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A novel solution-processable non-fullerene electron acceptor
6,6'-(5,5'-(9,9-dioctyl-9 H-fluorene-2,7-diyl)bis(thiophene-5,2-
diyl))bis(2,5-bis(2-ethylhexyl)-3-(thiophen-2-yl)pyrrolo[3,4-
clpyrrole-1,4(2H,5H)-dione) (DPP1) based on fluorene and
diketopyrrolopyrrole conjugated moieties was designed,
synthesized and fully characterized. DPP1 exhibited excellent
solubility and high thermal stability which are essential for
easy processing. Upon using DPP1 as an acceptor with the
classical electron donor poly(3-hexylthiophene), solution
processable bulk-heterojunction solar cells afforded 1.2%
power conversion efficiency with a high open-circuit voltage
(1.1 V). As per our knowledge, this value of open circuit
voltage is one of the highest values reported so far for a bulk-
heterojunction device using DPP1 as a non-fullerene acceptor.

In academic and industry sector, organic bulk-heterojunction
(BHJ) solar cell research has gained momentum in view of their
potential for the fabrication of low-cost, light weight and flexible
photovoltaic devices.! Power conversion efficiencies (PCEs) over
9% for polymer- and small molecule-based BHJ devices have
been achieved.” Donor functionalities such as conventional
semiconducting polymers [poly(3-hexylthiophene) (P3HT)] and
other donor-acceptor semiconducting polymers and small organic
molecules have been examined in conjunction with soluble
fullerene derivatives such as [6,6]-phenyl-Cg¢;-butyric acid methyl
ester (PC4;BM) as an electron acceptor material for achieving
higher performance.’ Much attention has been given to the design
and development of donor materials whereas there is not much
work that has been done so far on the electron accepting
materials.* With regard to electron acceptor materials, fullerenes
and their derivatives, such as PCq;BM and PC,;,BM, are the most
common acceptors of choice mainly due to their superior electron
affinity and good electron mobility.’ However, fullerenes suffer
from a number of disadvantages, such as high cost, weak
absorption in the visible spectrum, restricted electronic tuning via
synthesis and cumbersome purification. Also, a large electron
affinity of fullerene derivatives can yield a low open-circuit
voltage (V,.) of the photovoltaic devices.® The above addressed
issues with fullerenes provides a strong incentive to explore
novel, easily processable and cheap non-fullerene electron
acceptors. In order to design the new acceptor structures, we have

0 building blocks,

to take an account of some of the important features such as
strong and broad absorption, adequate solubility, high charge

so carrier mobility and appropriate energy levels.

Recently, non-fullerene electron acceptors have been developed ’
and PCEs exceeding 2% and 4% have been achieved using
archetypal P3HT and non-P3HT donors, respectively.® Even
though this progress is encouraging, considerable scope still

ss exists to develop new non-fullerene acceptors which possess a

strong optical absorption and good photochemical stability.
Recently, the fluorene (FL) has been used as one of the promising
building blocks for synthesizing potential electron-deficient non-
fullerene electron acceptors.® Amongst various electron deficient
a fused aromatic electron withdrawing
diketopyrrolopyrrole (DPP) functionality has been proved to be
one of the most promising moiety for synthesizing donor-
acceptor based small molecular electron acceptors for BHJ
devices.” It was envisaged that the combination of FL as donor

¢s and DPP unit as an acceptor could provide highly conjugated

donor-acceptor chromophores with good planarity, high thermal
stability, better electron affinity and enhanced solubility via
attachment of preferred alkyl substituents. Our group has already
developed promising p-type photoactive materials for solution-

7 processable organic photovoltaic devices.’

Herein, we report the synthesis of a novel non-fullerene
electron acceptor 6,6'-(5,5'-(9,9-dioctyl-9H-fluorene-2,7-
diyl)bis(thiophene-5,2-diyl))bis(2,5-bis(2-ethylhexyl)-3-
(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione) based on

75 FL as a central core with DPP substituents (DPP1; as shown in

Fig. 1) end capped at the both ends.

DPP1

Fig. 1 Molecular structure of the investigated non-fullerene electron
acceptor chromophore DPP1.
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DPP1 has been used as an electron acceptor along with classical
electron donor P3HT for solution-processable BHJ devices.
Compound DPP1 was synthesized in a straightforward manner
with high vyield via Suzuki coupling reaction between
s commercially available (9,9-dioctyl-9H-fluorene-2,7-
diyl)diboronic acid (1) and 3-(5-bromothiophen-2-yl)-2,5-bis(2-
ethylhexyl)-6-(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5 H)-
dione (2). The reaction was conducted in dioxane:2M potassium
carbonate (K,COs) solvent mixture at 90 °C for 48 hours using
10 tetrakis(triphenylphosphine)palladium(0)  [Pd(PPhs),] as a
catalyst (Scheme 1). DPP1 was worked up using conventional
method and purified by simple column chromatography. The
purity of the compound was confirmed by mass spectrometry
(MS), 'H and *C NMR spectroscopy techniques (for synthetic
15 details, see ESI). DPP1 was found to be highly soluble in a
variety of organic solvents such as chloroform, dichlorobenzene
and toluene (for instance, 30 mg/mL in o-dichlorobenzene). High
solubility is absolutely required for the fabrication of solution-
processable roll to roll BHJ devices and DPP1 fulfils this
20 criterion.

Pd(PPhg)s KoCOj,

2
dioxane/water (3:1) 74%
90 °C
N

Scheme 1 Reaction strategy for the synthesis of DPP1

The normalized optical absorption spectra of DPP1 in chloroform
solution (8.7x107 M) and as a thin solid film are shown in Fig. 2.
25 In solution, DPP1 exhibits strong absorption with a maximum
extinction coefficient of 13.4x10* M™' cm™ at 599 nm. As a thin
film, DPP1 shows a broad absorption peak throughout the visible
region (400-700 nm) which is red-shifted by around 20 nm
compared to its solution spectrum. Such a red shift is attributed
0 with the solid state ordering of the molecule. The optical band
gap was calculated from the tangent of the edge of longest
wavelength (absorption cut-off) in thin solid film. This value was
found to be 1.80 eV. We also measured the optical data for the
P3HT:DPP1 blend (in a ratio of 1:1 w/w and spin coated on a
35 glass) as a thin film at room temperature and post-annealed at 150
°C (see Fig. 2).Thin films of blends of P3HT and DPP1 show
quenching of the photoluminescence (see Fig. S1 in ESI).
Theoretical density functional theory (DFT) calculations using

the Gaussian 09 suite of programs'® and B3LYP/6-

40 311+G(d,p)//B3LYP/6-31G(d) level of theory indicated that

orbital densities are evenly distributed over the whole molecular
backbone of DPP1 (see Fig. S2 in ESI). This finding is in
consistent with the earlier reported best performing non-fullerene
acceptor where FL moiety was also used as one of the building

45 block.®
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Fig. 2 UV-vis absorption spectra of pristine film (DPP1 P; solid black
curve), in chloroform solution (DPP1 S; dotted black curve), 1: 1 P3HT:
DPP1 blend film (DPP1 B; red curve)and post-annealed (150 °C for 5

so min) blend film (DPP1 BA; blue curve).

The highest occupied molecular orbital (HOMO) energy of DPP1
was measured using photo electron spectroscopy in air (PESA)
technique using the spin coated thin film of DPP1 (Fig. S3 in
ESI). The lowest unoccupied molecular orbital (LUMO) energy

ss was calculated by taking the difference between optical bandgap

and the HOMO value. The measured HOMO and LUMO
energies were found to be -5.30 eV and -3.50 eV respectively.
The difference between the LUMO of DPP1 (-3.50 ¢V) and the
HOMO of P3HT (-4.70 eV from PESA) is as large as 1.20 eV

e (theoretical open circuit voltage V), which is promising for

achieving a high V. in solar cells (Fig. 3 for energy level
diagram).
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Fig. 3 Energy level diagram showing alignments of different components

6s of BHJ device architecture

It was further realized that despite the presence of interesting and

2|Journal Name, [year], [vol], oo—oo
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lucrative optoelectronic properties, organic semiconducting
materials must possess thermal stability so that they can endure
rigid device fabricating conditions, such as device annealing at a
higher temperature. In-line with this requirement, we conducted
s themrogravimetric analysis (TGA) analysis. TGA analysis
established that DPP1 exhibits excellent thermal stability and is
stable up to 350 °C (Fig. S4 in ESI), a finding that supports high
temperature annealing of P3HT: DPP1 devices. In addition to
TGA, we also conducted differential scanning calorimetry (DSC)
10 analysis of DPP1 to examine thermal transitions. DSC
thermogram of DPP1 indicates melting transition at around 259
°C (Fig. S5 in ESI). Initially, the newly synthesized DPP1 was
used as a non-fullerene acceptor (n-type) with classical donor
polymer P3HT (p-type) for solution-processed BHJ OPV devices
15 to test its performance. BHJ architectures typically deliver higher
power conversion efficiencies (PCEs) by maximising the surface
area of the interface between the p- and n-type materials in the
active layer. The BHJ device structure used in this study was
ITO/PEDOT:PSS (35 nm)/active layer/Ca (15 nm)/Ag (100 nm)
20 where the active layer was a solution-processed blend of P3HT
and DPP1. An initial screen of the efficacy of the target
compound, DPP1, as a non-fullerene acceptor exhibits promising
performance. The J-V characteristics are shown in Fig. 4 and the
device performance is summarized in Table 1. Table 1
25 summarizes the photovoltaic cell parameters [short circuit voltage
(Voe), current density (Jy.), fill factor (FF), and PCE] for P3HT:
DPP1 blends.

Table 1 Photovoltaic properties of small area single cell modules based
30 on blend layers of P3HT:DPP1 with different processing conditions.

Sample (spin PCE Ve 2 FF
A

rate) o) | vy | TemAmD) oy

3000 rpm 0.32 0.53 1.85 32
3000 rpm 150

°C Smins 0.09 0.22 1.52 28

2000 rpm 0.81 1.03 2.04 39
2000 rpm 150

°C 5mins® 1.20 1.10 2.42 45

* active layer annealing before depositing cathode.
Thermal annealing of devices at 150 °C showed an improvement
in PCEs of about 50% when compared with as-casted devices.
Overall, BHJ devices show significantly improved performance;
35 Voer Jie» FF and PCE reached 1.10 V, 2.42 mA/em’, 0.45 and
1.20%, respectively, when annealed at 150 °C for 2000 rpm spin
coated blend film. These BHJ devices yielded very high V. as we
expected, and it is notable that the V. of 1.1 V is among the
highest values reported so far for a single BHJ device,*'" and can
40 be attributed to a very large energy-gap (1.20 eV) between the
LUMO of DPP1 and the HOMO of P3HT. The thickness of
active layer affects the J,., FF and V.. The FF and V. decrease
rapidly when we increased the thickness of active layer by
increasing concentration of donor-acceptor blend and decreasing
ss a spin speed. This is due to the deposition of a very thick layer
that can hamper the charge carrier mobility and the charge
collection at the respective electrodes can slower down. In

addition, the film morphology and uniformity of the film was not
good enough to fabricate OPV device using lower spin speed.

so Lower spin speeds can generate thicker films and such kind of
morphology is not favourable for higher performance. After
optimizing device fabrication at 2000 rpm, 3000 rpm and 4000
rpm spin speeds; we got the best devices for blend films spun at
2000 rpm and 3000 rpm.

15 m— — v v v
—m— 2000 rpm;150 °C 5 min 1

2000 rpm
10 | —A— 3000rpm

3000 rpm;150 °C, 5 min

[6)]
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Current density
(mA/cm?2)

'
[6)]

'} " '} . 'l

0.5 1.0 1.5

-0 b . 1
-15 -1.0

" '} .
-0.5 0.0
Voltage (V)
Fig. 4 Current-voltage (J-V) curves for devices based on DPP1 in blends
with P3HT (1:1 wt.) under simulated sunlight (AM 1.5, 1000 W/m?).
Device Structure is: ITO/PEDOT:PSS (35 nm)/active layer/Ca (15
60 nm)/Ag (100 nm).

Incident photon-to-current-conversion efficiency (IPCE) spectra
of the devices (see Fig. 5) are consistent with the P3HT: DPP1
blend film absorption and show broad IPCE from 300 to 700 nm
¢s with an IPCE maximum of ~17% at 580 and 620 nm. The lower
Js. of P3HT:DPP1 blend system is also attributed with an overlay
of DPP1 and P3HT spectra. Higher J,. is desirable if there is
offset in absorption for p- and n-type materials. We believe that
with other low band gap conjugated donor materials over a broad
70 range of wavelengths, the higher PCE can be achieved.
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Fig. 5 IPCE spectra measured for P3HT:DPP1 based OPV devices at

various processing conditions.

We also investigated the surface microstructure of P3HT:DPP1
7s blend thin film using atomic force microscopy (AFM) in its

tapping mode (see Fig. 6).This study indicated the presence of

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], oo—oo0 |3



o

)
S

4

=

45

Physical Chemistry Chemical Physics

microcrystalline domains in the blend after annealing at 150 °C
for 5 min. The crystalline grains grew larger at 150 °C and
appeared clearly in AFM image. This ordering is affiliated with
the self-organization of P3HT polymeric chains which is
beneficial for effective charge transport. The root mean square
(RMS) roughness values were measured and were found to be 8.2
nm and 2.1 nm, respectively, before and after annealing the blend
film.

pm

Fig. 6 AFM images for a thin film of P3HT:DPP1 blend (left) and as-
casted DPP1 (right) annealed at 150 °C for 5 min (1: | blend in 1 mL o-
DCB, 2000 rpm/s for 1 min).

For annealed film, the active layer becomes smoother which is
primarily due to the removal of solvent and rearrangement of film
during annealing process. These changes in morphology due to
annealing of blend film reflect the improved device performance.
Additionally, the tuning of morphological pattern at 150 °C is
also consistent with the glass transition temperature of P3HT
which is around 140 °C.'? In an attempt to measure the charge
carrier mobility of DPP1, a thin film of pristine DPP1 was spin
coated on self-assembled monolayer (SAM) treated Si/SiO,
substrates and the mobility was measured using top contact
bottom gate transistor geometry (see experimental for details in
the ESI). No electron mobility was observed for the pristine
DPP1, however, the hole mobility was measured to be 10*
em?’/Vs (see the transfer and output characteristics of OFETSs in
Fig. S6 in the ESI). The lack of electron mobility in pristine film
might be related with the higher LUMO value of DPP1 with
respect to vacuum, electron traps at the dielectric-DPP1 interface
and lower electron affinity. We also probed the electron mobility
of DPP1 by time of flight photoconductivity (TOF-PC) method.
The electron mobility was directly obtained from the integrated
measurement on a simple diode structure of ITO/DPP1
(400nm)/Al. The film was excited using a pulsed laser of
wavelength 620 nm (pulse width <5 ns, 1Hz repetition rate). A
negative voltage bias was applied across the device in order to
measure the electron mobility. The TOF transients due to
electrons are measured using an oscilloscope by varying the bias
voltage. The detail of the TOF experimental set-up was
claborated elsewhere. ' ' The TOF measurements were carried
out using integrated mode as the film thickness used in this
measurement was 400 nm. The variation of total charge
accumulated at the collecting electrode with respect to time is
measured in integrated TOF-PC method. The time taken to
collect the maximum charge (t,) is estimated from the transient
and the charge mobility (1) was measured using the relation of p
=d*t,,V, where d is the film thickness and V is the applied
voltage. The advantage of TOF-PC method is that the charge
mobility is independent of contacts and it allows the

so measurement of charge mobility in dispersive samples as well as
in thin film samples. The details of integrated TOF-PC technique
is elaborated in earlier work .'> The TOF-PC transients measured
are shown in the inset of Fig 7. The t, was obtained from the
transients and the calculated electron mobility for different
ss electric field is shown in Fig. 7. The obtained electron mobility is
in the range of 8 x 10 cm*Vs at an applied electric field of
IMV/cm.
Although the material reported in this study achieved very high
V. with promising power conversion efficiency in OPV devices,
o the discovery of such materials exhibiting promising
optoelectronic properties opens up the way to develop such
motifs (based on the central FL functionality) and paves the way
for such materials to be used for other organic electronic
applications such as organic light-emitting diodes and organic
os field-effective transistors
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Fig. 7 Variation of electron mobility with applied electric field; Inset:
current integrated TOF-PC transients for electrons measured for different
70 applied voltages.

Conclusions

s In summary, we have designed, synthesized and successfully
developed a novel non-fullerene electron acceptor 6,6'-(5,5'-(9,9-
dioctyl-9H-fluorene-2,7-diyl)bis(thiophene-5,2-diyl))bis(2,5-
bis(2-ethylhexyl)-3-(thiophen-2-yl)pyrrolo[3,4-c]pyrrole
1,4(2H,5H)-dione) (DPP1) with fluorene (FL) as a central core

so and diketopyrrolopyrrole (DPP) units as the terminal substituents.
DPP1 was synthesized in one-pot via Suzuki coupling, has
excellent solubility and thermal stability, strong and broad
absorption and matching energy levels with P3HT. The BHJ
devices based on a P3HT: DPP1 blend (1:1) after annealing at

ss 150 °C for 5 min yielded a notable PCE of 1.20 % and a very
high V,. of 1.10 V. The electron mobility of DPP1 was also
measured 8 x 10 ¢cm?/Vs using time of flight photoconductivity
(TOF-PC) method. Our results strongly support the excellent
prospects of simple non-fullerene electron acceptors such as

s DPP1, and their future derived analogues, for applications in

solution-processable OPV devices.
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