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Ring fusion in tetrathienylethene cored perylene
diimide tetramers affords acceptors with strong
and broad absorption in the near-UV to visible
regionf
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In this work, we designed and synthesized two novel perylene diimide (PDI) tetramers based on a
tetrathienylethene core, named TTE-PDI4 and FTTE-PDI4, and investigated their application as non-
fullerene acceptors for organic photovoltaics. The free rotation of PDIs and adjacent thiophene units
renders TTE-PDI4 with a highly twisted molecular geometry. The ring fusion of TTE-PDI4 yields
FTTE-PDI4, a more rigid molecule with increased intramolecular stacking. Interestingly, TTE-PDI4 and
FTTE-PDI4 possess similar energy levels but very different UV-Vis absorptions, with the latter showing
strong broad-band absorption with multiple sharp peaks in the 300-600 nm region. Through time-
dependent density functional theory (TD-DFT) calculations, we show that this broad absorption
spectrum in FTTE-PDI4 arises from the combination of multiple bright transitions in the visible region
with a strong vibronic progression, tentatively assigned to the dominant C—=C stretching mode. TTE-PDI4,
despite having a lower energy absorption onset, shows weaker absorption at long wavelengths. Due to its
higher absorption as well as its increased rigidity, FTTE-PDI4 shows a higher photocurrent and hence a
higher power conversion efficiency (PCE), of 6.6%, when blended with the polymer donor PFBDB-T than
TTE-PDI4 based blends (PCE of 3.8%). The greater rigidity of FTTE-PDI4 is likely to contribute to the good fill

rsc.li/materials-c

Introduction

Among various photovoltaic energy-conversion technologies,
organic photovoltaics (OPVs) have become one of the fastest-
growing areas over the past few years, attributed to the success-
ful design and development of non-fullerene acceptors
(NFAs)."® Such materials have helped to overcome some of
the limitations of fullerene based acceptors (PCs;BM and
PC,;BM) including weak absorption in the visible region,
elevated synthetic difficulty in tuning the electronic/optical
properties, and poor morphology stability.””® These issues have
severely retarded the further development of fullerene based
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factor of the blend devices. Potential for further improvement through reducing voltage losses is identified.

OPVs, and thus have accelerated the development of NFAs as an
alternative strategy. Compared to their fullerene counterparts,
there are more available building blocks to prepare NFAs and
this synthetic flexibility affords more readily tunable optoelec-
tronic properties.

With regards to the various types of electron-withdrawing
units to construct NFAs, perylene diimide (PDI) has been
among the earliest studied and most promising.'®™ Pioneer-
ing studies on the PDI monomer and its derivatives found
that the tendency of the coplanar PDI monomers to strongly
aggregate resulted in micrometer-sized phase-separated
domains in bulk-heterojunction blends, leading to low OPV
device efficiencies."®'” Disrupting molecular planarity by intra-
molecular twisting has been found to be a useful approach
to suppress the formation of large aggregates and improve
performance.’®?' By connecting two PDI monomers via a
spacer or linking more PDIs with a central core, PDI dimers,
trimers and tetramers have been prepared with a twisted 3D or
quasi-3D geometry, resulting in improved OPV device perfor-
mance. The spacers can be simply a single or double bond, an
aromatic ring or a larger conjugated central core.”> >’ Although
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the disruption of planarity is generally beneficial, excessive mole-
cular twisting can be detrimental to charge transport and, conse-
quently, high structural non-planarity of PDI-based acceptors can
result in reduced device performance.”’>° To tackle this issue,
ring fusion has been proposed in several studies to finely tune the
intermolecular - stacking.**** Concomitantly, evidence also
suggests that ring fusion blue-shifts absorption onset, enhances
absorption strength, and up-shifts the lowest unoccupied mole-
cular orbital (LUMO) energy level, which can be beneficial for
overall OPV device performance.**?> Through the employment of
geometry twisting and aromatic ring fusion, currently the power
conversion efficiency (PCE) of the best performing PDI-based
NFAs have been enhanced to over 10%.%>*°

We were particularly interested by the observations that ring
fusion can lead a blue-shifted absorption, since wide band gap
NFA absorbers with a strong absorption in the green to near-Uv
region are of interest for the front cell in tandem devices or for
smart window applications.?”*® Ring fusion in the bay region of
the PDI has typically been achieved by an oxidative ring closure with
an electron rich heterocycle like thiophene or selenophene,**** and
in order to prevent excessive aggregation it should be combined
with the twisting approach. As such, we identified tetrathienyl-
ethene (TTE) as a potentially interesting central core for
the attachment of four PDI arms, combining the requisite
thienyl groups for ring fusion with a non-planar geometry.
TTE has previously been primarily investigated in the field of
aggregation-induced emission (AIE).*>*® Although the emissive
properties are not the focus of this paper, we note that other
AIE cores like tetraphenylethene (TPE) have been used for the
attachment of PDI arms, although the resulting TPE-PDI4 was
not able to undergo ring fusion with the PDI.>®> Here we report
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the synthesis of two new non-fused and fused PDI tetramers
(TTE-PDI4 and FTTE-PDI4) based on the tetrathienylethene
core and investigate their performance in organic photovoltaic
devices. For the non-fused TTE-PDI4, freely rotating single
bonds between thiophene and the central ethene, as well as
thiophene and the PDI, induces strong steric hindrance leading
to a highly twisted molecular structure. In comparison, DFT
calculations suggest the fused tetramer, FTTE-PDI4, displays a
more ordered geometry with the interlocking of thiophenes and
PDI units. The ring fusion leads to an up-shifted LUMO level,
and an intense and extremely broad absorption spectrum at
visible to near-UV wavelengths. These are found by time-dependent
DFT to arise from multiple bright electronic transitions. These
beneficial changes contribute to higher short-circuit current density
(Jsc) and improved power conversion efficiency from 3.8%
(TTE-PDI4) to 6.6% (FTTE-PDI4) in solar cell devices, showing
that careful design of the central core on PDI tetramers can lead
to promising wide band gap acceptors.

Results and discussion
Synthesis of TTE-PDI4 and FTTE-PDI4

The synthetic route to TTE-PDI4 and FTTE-PDI4 is presented in
Scheme 1. The intermediates DTK and TTE were synthesized
according to a previous report.*" The TTE-Bpin4 was prepared
by tetraborylation of TTE via an Ir-catalyzed reaction. Subse-
quent fourfold Suzuki coupling reaction between TTE-Bpin4
and C6-PDI-Br afforded the first product TTE-PDI4 in 40%
yield. By subsequent treatment with FeCl;/CH3NO,, an oxida-
tive cyclization reaction occurred between the PDI subunits and
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Scheme 1 Synthetic route to TTE-PDI4 and FTTE-PDI4.
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their neighboring thiophene spacers, affording the fused pro-
duct FTTE-PDI4 in 62.6% yield.

TTE-PDI4 and FTTE-PDI4 were purified by a combination of
column chromatography followed by preparative recycling gel-
permeation chromatography (GPC) to remove non-tetrameric
by-products (see ESIT). The identities of TTE-PDI4 and FTTE-
PDI4 were confirmed by MALDI-TOF mass spectrometry
(Fig. S25 and S27, ESIf). Room temperature 'H NMR spectra
were broad and poorly resolved, similar to other PDI
tetramers,'”>*?° as a result of the restricted rotation of the
PDI subunits and presence of multiple conformers. Heating
FTTE-PDI4 solutions at 40 °C, 80 °C and 120 °C resulted in
improved resolution (Fig. S24, ESIt), particularly of the protons
on the outer shell of the molecule which were clearly resolved
as sets of doublets. The inner protons nearer the TTE core were
less well resolved, possibly due to more restricted movement.

As such, it is difficult to completely rule out the presence of
some incompletely fused material, although the significant
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change in optical properties (vide infra) suggests that this would
only be a minor impurity if present.

Both compounds are readily soluble in common organic
solvents such as chloroform and chlorobenzene at room tem-
perature. The structures of the two PDI tetramers were char-
acterized and confirmed by MALDI-TOF MS, 'H NMR, and '*C
NMR. Both TTE-PDI4 and FTTE-PDI4 exhibited good thermal
stability, with thermal decomposition temperatures (Tq) of
320 °C and 375 °C, respectively, measured by thermogravi-
metric analysis (TGA, at 5% weight loss, Fig. S1, ESI{). In
addition, in the range of 20 °C to 280 °C, no obvious crystal-
lization or melting transitions could be observed for both
PDI tetramers, indicating their weak crystallization tendency
(Fig. S2, ESIf).

DFT and TD-DFT calculations

To investigate the molecular structural geometries and frontier
molecular orbitals of TTE-PDI4 and FTTE-PDI4, DFT calculations

A TTE-PDI4 FTTE-PDI4 B ..] « TTE-PDI4
wd 8 i o ‘5 5 * FTTE-PDI4
4 ‘:’.o :‘: 3. ¢: “.oo 'SP, ;CE»OB‘
Lae p@ 9T e P oy Sa &
’d ™ N N e o P9 o ,(‘Q‘* ° [}
% : a‘: .&,‘.‘o’- “0 a‘ ‘, ° 5 Qoq‘.*o , N 064
a9 > o 7 Lo J = >a 99 =
. A a Pl e 3 57.4° 00 LaR%,997 539" e o
Front View 44" 99 7973 7' P, 0 00,9 %, B
Yo s, 29%ad o/ 0 3 33BN @’ 3 3 041
- o g3 5 | 9 S 2339 @
g %% A B . 8
» 243.1°, 99 92 2y 417 0.2
° > o - 2 ’
FACH o, :
S 004
300 350 400 450 500 550 600 650 700 750
J\‘d
el Wavelength (nm
%o 0 .y %9,0 gth (nm)
29,0 , %%y 9552, 3
.J‘, :;,/ Q*:Q‘*‘) 3 C 8
; : 05
Side View ‘.33‘}#&?’;&{ - 2 Ol 71
Py [ 2™ 39 ] {a 58.6
5 Ny
3
400 800 1200 1600 2000

LUMO

HOMO

Fig. 1

Wavenumber (cm™)

€ (10°M"'nm™")
o

o
o
L

0.0

300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

(A) Optimized geometry (front and side views) and frontier molecular orbitals of TTE-PDI4 and FTTE-PDI4 using DFT calculation at the B3LYP/6-

31G level. (B) Oscillator strength (¢) calculations of the excited state transitions to the ground state and (C) extinction coefficients (¢) from vibrational

transitions calculated using TD-DFT, with the B3LYP functional and 6-311g
height of 0.2 eV. Frequency calculations were also performed to obtain
Franck—Condon lineshape applied to the electronic transitions.
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basis set; 100 states were calculated and broadened with a half-width at half
the vibrational transitions. (D) Extinction coefficient calculations based on a

J. Mater. Chem. C, 2020, 8,17237-17244 | 17239


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0tc04110f

Open Access Article. Published on 17 2020. Downloaded on 15.07.2025 16:56:28.

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

(cc)

Paper

were performed using the B3LYP functional and 6-31G basis set,
with all alkyl chains replaced by methyl groups for computational
simplicity. Both TTE-PDI4 and FTTE-PDI4 are predicted to exhibit
highly twisted molecular geometries, with the former exhibiting a
propeller type arrangement in which each arm is twisted with
respect to the central ethene, with dihedral angles between the
ethene and thiophene of 43°, and 57° between the thiophene and
PDIs. As expected the ring fusion in FTTE-PDI4 eliminates the
rotational freedom between the thiophenes and PDI units (Fig. 1A
and Fig. S3, ESIf), and the predicted structure becomes more
saddle shaped, with two PDI-Th planes at each end of the central
ethene. There remains a large twist between the PDI-Th and the
central ethene of 48°, with the two PDI-Th planes rigidly held in
space, with the plane of one rotated by an angle of 59° with
respect to the other. With regards to the frontier molecular
orbitals, though the HOMOs are localised on the TTE central core
for both fused and non-fused NFAs, the delocalization of LUMOs
shows significant difference. In TTE-PDI4, the near degenerate
LUMO and LUMO+1 orbitals localize on different PDI units. In
contrast, the LUMO of FTTE-PDI4 delocalizes through the entire
molecular backbone as the fused molecule becomes more planar
and rigid. The internal reorganization energies upon positive
polaron formation were calculated to be 0.105 eV and 0.116 eV
for FTTE-PDI4 and TTE-PDI4, respectively. The lower reorganiza-
tion energy for the FTTE-PDI4 is consistent with its increased
rigidity.

In order to investigate the effect of the different structural
geometries of the two molecules on their absorption profile, we
additionally carried out time-dependent DFT (TD-DFT) calcula-
tions. Fig. 1B and C thus show the electronic and vibrational
structure calculations, respectively. The results firstly show that
we expect TTE-PDI4 to have a smaller band gap than FTTE-PDI4
by around 0.1 eV due to a weak low energy transition that
appears in the extinction spectrum as a long and shallow tail.
Secondly, FTTE-PDI4 shows strong absorption at low wave-
lengths due to several bright electronic transitions in the
visible, in agreement with previous studies,*” while lacking
the weak low energy transition that creates the absorption tail
in TTE-PDI4. Thirdly, vibrational structure calculations show
that there is a strong vibrational band at 1600 cm™" that is
present in both molecules. The mode is assigned to the C=C
bond stretch within the PDI units, as shown in Fig. S5 (ESIT).
When a mode of this frequency is used to model the vibronic
progression of the extinction spectra of the two molecules
(Fig. 1D) a spectrum with multiple peaks across the visible
results. We note that broad absorption features at low wave-
lengths have often been reported in the absorption spectra
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of PDI-based molecules, in particular in fused PDIs;**>*?
calculations suggest that these features may result from the
combination of multiple close lying electronic transitions with
a strong vibronic progression.

our

Optical and electronic properties

The measured optical and electronic properties of TTE-PDI4
and FTTE-PDI4 are summarized in Table 1. As presented in
Fig. 2A and B, the UV-Vis absorption spectra of TTE-PDI4 and
FTTE-PDI4 films also exhibit significant differences. Both the
solution and film absorptions of TTE-PDI4 exhibit an absorp-
tion peak in the region of 400-650 nm, similar to the PDI
monomer, while those of FTTE-PDI4 show multiple distinctive
sharp peaks in the region of 350-600 nm, and are in good
agreement with the calculated absorption spectra (Fig. 1D).
This comparison is also in agreement with the increased
number of bright electronic transitions in the visible region
in FTTE-PDI4 compared with TTE-PDI4, as identified from
TD-DFT calculations. The relative intensities of the 0-1 and
0-0 transitions (Ip-4/Ip-) have been previously identified as
indicative of the H-aggregation of PDI chromophores.®*™*
Since aggregation is inhibited by the non-planar structure of
the molecules, the high I,_; (450 nm)/l,_, (500 nm) = 1.15 of
FTTE-PDI4 in films thus suggests a degree of long-range
coupling of the PDI chromophores possibly related to the rigid
arrangement of the PDI units leading to H-aggregation of the
PDI chromophores.*® Notably, fused FTTE-PDI4 also shows
higher absorptivity in the 300-450 region nm and a blue-
shifted absorption onset compared to TTE-PDI4, resulting in
a higher band gap of 2.04 compared to 1.90 eV (calculated by
the crossing point between absorption and emission, Fig. S6,
ESIT), in agreement with the theoretical calculations.

In addition, the maximum extinction coefficients of FTTE-PDI4
in solution and in film were calculated to be 1.41 x 10°M ™" em™"
and 3.77 x 10* em ™, respectively, higher than those of TTE-PDI4
(119 x 10° M ' em™* and 3.55 x 10* em™'). The minor
differences in the absorption spectra between solution and
film further suggest that intermolecular packing is weak for
both molecules. This is further confirmed by absence of any
change in solution absorption measurements as a function of
concentration (Fig. S10, ESIt). This additionally suggests that
the breadth of the absorption of FTTE-PDI4, at over 50% of
maximum intensity from 300 to 600 nm, must be due to the
multiple bright electronic states of the molecules identified by
TD-DFT rather than due to intermolecular interactions.

The electrochemical properties of these two compounds
were investigated by cyclic voltammetry of thin films, with the

Table 1 Optical and electrochemical properties of TTE-PDI4 and FTTE-PDI4

Amax,sol (nm) Omax,sol (Mi] Cm71) ;‘max,ﬁlm (nm) max,film (Cm71) Eg,opta (GV) Eg,electrob (ev) LUMO (eV) HOMO* (ev)
TTE-PDI4 525 1.19 x 10° 530 3.55 x 10" 1.90 2.20 —3.74 —5.94
FTTE-PDI4 429 1.41 x 10° 424 3.77 x 10* 2.00 2.29 —3.68 —-5.97

“ Determined by the absorption onset of the films. ? Electrochemical band gap, determined by (LUMO-HOMO). ¢ Estimated from the reduction

and oxidation onsets of the CV curves.
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Fig. 2 Normalized absorption spectra of (A) TTE-PDI4 and (B) FTTE-PDI4 in chloroform solution (10~> M) and as pristine films. (C) Cyclic voltammetry
curves of TTE-PDI4 and FTTE-PDI4 films. (D) Energy level diagram of the OPV device.

LUMO/HOMO levels of TTE-PDI4 and FTTE-PDI4 (Fig. 2C)
estimated to be similar at —3.74/—5.94 eV and —3.68/5.97 eV,
respectively from the onset of the reduction and oxidation
peaks. The slight upshift of the LUMO level upon ring fusion
is in agreement with the DFT calculations and with other
studies on fused PDIs.****?>

OPV performance

To evaluate the photovoltaic performance of these two com-
pounds, OPV devices were fabricated with an inverted structure
of ITO/ZnO/polymer donor:TTE-PDI4 or FTTE-PDI4/MoO;/Ag
(Fig. 2D). To begin with, several high performance polymers
(PTB7-th,*” PffBT4T-20D,*® PBDB-T,** PFBDB-T,® and PAFBDB-
T°°) were used to fabricated devices with FTTE-PDI4 to deter-
mine the most suitable donor.

Reasonably high efficiencies (~5%) were achieved with
PTB7-Th, PBDB-T and PFBDB-T as the donor (Table S1, ESIY),
with devices with PFBDB-T showing the highest efficiency; we
therefore selected this polymer to optimize fabrication condi-
tions with both TTE-PDI4 and FTTE-PDI4 blends. The opti-
mized photovoltaic parameters and typical j-V characteristics
of the PFBDB-T:TTE-PDI4 and PFBDB-T:FTTE-PDI4 devices
are presented in Fig. 3A and Table 2. The best performance
with PFBDB-T:FTTE-PDI4 devices was achieved with a 1:2
blend ratio, 2% 1-chloronaphthalene (CN) as solvent additive
and annealing at 140 °C, showing an average PCE of 6.4% (best
6.6%) with a Jsc of 10.9 mA cm ™2, an open-circuit voltage (Voc)
of 1.0 V, and a FF of 0.59. The relatively large acceptor fraction
required for maximum device performance is in agreement
with weak intermolecular packing of the molecules (evidenced by
the absorption data above) and the low crystallinity (evidenced by

This journal is © The Royal Society of Chemistry 2020

featureless DSC spectra). Non-crystalline acceptor molecules gen-
erally need to be added in greater excess than crystalline acceptors
to achieve percolating networks and phase-pure domains for
charge separation. Interestingly, a high PCE was also maintained
in as-cast cells without additive and thermal annealing, with such
devices showing a lower Jsc but higher Voc and FF of 1.02 V and
0.63, respectively. We note, also, that the highest FF (0.64) is
achieved in a 1:1.5 blend ratio, which is amongst the highest
reported for PDI-based acceptors. The PFBDB-T:TTE-PDI4 based
active layers were also systematically optimized under various
conditions, with a donor : acceptor ratio of 1:1.5, no additive and
thermal annealing at 140 °C leading to the optimized average PCE
of the TTE-PDI4 based OPVs of 3.8%, with inferior current density
and FF to the FTTE-PDI4 based OPV devices. A similar Vo was
observed for TTE-PDI4 and FTTE-PDI4 based OPVs, in spite of
the slightly higher-lying LUMO levels for the latter. Moreover,
external quantum efficiencies (EQEs) of the optimal devices were
measured to verify the Jsc values obtained from the j-V measure-
ment (Fig. 3B). The Jsc values integrated from EQE are 7.4 and
11.9 mA cm ™2, both in less than 10% deviation from Js; measured
from the TTE-PDI4 and FITE-PDI4 based OPV devices. The
PFBDB-T:FTTE-PDI4 devices exhibit stronger photo-response in
the spectral range between 350 and 600 nm, with a higher
maximum EQE of 72% than the PBDB-T:TTE-PDI4 devices
(EQEmax = 56%), in agreement with the stronger absorption of
FTTE-PDI4 compared to TTE-PDI4 in that region. This indicates
FTTE-PDI4 contributes more to the charge generation and Jsc
than TTE-PDI4 as electron acceptor in their corresponding blends.

Using the measured EQE edge (Fig. 3C), we then calculated
the photovoltaic band gap energy (Eg ), using the method
proposed by Rau,”" for both blends to be 1.84 eV. These values

J. Mater. Chem. C, 2020, 8,17237-17244 | 17241
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Fig. 3 J-V curves (A) and EQEs (B) for the optimized devices based on the
PFBDB-T:TTE-PDI4 and PFBDB-T:FTTE-PDI4 blends. (C) Electrolumines-
cence (solid lines), external quantum efficiency (line and symbols), and
extended external quantum efficiency (symbols) calculated using recipro-
city from the EL spectra of PFBDB-T:TTE-PDI4 (green) and PFBDB-
T:FTTE-PDI4 (red) blend devices.

suggested high voltage losses (Eg'/q — Voc) of 0.85 and 0.84 V
for PFBDB-T:TTE-PDI4 and PFBDB-T:FTTE-PDI4 devices,
respectively, where g is electronic charge. In order to better
understand the origin of these high losses, we therefore
performed a voltage-loss analysis of the optimized blends by
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employing electroluminescence (EL) spectra to extend the
measured sub-bandgap EQE spectra (Fig. 3C), using the
reciprocity relation between light absorption and light
emission,***? to calculate the open-circuit voltage in the radia-
tive limit (Vog,raa): Voc,raa is the ideal Voc that a device can
achieve when there is only radiative recombination, with the
difference between Voc raq and the measured Voc of the device
then being defined as the voltage loss due to non-radiative
recombination, AVoc nrad- The Voc raa and AVoc nraa Values for
the optimized devices are shown in Table 2 and we also note
that the maximum ideal Vo in the Shockley-Queisser limit
(Voc,sq) achievable by a device with the measured band gap of
1.84 eV is 1.54 V.

We firstly draw attention to the fact, then, that the difference
between Vocsq and Vocraa is large for both blends, which
suggests that losses due a broad absorption edge are large; this
is expected given the large offset between the LUMOs of the
donor (—3.29 eV) and the acceptors (—3.74 eV and —3.68 eV),
and suggests that the Vo could be significantly improved by
using a donor with a lower lying LUMO level. Secondly, we note
that both blends show similarly high AVocnraa of 0.36 V and
0.38 V for PFBDB-T:TTE-PDI4 and PFBDB-T:FTTE-PDI4, respec-
tively, with the higher value for the FTTE-PDI4 blend meaning
that the Vo is not larger than that of the TTE-PDI4 blend
despite the larger optical gap. An earlier study identified several
molecular factors that could reduce the nonradiative voltage
loss in solar cells,>* among which increased molecular rigidity,
expressed as reduced reorganization energy, is one. Interest-
ingly, whilst the higher molecular rigidity leading to the smaller
reorganization energy of FTTE-PDI4 appears to facilitate charge
transport in the blend (manifested through the higher FF), non-
radiative recombination does not appear to be suppressed. It
is therefore likely that the voltage losses are influenced also
by microstructural properties of the blend films and not only
by molecular parameters.

To confirm this hypothesis, atomic-force-microscopy (AFM)
images were measured for both blends, as shown in Fig. 4. Both
films display nanoscale phase separation with fine and small
domain size, suggesting their twisted molecular geometry lead
to the formation of favorable morphology for OPV devices. The
root-mean-square (RMS) roughness are 3.0 nm and 7.6 nm for
the PFBDB-T:TTE-PDI4 and PFBDB-T:FTTBPDI4 blends, respec-
tively. As expected, the PFBDB-T:TTE-PDI4 blend shows strong
intermixing and a smoother surface morphology, with fiber-like
aggregates observed in the film, whilst the PFBDB-T:FTTEPDI4
blend shows more aggregated domains of roughly 25-30 nm in
length, possibly due to the larger excess of acceptor in the
optimized blend compared to in PFBDB-T:TTE-PDI4. This is
likely to lead to a larger degree of disorder in the blend, which
is consistent with the slightly larger AVoc nraq Observed in this
blend, although further measurements would be required to
confirm this.

The molecular packing behaviour of compounds TTE-PDI4,
FTTE-PDI4, PFBDB-T and their blend films were also investi-
gated by X-ray diffraction on drop-cast films. As shown in
Fig. S12 (ESI}), a broad n-n stacking peak was observed for

This journal is © The Royal Society of Chemistry 2020
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Table 2 Photovoltaic parameters of the PFBDB-T:TTE-PDI4 and PFBDB-T:FTTE-PDI4 devices

Acceptor Voc (V) Jsc (mA ecm™?) FF (%) PCE® (%) Calc. Jsc (mA cm™?) Voc,rad (V) AVocnraa (V)
TTE-PDI4 0.99(0.99) 7.5(7.3) 51(50) 3.8(3.6) 8.2 1.35 0.36
FTTE-PDI4 1.0(1.0) 10.9(10.9) 60(59) 6.6(6.4) 11.9 1.38 0.38

“ The values in parentheses are the average PCEs. The average values are collected from >12 independent devices.

PFBDB-T;TTE-PDI4
.

PFBDB-TFTTE-PDI4

Nt
o

RMS =3.0 nm
Height

500 nm  Height 500 nm

Fig. 4 AFM height images (2 pm x 2 pm) of the PFBDB-T:TTE-PDI4 (left)
and PFBDB-T:FTTBPDI4 (right) blend films. The topographical height
difference (Az) are 21 nm and 51 nm, respectively.

neat PFBDB-T film, with a maxima at 20 = 24.26°. After anneal-
ing at 160 °C for 10 min, the film not only exhibited a n-n
stacking at a similar position, but also weak diffraction peaks at
20 = 12.72°, 14.14°, 18.60° and 21.68°, suggestive of enhanced
order. The enhanced order after thermal annealing is in agree-
ment with our previous GIWAXS results on thin-films.® TTE-
PDI4 and FTTE-PDI4 exhibited no diffraction peaks, indicating
their low crystallinity in thin films, which was also consistent
with DSC data. The optimal blend films of PFBDB-T:TTE-PDI4
and PFBDB-T:FTTE-PDI4 also showed no diffraction peaks from
their drop cast blends after annealing at 140 °C for 10 min,
suggesting blending may inhibit polymer crystallisation some-
what, with the caveat that any crystallites present may not be
readily observed with the lab based diffractometer used in
these measurements.

Conclusions

In conclusion, two PDI tetramers with non-fused and fused
structures, TTE-PDI4 and FTTE-PDI4, were designed and
synthesized. DFT calculations reveal that the fused FTTE-PD14
displays reduced intramolecular twisting compared to non-
fused TTE-PDI4 with a lower internal reorganization energy.
FTTE-PDI4 exhibits a smaller band gap than TTE-PDI4, with
a much broader and stronger absorption in the region of
300-600 nm, together with an up-shifted LUMO level. TD-DFT
calculations confirm that the observed strong absorption
features at low wavelengths, also reported in other fused-PDI
molecules in the literature, are due to multiple bright electronic
states coupled to a strong vibrational band at 1600 cm ™. Conse-
quently, the PFBDB-T:FTTE-PDI4 devices achieved a highest PCE
of 6.6% with a higher current density of 10.9 mA cm > and FF

This journal is © The Royal Society of Chemistry 2020

of 60%. This work demonstrates that ring fusion is an effective
strategy to broaden the absorption spectra of PDI-type OPVs by
induced bright low-lying bright electronic states, as well as
finely tune the molecular shape, both of which work to boost
device efficiency.
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