTk molecule (b) top view, (c) side view, (d) crystal-packing.

475 nm corresponding to other optical transitions with higher
energy. Thanks to TDDFT theoretical calculation, we mainly
identified the contribution of the HOMO—1 — LUMO and
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Fig. 2 Absorption spectra of AzaTk in solution and in thin films. Energy
levels and electron density of the HOMO (left) and LUMO (right) of AzaTk
obtained by cyclic voltammetry and DFT calculations.
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HOMO-1 — LUMO+1 transitions for this band which corre-
spond to a more localized internal charge transfer between the
n-conjugated bridge and the acceptor units (see Fig. S2, ESIT).
We highlight that this absorption band is not present in others
NFA materials (vide supra) and maximizes the photon collection
in this part of the visible spectrum. Then, once deposited by
spin coating from o-xylene and chlorobenzene solutions, a
bathochromic shift of respectively 66 and 56 nm is observed
when compared to the spectra in solution. No significant
difference between both films was observed, leading to a
similar bandgap (1.55 eV). Also, we do not observe any shoulder
peak corresponding to aggregation generally observed for other
NFAs. It could come from the hindered 3D structure of AzaTk
inhibiting crystallization or aggregation in thin films.*> In
addition, no significant differences were observed after a
10 minutes annealing process at 100 °C was carried out.

To look deeper into the electronic properties of AzaTk, we
analyzed the molecule’s energy levels through cyclic voltammetry
experiments and DFT calculation (Fig. 2). The measurements
were carried out in dichloromethane with Ag/AgNO; as a refer-
ence electrode and Fc/Fc' couple as an internal reference. The
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) were determined respec-
tively from the onset oxidation and reduction potentials (see
Fig. S4, ESIT). In oxidation, a first reversible oxidation followed
by a quasi-reversible peak was observed. In reduction, an irre-
versible reduction was measured, leading to the decomposition
of the material. AzaTk shows HOMO and LUMO levels located at
—5.3 and —4.2 eV, respectively, versus the vacuum level. In
parallel, DFT theoretical calculations were carried out, giving
calculated HOMO at —5.5 eV and LUMO at —3.5 €eV. In the
ground state, the electron density is mainly localized on the aza-
triangulene core with a slight extension to the lateral thiophenes
due to the low dihedral angle (20°) observed in the crystal
structure. For the LUMO localization, the electron density is
shifted to the accepting unit and distributed only over the two
branches.

This spatial repartition has been observed with other star
shape structures. It is often considered as degenerated energy
levels (LUMO and LUMO+1) due to the splitting of the ICT
transition from the central core to the three branches (see
ESI+).2631

Transport properties

In order to gain first insight into the transport capacity of the
pristine new material itself, we fabricated organic field effect
transistors (OFETs) in BGBC configuration (see ESIT). Both
chlorinated and non-chlorinated solvents were used to process
thin films of AzaTk molecule under an inert atmosphere through
spin-coating. The results are compared with the ITIC-Th mole-
cule, which is known to be an excellent acceptor material with
PTB7-Th in binary blends.*" The results are reported in Table S1
(ESIt). By applying the same treatments to OTFTs as we did
previously for ITIC-Th (see SI for details), namely modified gold
electrodes and passivated dielectric layer, a perfectly unipolar
electron transport is observed proving that the new AzaTk
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molecule is an n-type material. This is highlighted by an
accumulation mode in positive bias together with a depletion
in negative bias (Fig. S5, ESIT). Although the injection is slightly
disturbed by the presence of the coating passivating the electrodes,
as it can be seen from the slower current rising at low voltages,
OTFTs deliver a high drain current in the saturation regime with a
well-defined accumulation. Similar electron mobility values were
observed for films cast at room temperature from o-xylene and CB
solutions of 1.1 x 10~ * and 1.2 x 10~* em® V' 57" respectively.
Post-annealing of the layers up to 200 °C leads only to small
variations of the electron mobilities as shown in Table S1 (ESIT)
demonstrating the low impact of the thermal annealing process
on mobility values. Thermogravimetric analysis of AzaTk under
nitrogen has shown that no degradation is observed before 330 °C
(Fig. S6, ESIt). This suggests that AzaTk molecular organization
little depends on the processing conditions, and encourages the
use of a simple as-cast process which is more compliant with
industrial requirements. Compared to ITIC-Th, the mobility value
is one order of magnitude lower, but at the same time still in
the same range as the hole mobility measured for PTB7-Th at 1.5 x
10" em® V' s~ (Fig. S7, ESIT), which should be beneficial for the
performances of OSCs.****

In a second approach to evaluate the vertical transport
capacity of both materials involved in bulk heterojunctions,
we used a Space-Charge-Limited Current (SCLC) protocol to
extract the mobility from I~V curves of hole-only and electron-
only devices (see experimental part). Bulk heterojunctions were
realized with the same procedure used in photovoltaic devices
(vide infra) by mixing the AzaTk molecule with the PTB7-Th
donor polymer with a 1:1 weight ratio in CB and o-xylene. I-V
curves were fitted in the SCLC region considering a field-
dependence of the mobility. Hole (u;,) and electron (u.) mobility
values obtained for PTB7-Th:AzaTk BH]J layers as a function of
solvent are summarized in Table S2 (ESI). Fig. S8 (ESIT) shows
representative dark current and fitting curves. Based on hole-
only devices, the hole mobility is slightly higher for CB with
average values of 8 x 107" vs. 3.1 x 107" em®> V' s for
o-xylene, suggesting a morphological influence of the PTB7-Th
chains arrangement in BHJs. For both solvents, the electron
mobility in PTB7-Th:AzaTk blended films is lower with average
values of 6.5 x 10> and 1.9 x 10~ ® em® V-' s~ for CB and
o-xylene, respectively. However, this result indicates that
despite the presence of polymer chains surrounding the AzaTk
domains, the electron transport pathways persist throughout
the entire volume of the layer. Additionally, the electron mobi-
lity of blends processed from o-xylene is clearly lower leading to
a more unbalanced hole and electron mobility that increases
the build-up of space charges and, hence, may, increase charge
recombination. (vide infra)

Photovoltaics properties

Among the wide choice of p-type donor polymers, we chose
PTB7-Th as the donor due to its more suitable energy levels
(HOMO: —5.2 eV and LUMO: —3.7 eV) to the levels of AzaTk i.e.,
HOMO: —5.3 €V LUMO: —4.2 eV. The absorption spectra of
PTB7-Th:AzaTk blended films are shown in Fig. 3. Due to the

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2tc05424h

Open Access Article. Published on 06 Februar 2023. Downloaded on 16.10.2025 08:24:48.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

1.0
O-xylene
08 - _CB
o 06
g
©
Qo
[
2 04r
<
02}
00 1 1 1 1 1 1
300 400 500 600 700 800 900 1000
Wavelength (nm)
-20 1 l 1
0.00 0.25 0.50 0.75 1.00
V (Voltage)

Fig. 3 Absorption spectra and /-V curves of PTB7-Th:AzaTk blend film
deposited from o-xylene and chlorobenzene solutions.

overlapping absorption of the two compounds, the blend
absorption is centered between 550 and 850 nm. Films cast
from o-xylene and chlorobenzene (97% CB/3% CN) were imple-
mented as an active layer in inverted device structure (glass/
ITO/ZnO/PTB7-Th:AzaTk/Mo0O;/Ag) to evaluate the photovoltaic
properties of AzaTk-based acceptor. A reference system PTB7-
Th:ITIC-Th was selected and we applied identical process
parameters for both blends, with a D: A ratio of 1:1 in a total
concentration of 20 mg mL ™" in 97% CB/3% CN. The current
density-voltage (J-V) curves are shown in Fig. 3 and the photo-
voltaic parameters are summarized in Table 1. Slightly better
performances were obtained with chlorobenzene due to a better
FF. The highest efficiency was obtained for the inverted configu-
ration using chlorobenzene solution with a PCE of 6.46% and a
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Fig. 4 AFM images (a) and (b) 2D-GIXRD profiles in out of plane and in
plane of line cuts of PTB7-Th:AzaTk blend films from o-xylene and
chlorobenzene solutions.

Jse Of 14.09 mA cm® Remarkably, V,. remains identical, inde-
pendent of the solvent used, with a value of 0.78 V. For the blend
processed from o-xylene solution, the PCE drops to 6.27%
despite a higher Jsc. These PCE values are quite comparable
and clearly lower compared to the PCE of 8.7% of the reference
cells based on PTB7-Th:ITIC-Th. The loss in performance com-
pared to the ITIC-Th based devices can be correlated to the
narrower spectral absorption range in the PTB7-Th:AzaTk mix-
ture compared to PTB7-Th:ITIC-Th. The lower absorption leads
to a lower Js. The poorer FFs can be explained by the lower
electron mobility of AzaTk acceptor inside the blend leading to
unbalanced charge extraction.

The EQE spectra of both devices show an identical profile of
photoconversion efficiency in the whole range from 300 to
900 nm matching well the absorption of PTB7-Th:AzaTk blend
films (see Fig. S9, ESIT). This indicates that in both cases PTB7-
Th and AzaTk contribute identically to the photocurrent
generation.

Morphological studies

As the morphology of the active layers at the nanoscale has a
strong influence over the exciton dissociation and the charge
transport, we conducted first atomic force microscopy (AFM)
study on PTB7-Th:AzaTk blend in o-xylene and chlorobenzene
together with ITIC-Th:PTB7-Th as the reference (Fig. 4 and
Fig. S10, ESIt). Both films exhibited smooth and uniform

Table1 Photovoltaic parameters of PTB7-Th:AzaTk blend in o-xylene and chlorobenzene and PTB7-Th:ITIC-Th blend as a reference. Statistical values
are calculated from the mean of 3-5 cells. The active area is 0.16 cm?. Hole and electron mobilies measured for thin film deposited as cast in SCLC

configuration. (see ESI for more informations)

(Y] J. (mA cm™) FF (%) PCE (%) Hyeseney (€m* V7187 oecmonserey (€M° V71871
PTB7-Th:AzaTk 0.78 + 0.002 14.43 £+ 0.22 55.43 + 0.31 6.27 + 0.07 3.10 x 10°* 1.89 x 10°°
o0-Xylene
PTB7-Th:AzaTk 0.78 £+ 0.002 14.09 + 0.09 58.33 £ 1.00 6.46 £+ 0.06 8.01 x 104 6.54 x 10°
Chlorobenzene
PTB7-Th:ITIC-Th 0.79 £+ 0.002 16.65 £+ 0.11 59.92 + 1.4 8.70 £ 0.26 — —
Chlorobenzene

This journal is © The Royal Society of Chemistry 2023
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surface morphology, similar to those of PTB7-Th:ITIC-Th blends,
with root-mean-square (RMS) roughness around 1-2 nm. This
result confirms the good miscibility of the new acceptor with
donor polymer when deposited either from a chlorinated (chloro-
benzene) or a non-chlorinated (o-xylene) solvent. Additionally, this
highlights the efficacy of star shape NFA to restrain intermolecu-
lar aggregation and favors uniform domains. To further explore
the organization of AzaTk inside the blend, we compared the out-
of-plane and in-plane GIXRD profiles of PTB7-Th:AzaTk films at
ratio 1:1 proceed from o-xylene and CB solutions in Fig. 4(b). The
corresponding 2D-GIXRD patterns are provided in Fig. S11 (ESIT).
Both diffraction scans show the in-plane (100) reflection and the
broad out-of-plane (010) reflection of PTB7-Th, which indicates
the typical face-on orientation of PTB7-Th crystals (the scattering
of the corresponding neat PTB7-Th film is shown in Fig. S12,
ESIt).*> However, there are no additional peaks in the blend
diffraction patterns that can be attributed to AzaTk molecules
pointing towards a lack of order of the new acceptor in the blend,
while the preferential arrangement of PTB7-Th polymer chains in
a thin layer is not modified. However, the position of the peak
(100) corresponding to the lamellar packing of PTB7-Th changes
slightly from 0.256 A~* (d = 24.53 nm) for the neat polymer film to
0.28 A™* (d = 22.42 nm) and 0.278 A™* (d = 22.58 nm) for PTB7-
Th:AzaTk films proceed from o-xylene and CB, respectively.
Smaller lamellar packing distances in blends highlight an
improved molecular packing of PTB7-Th due to the presence of
acceptor molecules. This favorable arrangement of PTB7-Th
chains could explain the higher hole mobility observed in blends.
The crystal coherence length (CCL) was estimated from the full
width half maxima (FWHM) of peaks by using the Scherrer
equation (eqn (1) in ESIt).*® CCL is calculated to be between
0.82 and 0.85 nm for the neat PTB7-Th film and PTB7-Th:AzaTk
blend proceed from o-xylene, and it increases to 1.3 nm for PTB7-
Th:AzaTk blend proceed from CB. The n-n stacking peak (010) of
PTB7-Th is shown at g = 1.55 A~* (d = 0.405 nm) in Fig. S12 (ESIY)
and goes to g = 1.605 A~ (d = 0.391 nm) and ¢ = 1.701 A" (d =
0.369 nm) for PTB7-Th:AzaTk films proceed from o-xylene and CB,
respectively (Fig. 4b). This confirms that the molecular packing of
PTB7-Th is much denser in blended films processed with CB. The
vertical n-m stacking is well-known to promote charge transport
between anode and cathode of solar cells and corroborates the
higher hole mobility values observed by SCLC for blends using
CB. A slight increase in device performances, particularly the FF,
is subsequently observed.

Impedance spectroscopy

To cast light on the recombination and transport properties of
OPV devices, electrical impedance spectroscopy has widely been
used.”’”" These measurements were performed on devices
using films formed as cast from chloroform and o-xylene solu-
tions using a Thorlabs white LED in a wide range of DC light
intensities under ambient conditions. Typical Nyquist spectra
obtained for the chlorobenzene and o-xylene devices in these
experiments are shown in Fig. 5.

The resulting Nyquist spectra were fitted using the equiva-
lent circuit included as inset in Fig. 5(a).*”****"% In this circuit,
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Fig. 5 (a) Nyquist spectra from impedance measurements of aza-

triangulene-based organic solar cells using o-xylene and chlorobenzene
as solvents under white illumination. Equivalent circuit used to fit the
resulting spectra included as inset. Recombination lifetime (b) and electron
diffusion transit time (c) extracted from the impedance spectra of aza-
triangulene-based organic solar cells using o-xylene and chlorobenzene
as solvents under white illumination, applying the equivalent circuit
depicted in the inset of (a).

Rs accounts for the series resistance of the system, Ry, and
R, are the transport and recombination resistances, respec-
tively, C is the device dielectric capacitor and CPE is a constant
phase element acting as chemical capacitor produced by photo-
generated charge accumulation.”® The values of the other
elements included in the equivalent circuit as a function of
the applied voltage can be observed in Fig. S13 (ESIt).

The resulting resistances and capacitances can be used to
determine the recombination lifetime or average charge carrier

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Absorbance spectra of the evolution of the AzaTk molecule under constant illumination using simulated AML5 light in (a) absence of oxygen
(vacuum) and (b) presence of oxygen (air). (c) degradation kinetics of both mechanism of AzaTk compared to reference ITIC molecule.

lifetime

(T rec)

expression®®>”

can be calculated using the following

Trec = Rrec'Cehemical (1)

Similarly, the electron diffusion transit time (z4) can be
calculated using the equation below****

Ttrans = Rtrans' Cd (2)

By applying eqn (1) and (2) to the corresponding resistances and
capacitances, the recombination lifetime and the electron diffusion
transit time were extracted and presented in Fig. 5(b and c).

Attending to Fig. 5(b), both devices show similar recombina-
tion lifetimes, which is in agreement with the equal values of
the Vo for both kinds of devices. On the other hand, in panel (c)
it can be observed how the electronic transport is significantly
faster, which can explain the higher Jsc produced by the o-xylene
based device limiting its charge collection efficiency.”>>” This
suggests that the charge collection efficiency of these devices is
limited by the transport properties rather than by recombination
kinetics.>®

Photostability and photo-oxidation studies

In the last few years, efforts have been made to push further the
performances of organic solar cells, but more importantly, it is
crucial to tackle the challenge of their long-term instability.
To further characterize AzaTk and understand the molecule’s
behavior under specific environmental conditions related to
their application in OPV, analysis of the photo-degradation pro-
cess in the absence (photolysis) and presence (photo-oxidation) of
oxygen were performed. Pristine films of AzaTk deposited on glass
and KBr substrates were subsequently exposed to simulated
AM1.5 light at 1000 W m ™2 and a 400 nm UV light filter was used
to avoid the effect of high energy photons. The time evolution of
the film degradation was monitored by absorbance in Fig. 6 and
IR spectra in Fig. S15 (ESI{) in both, air and vacuum conditions.
For comparison purpose we use ITIC as a reference material, since
its degradation has already been the subject of several articles.>**°
We followed its degradation in the absence and presence of
oxygen (see Fig. S16, ESIT). In the absence of oxygen, ITIC shows
almost complete degradation after only 300 h under continuous

This journal is © The Royal Society of Chemistry 2023

illumination, whereas AzaTk molecule retains 80% of its initial
absorbance in the same time period as seen from the curves in
Fig. 6(c). AzaTk molecule is clearly more stable under inert atmo-
sphere compared to ITIC. ITIC and AzaTk have in common the same
acceptor moieties in which a photo-isomerization rearrangement
can occur. In order to confirm that the photo-degradation process
identified by Perepichka et al. can occur with AzaTk, we left AzaTk
chloroform solution under ambient light and managed to isolate the
by-products formed in solution after chromatography column.
Absorption spectra and 'H NMR were carried out on the most
abundant species and the spectra are shown in Fig. S18 (ESIY).

We found that by-products similar to those reported for ITIC
are formed.®® AzaTk contains fluorinated end-groups as pre-
viously observed on other NFA molecules BITIC-CgF, and
BITIC-PhC¢F,, and the presence of fluorine substituents seems
to have a positive effect on the intrinsic stability of the NFAs.®

In the case of the photo-oxidation (Fig. 6(b)), degradation is
much faster and the AzaTk film withstands only 56 h of
illumination before degrading completely. Compared with ITIC,
AzaTk retains, however, more than 75% of the initial absorbance
after 10 h, while ITIC films lose 50% of its initial absorption
indicating a superior stability against photo-oxidation. Com-
pared to AzaTk, the absorption maxima of the degraded product
is blue-shifted by 140 nm (0.11 eV) which is accounted by the
breaking of the conjugated backbone between the aza-
triangulene core and the dicyanomethylene accepting group.
Also, the "H NMR spectrum of the degradation product features
an sp’ singlet around 4.5 ppm which is in the same range as the
ITIC-4F degradation product observed by Perepichka group.

To finish, we measured the cells 3 month (90 days) after
their fabrication. We stored them at ambient light under inert
atmosphere and observed a slight loss of efficiency of 1-3% for
o-xylene processed devices but almost 20% loss with the
chlorobenzene-processed active layer. This observation high-
lights another benefit of using o-xylene instead of chloroben-
zene for the deposition of the active layers.

Conclusions

We designed and synthetised a star-shape non fullerene accep-
tor based on an aza-triangulene core. This molecule showed
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good solubility in chlorinated and especially non-chlorinated
solvents. AzaTk shows a broad absorption in the visible range
with an additional band around 500 nm corresponding to the
HOMO-1 — LUMO transition. We characterized the AzaTk
crystal structure and showed that the stiffening of the core
leads to an increase in the steric hindrance around the central
nitrogen atom. We also highlighted the good n-m stacking
interaction stacking distance on the fluorine acceptor parts of
the molecule. Energy levels lie at —5.3 eV for the HOMO
and —4.2 eV for the LUMO which is suitable for blending with
PTB7-Th donor polymer. Interestingly, electron mobility of
pristine AzaTk deposited in o-xylene and chlorobenzene are
quite similar (respectively 1.13-2.15 x 10" and 1.23-2.70 x
10" em”® V™' s7') and are not significantly affected by thermal
annealing indicating the minor influence of AzaTk organisa-
tion. This properties of the star-shape structure favours the
simple as-cast process essential for industrial scale-up. Photo-
voltaic properties were evaluated by blending them with PTB7-
Th donor polymer. Small differences are observed between
both solvents leading to an efficiency of 6.46% in chloroben-
zene and 6.27% in o-xylene. Both devices show a very similar
morphological structure which demonstrates the benefit of
using non-halogenated solvent. Moreover, similar recombina-
tion properties were found for both types of devices, which
confirms the identical V¢ values reported for the JV curve. On
the other hand, the faster electronic transport observed in
impedance spectroscopy in the o-xylene based devices could
explain the slightly higher Jsc.

Interestingly, AzaTk shows better photochemical stability
than the reference ITIC making star-shape molecules potential
candidates for the fabrication of solar cells as cast and without
halogenated solvents. Degradation mechanism was confirmed
and this result tends to indicate that the protection of the
B-position of the lateral thiophene is essential to improve the
photostability of next generation NFAs. Further investigations will
take account of this behaviour for the design of NFA molecules.

We demonstrated with this work that star-shape molecules
based on aza-triangulene core can be used as NFA deposited
from more industrial friendly solvents, without post-treatment
with the same level of performance as classical procedure.
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