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Abstract

We report on the synthesis of diketopyrrolopyrrole (DPP) derivatives functionalized with N-
annulated and Se-annulated perylene diimide (NPDI and SePDI, respectively) via direct
(hetero)arylation methods. DPP is symmetrically bifunctionalized with SePDI (SePDI-DPP-—
SePDI) and unsymmetrically functionalized with SePDI and NPDI (SePDI-DPP-NPDI). The
effects of Se substitution compared to N substitution on physical, electrochemical, and optical
properties are investigated along with performance as non-fullerene acceptors in photovoltaic
devices. It is found that Se substitution increases the electron affinity of the t-conjugated molecule
and blue shifts the optical absorption spectra, observations that were supported by computational
analysis. Steric strain between the PDI endcap and DPP core prevent complete electronic
communication along the m-conjugated backbone and results in the unsymmetrical compound,

SePDI-DPP-NPDI, having electronic and optical properties that are a linear combination of both



the symmetrical SePDI and NPDI based compounds. Different is that the SePDI-DPP-NPDI
compound has a distinct melt observed at 343 °C and organic photovoltaic devices based on this
compound had lower than expected open-circuit voltages, suggesting a unique solid-state packing
arrangement. SePDI-based compounds performed worse than the NPDI-based compound in

organic photovoltaic devices using the donor polymer PTB7-Th.



Introduction

The synthesis of n-conjugated organic functional materials is of great importance in the
development of new optoelectronic technology.! Organic materials are attractive since they can be
derived from abundant and/or renewable feedstocks, have tuneable physical and optoelectronic
properties via structural modification, and can easily be processed into uniform electronically
active films from solution. As such organic materials have found utility as semiconductors in solar
cells, > field-effect transistors,®® and light-emitting devices.®!

Our research team has been developing organic materials based on the versatile perylene
diimide (PDI) chromophore for use as non-fullerene acceptors (NFA) in solution processed
organic photovoltaic (OPV) devices.*? One of the most effective materials developed, NPDI-DPP—
NPDI (Figure 1), is comprised of a diketopyrrolopyrrole (DPP) core flanked by N-annulated PDI
endcaps.'® This material is readily synthesized on multi-gram scale using direct (hetero)arylation
(DHA) methods, exhibits strong visible light absorption, and has relatively higher lying frontier
molecular orbital energy levels compared to related PDI materials enabling the fabrication of OPV
devices with open circuit voltages (Voc) greater than 1V. Linear aliphatic side-chains on the DPP
core direct the self-assembly of this molecule upon solvent vapour annealing,* in the presence of
donor polymers, leading to crystallization of thin-films and enhanced photovoltaic performance,®
and thus has been used as a universal NFA 1618

The material NPDI-DPP—NPDI incorporates the N-annulated PDI chromophore,'® for
which the pyrrolic N-position adds an extra site for side-chain engineering to alter solubility and
self-assembly and lowers the molecules electron affinity.?%2* The brominated N-annulated PDI has
proved quite effective for use as a substrate in DHA cross-coupling reactions, where

symmetrical %2 unsymmetrical,2#?% and tetrameric?®?” molecules have been readily constructed.



The PDI chromophore can also be annulated at the bay position with Se (SePDI) which
can improve intermolecular interactions between PDI molecules, and as such, NFAs have been
constructed using the SePDI building block and have led to increased OPV performance. For
example, the SePDI dimer, (SePDI)z, is an effective NFA for polymer based OPVs leading to high
PCEs of 8.4%.2%2° SePDI has also been incorporated into trimeric®®3! and tetrameric® NFAs
leading to OPVs with PCEs ranging from 8-9%.

As an extension to our work investigating the NPDI-DPP-NPDI NFA, we aimed to
systematically replace the NPDI unit with the SePDI unit. Herein, we report on the synthesis of
two new DPP-based molecular n-conjugated materials incorporating the SePDI unit abbreviated
as SePDI-DPP-NPDI and SePDI-DPP-SePDI (Figure 1). Both materials were synthesized using
DHA methods.® It is worthwhile to mention that the SePDI required the use of larger pentylhexyl
(C11) sidechains at the imide positions to solubilize both the SePDI unit and the final materials,?®
whereas the NPDI with the extra site for side chain attachment is readily solubilized using the

shorter ethylpropyl (C5) sidechains®® (Figure 1).
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Figure 1. The molecular structures of the know compound NPDI-DPP-NPDI,*® and the new
compounds SePDI-DPP-NPDI and SePDI-DPP-SePDI.



Synthesis

Compounds SePDI-DPP-NPDI and SePDI-DPP-SePDI were synthesized following our
groups standard DHA cross-coupling conditions to yield symmetrical and unsymmetrical DPP-
based molecules.?*% Using these conditions, coupling the brominated SePDI with DPP produced
a mixture of monosubstituted SePDI-DPP and disubstituted SePDI-DPP-SePDI in an
approximately 1:2 ratio, determined by *H NMR spectroscopic analysis. The compounds were
separated via column chromatography with SePDI-DPP-SePDI being obtained in a final yield of
25%. The monosubstituted product SePDI-DPP was saved and used to synthesize the asymmetric
SePDI-DPP-NPDI following the same DHA cross-coupling procedure. The asymmetric product
was obtained in a 69% yield upon purification by column chromatography. Each compound was
characterized by *H and *C NMR spectroscopy, MALDI mass spectrometry, and elemental
analysis (see the supporting information for full synthetic details).

The aromatic regions of the *H NMR spectra of NPDI-DPP-NPDI, SePDI-DPP-NPDI,
and SePDI-DPP-SePDI are shown Figure . Because of the differing effects of the heteroatom
annulation on the electronic structure of the perylene core, the SePDI and NPDI display varying
spectroscopic resonances. The *H NMR spectrum of SePDI-DPP-NPDI is almost an exact
combination of the spectra of NPDI-DPP-NPDI and SePDI-DPP-SePDI, as shown in the
overlapping spectra of Figure 2. This indicates that the SePDI and NPDI units of SePDI-DPP—
NPDI do not have any significant electronic influence on each other, despite full conjugation
throughout the molecule. Prior DFT calculations on NPDI-DPP—-NPDI indicated that there was a
large dihedral angle between the DPP core and NPDI endcaps, indicating any electronic

communication between the core and endcaps would be minimal.'* Therefore, any influence the



NPDI and SePDI endcaps would have on each other in the asymmetric material would be near

non-existent, which accounts for the consistency between the *H NMR spectra.
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Figure 2. 'H NMR spectra of the aromatic regions of SePDI-DPP-SePDI (red trace), NPDI-DPP—
NPDI (blue trace), and SePDI-DPP-NPDI (purple trace) with assignments shown.

Thermal Properties

The thermal properties of all three compounds were investigated by differential scanning
calorimetry (DSC) and thermal gravimetric analysis (TGA). The DSC and TGA profiles of NPDI-
DPP-NPDI, SePDI-DPP-NPDI, and SePDI-DPP-SePDI are shown in Figure 3. Both NPDI-
DPP-NPDI and SePDI-DPP-SePDI and have no transitions from 100 °C to 375 °C. The
asymmetric SePDI-DPP-NPDI displays a distinct melt at 343 °C, indicating that the asymmetry
effects the solid-state organization of the material. NPDI-DPP—NPDI is the most thermally stable

with a decomposition temperature of 428 °C, while SePDI-DPP-SePDI and SePDI-DPP-NPDI



start to decompose at 391 °C and 395 °C, respectively. This indicates that Se-annulation of PDI
renders the material slightly less thermally stable than N-annulation, which is to be expected given
the disparity between Se—C and N-C bond strengths.
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Figure 3. DSC (top) and TGA (bottom) profiles for NPDI-DPP-NPDI, SePDI-DPP-NPDI, and
SePDI-DPP-SePDlL.
Electrochemical and Optical Properties

The electrochemical properties were determined by cyclic and differential pulse
voltammetry. Cyclic voltammograms are displayed in Figure 4. All compounds show fully
reversible electrochemical reduction and oxidation behaviour. There are three reversible reduction
waves for NPDI-DPP-NPDI (-1.2 V, -1.4V, and -1.8 V), three for SePDI-DPP-SePDI (-1.1 V,
-1.3 V and -1.8 V) and five for SePDI-DPP-NPDI (-1.1V, -1.2V,-1.3V,-15V, and -1.8 V). In
each species the DPP unit is reduced at -1.8 V while reduction of the PDI units account for the
other potentials, as shown in Figure 4 with the CVs for the individual components of each
compound. N and Se annulation affect the electronic characteristics of the PDI unit differently
which lead to slight shifts in the reduction potentials. Thus, reduction of NPDI (-1.2 V, -1.4 V)
occurs at higher potentials than reduction of SePDI (-1.1 V, -1.3 V). As a result, the hybrid species
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in SePDI-DPP-NPDI displays four closely overlapped reductions waves, the exact E1> potentials
for which were determined from the differential pulse voltammetry (SI, Figures S11). Each species
oxidizes at 0.5 V and 0.8 V for oxidation of the DPP unit. There is an additional oxidation event
for NPDI-DPP-NPDI at 1.3 V for the oxidation of the NPDI unit. This oxidation is not present in
SePDI-DPP-NPDI despite the compound possessing an NPDI unit. SePDI does not reversibly
oxidize in this range so SePDI-DPP-SePDI shows no other oxidation waves in its CV profile

beyond the two for DPP oxidation.
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Figure 4. Cyclic voltammograms for NPDI-DPP-NPDI,** SePDI-DPP-NPDI, and SePDI-DPP—
SePDI overlaid with their individual component cyclic voltammograms. CVs measured in CHCl»
at 100 mV/s with [NBus][PFe] electrolyte, referenced to the ferrocene/ferrocenium redox couple.
The solution and solid-state UV/vis absorption spectra for each compound are displayed in
Figure 5. The profiles for NPDI-DPP—NPDI and SePDI-DPP-SePDI displays the distinct 0-0 and
0-1 vibrionic bands for NPDI and SePDI electronic transitions at 532/509 nm and 509/476 nm,
respectively. These NPDI and SePDI vibrionic transitions overlap in the profile for SePDI-DPP—
NPDI leading to maxima at 530, 509, and 479 nm. Thus, much like the CV profile, the absorption
profile of SePDI-DPP—NPDI displays a combination of the individual components. This is more
clearly displayed in Figure 6, which portrays the absorption profiles of SePDI and NPDI overlaid
with the profiles of NPDI-DPP—NPDI, SePDI-DPP-NPDI, and SePDI-DPP-SePDI. Each profile
also displays a low energy shoulder extending to 700 nm due to DPP absorption.®® The solid-state

absorption profiles for each compound were measured with films spun-cast from 1.0 wt/v % neat
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solutions in CHCIs onto glass slides. As is common for solid-state absorption, the absorption
profiles display a broadening and red shift of the 0-0 and 0-1 peaks, a decrease in the ratio between
0-0 and 0-1 peaks, and an increase in the prominence of the low energy shoulder. In the case of
SePDI-DPP-NPDI, the peak broadening has the effect of removing the resolution between the

SePDI and NPDI peaks and they appear as one very broad peak with Amax ca. 515 nm.
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Figure 5. The solution (top) and solid-state (bottom) UV/vis absorption spectra for NPDI-DPP—
NPDI,'® SePDI-DPP-NPDI, and SePDI-DPP-SePDI. Solutions were measured in CHCls at 1.0
wt/v% concentration and thin films were spun-cast from 1.0 wt/v % CHCIs stock solutions.

The molar absorptivity (¢) of SePDI-DPP-SePDI was measured to be 121 100 M* cm™*
(Amax 509 nm), comparable with the 121 300 M cm™ (Amax 532 nm) & of NPDI-DPP-NPDI,*®
while the & of SePDI-DPP—NPDI is lower at 80 000 M cm™ (Amax 509 nm). This is to be expected
given that the absorption maximum for SePDI-DPP—NPDI only corresponds to absorption for one
SePDI unit while the absorption maxima for SePDI-DPP-SePDI and NPDI-DPP-NPDI
correspond to absorption for two SePDI units and two NPDI units, respectively. The integrated

molar absorptivity for each species also shows a lower intensity for SePDI-DPP-NPDI with



124x10°, 107x10°, and 129x10° Mt cm™ for NPDI-DPP-NPDI, SePDI-DPP-NPDI, and SePDI-
DPP-SePDlI, respectively. This indicates that the asymmetry in the material has resulted in a
decrease in the visible light absorption of SePDI-DPP-NPDI compared to SePDI-DPP-SePDI
and NPDI-DPP-NPDI. This is displayed in Figure 6 which overlays the absorption spectrum of
SePDI-DPP-NPDI with the combined spectra of SePDI-DPP-SePDI and NPDI-DPP—-NPDI. The
profiles are identical in shape, but the profile of the asymmetric species is less intense than the
combined profile of the two symmetric species. Photoluminescence (PL) spectra are shown in
Figures S16 and S19 for SePDI-DPP-NPDI and SePDI-DPP-SePDI, respectively, both with

small Stokes shifts. Complete optoelectronic data is tabulated in Table 1.
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Figure 6. The normalized solution absorption spectra of SePDI, NPDI, SePDI-DPP-SePDlI,
SePDI-DPP-NPDI, and NPDI-DPP-NPDI (left) and the absorption spectra of SePDI-DPP-NPDI
and combined average of SePDI-DPP-SePDI and NPDI-DPP-NPDI (right).

NPDI-DPP-NPDI has been shown to perform well as an NFA in OPVs.!3!° Given that
SePDI-DPP-SePDI and SePDI-DPP-NPDI have shown similar optoelectronic properties to
NPDI-DPP-NPDI, it is likely that they would serve as useful NFA materials. For example, the
electron affinity (EA), calculated from the Ei1 of the first reduction wave, is higher for SePDI-

DPP—SePDI and SePDI-DPP-NPDI (3.7 eV for both) than for NPDI-DPP-NPDI (3.6 eV) due to

the lower onset reduction potential for SePDI than NPDI. Combined with an IP of 5.3 eV for each
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species, the electrochemical energy gaps are 1.6 eV for SePDI-DPP-SePDI and SePDI-DPP-

NPDI, and 1.7 eV for NPDI-DPP-NPDI (Table 1). These values are suitable for pairing with the

plethora of donor polymers commercially available.

Table 1. Tabulated optoelectronic data for SePDI-DPP-SePDI, SePDI-DPP-NPDI, and NPDI-

DPP-NPDI.13

NPDI-DPP-NPDI

SePDI-DPP-SePDI

SePDI-DPP-NPDI

OX EOnset (V) 048
OX E2 (V) 0.53, 0.85, 1.26

Red EOnset (V) '114

Red Eu2 (V) -1.22, -1.47,-1.85
IP (eV)? 5.3

EA (eV)° 3.6

Eq (eV)° 1.7

Soln Xabs (nm) 532, 499

Soln Xonset (nm) 680
g (Mtcem?) 121 300
Film daps (nm) 538, 505

Film Aonset (nm) 760

0.48
0.54, 0.83
-1.06

-1.13, -1.36, -1.84

5.3
3.7
1.6
509, 476
720
121 100
511, 479

770

2 lonization potential = 4.8 (Fc/Fc*) + Ox E12 (first)
b Electron affinity = 4.8 (Fc/Fc*) - Red Euy (first)

©Energy gap = IP - EA

Density Functional Theory Calculations
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0.48
0.53, 0.83
-1.04

-1.12, -1.24, -1.32,
-1.49, -1.84

5.3

3.7

1.6

530, 509, 479
730

80 000

515

780



The compounds SePDI-DPP-NPDI and SePDI-DPP-SePDI were investigated by DFT
calculations in order to compare experimental optoelectronic results with the theoretical results.
Optimized geometries in the gas phase were calculated with alkyl chains substituted with methyl
units using the B3LYP33* level of theory with 6-31G(d,p)%**! basis set. TD-SCF*? calculations
were then performed on the optimized geometries to generate molecular orbital representations
and simulated absorption spectra. The same DFT calculations were also performed for NPDI-
DPP-NPDI.*® Optimized geometries, molecular orbitals, and simulated absorption spectra for
SePDI-DPP-NPDI and SePDI-DPP-SePDI are shown in Figure .

The optimized geometries of NPDI-DPP—NPDI,** SePDI-DPP-NPDI, and SePDI-DPP—
SePDl are all similar with PDI-DPP dihedral angles in the range of 40°-50° and PDI-PDI dihedral
angles in the range of 60°-70°. In both SePDI-DPP-NPDI and SePDI-DPP-SePDI the HOMOs
are localized on the DPP unit (energy levels of -5.20 eV and -5.27 eV, respectively). In SePDI-
DPP-SePDI the LUMO (-3.54 eV) and LUMO+1 (-3.49 eV) are distributed across both SePDI
units while in SePDI-DPP—-NPDI the LUMO is localized to the SePDI unit and the LUMO+1 is
localized on the NPDI unit. This agrees with the experimental electrochemical results that
indicated reduction of SePDI occurs before reduction of NPDI in SePDI-DPP-NPDI (Figure 4).
The HOMO and LUMO of NPDI-DPP-NPDI (-4.89 eV and -3.26 eV, respectively) were also
found to be localized on the DPP core and NPDI units, respectively.*3

The simulated absorption spectrum of NPDI-DPP-NPDI was found to have a significant
low energy transition (900 nm) associated with the HOMO to LUMO transition. The simulated
absorption spectra of SePDI-DPP-SePDI also shows a low energy HOMO to LUMO transition at
870 nm while the simulated absorption spectra of SePDI-DPP-NPDI show low energy HOMO to

LUMO and HOMO to LUMO-+1 transitions at 872 nm and 778 nm, respectively. This agrees with
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the experimental optical spectra of SePDI-DPP-NPDI and SePDI-DPP-SePDI (Figure 5) which
show low energy shoulders around 580 nm. Thus, the calculated data for SePDI-DPP-NPDI and
SePDI-DPP-SePDI correlate well with experimental results and provide the same insights into

their optoelectronic properties as the calculated data for NPDI-DPP-NPDI.
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Figure 7. A) Optimized geometries, B) calculated electronic energy levels and energy gaps, and
C) calculated optical absorption profile for SePDI-DPP-NPDI and SePDI-DPP-SePDI.
Calculations were done on Gaussian16** input files and results were visualized using
GaussView05.% All alkyl chains were replaced with a methyl group. The B3LYP**2® level of
theory with 6-31G(d,p)***! basis set were used for the calculations. TD-SCF*? calculations were
performed from the optimized geometry. The single point calculation was performed on these
structures in order to generate molecular orbitals and simulated absorption spectra.
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Solvent Vapour Annealing (SVA)

Previous work with thin films of NPDI-DPP-NPDI showed that they respond to SVA
treatment with CHCI3 and THF, reflected by stark changes in solid-state absorption profile.*31’
Given the similarities in the optical properties between NPDI-DPP-NPDI, SePDI-DPP-NPDI,
and SePDI-DPP-SePDl, it is likely SVA treatment would also have similar effects on the thin
films of SePDI-DPP-NPDI and SePDI-DPP-SePDI. For NPDI-DPP-NPDI, SVA treatment
induces a change in the solid-state morphology that is reflected in the absorption profile.
Specifically, there is a decrease in the prominence of the low energy shoulder at 680 nm and the
emergence of a new higher energy peak at 586 nm as well as a red-shift, broadening, and decrease
in intensity of the NPDI peaks (Figure).'® Such changes imply a reorganization primarily dictated
by the DPP unit. In the case of CHClI3 vapours, these changes appeared after 2 minutes of annealing
with optimum annealing time between 2 and 5 minutes.***> Blends of NPDI-DPP—NPDI with
various donor polymers also displayed changes in the absorption profile after annealing with
various solvents.)” These changes were accompanied by a large increase in OPV device
performance. The largest increase in performance was seen in blends with the donor polymer
PTB7-Th with THF SVA treatment for 5-10 minutes where PCE increased from 1.3% with no
treatment to 5.7% with THF SVA. Thus, for this study, thin films of SePDI-DPP-NPDI and
SePDI-DPP-SePDI neat and blended with PTB7-Th were subjected to SVA treatment with THF
for up to 10 minutes.

Thin films of SePDI-DPP-NPDI and SePDI-DPP-SePDI and were spun-cast at 1500 rpm
for 60 seconds onto glass slides from 1.0 wt/v% CHCIs solutions. Films were exposed to THF
vapours for 1, 3, 5, and 10 minutes. After 5 minutes of SVA a decrease in intensity in the low

energy shoulder, emergence of a new peak at 580 nm, peak broadening, and red-shift in the

15



absorption maxima was observed (Figure 8). Annealing for longer than 5 minutes did not result in

any further changes in the film spectra (SI, Figure S20).
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Figure 8. Thin film absorption spectra of NPDI-DPP-NPDI,!* SePDI-DPP-NPDI, and SePDI-
DEP—SePDI spun-cast from 1.0 wt/v% CHCl3 solutions and treated with a THF SVA step for 5
minutes.

Blends of PTB7-Th with SePDI-DPP-NPDI and SePDI-DPP-SePDI were prepared in
CHCl3 at 1.0 wt/v% concentration with 50:50 and 30:70 D/A weight ratios. Thin films were spun-
cast at 1500 rpm for 60 seconds onto glass slides and exposed to THF vapours for 5 minutes. The
UV/Vis absorption profiles for as cast and 5-minute annealed films are displayed in Figure 9. Each
blend profile displays broad absorption over the entire visible spectrum due to the complementary
absorption between donor and acceptor. For both SePDI-DPP-NPDI blends, SVA for 5 min led
to the emergence of a new band at 580 nm. The blend ratio has not had an effect on the response
to SVA treatment, as was the case for blends of PTB7-Th/NPDI-DPP-NPDI.*® However, it should
be noted that the emergence of the peak at 580 nm in the PTB7-Th/SePDI-DPP-NPDI blends only
appeared after 5 minutes of SVA while in PTB7-Th/NPDI-DPP-NPDI films this peak appeared
after 2 minutes, indicating that SePDI substitution has had some influence on solid state
morphology. Substituting both NPDI units for SePDI units has had a much more significant
influence on morphology. For the PTB7-Th/SePDI-DPP-SePDI 50:50 blend film SVA treatment

has had no effect on the absorption profile while for the 30:70 blend film SVA treatment has
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induced the emergence of a peak at 580 nm. These results indicate that substituting both NPDI
units for SePDI has significantly affected the solid-state morphology making blends of PTB7-Th
and SePDI-DPP-SePDI much more sensitive to D/A ratio in a way that blends of PTB7-Th and
NPDI-DPP-NPDI are not. While substituting just one NPDI for SePDI does not lead to the same

sensitivity to D/A ratio in blends of PTB7-Th and SePDI-DPP-NPDI, it has made these films

respond more slowly than PTB7-Th/NPDI-DPP-NPDI films.
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Figure 9. Thin film absorption profiles of PTB7-Th with SePDI-DPP-NPDI and SePDI-DPP-
SePDIin 50:50 and 30:70 D/A weight ratios spun-cast from 1.0 wt/v% CHClIs solutions and treated

with THF SVA.
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Organic Photovoltaics

Following our previously established protocols,316182 proof-of-concept OPV devices
were fabricated to further characterize and compare the two new compounds SePDI-DPP-NPDI
and SePDI-DPP-SePDI. The inverted structure of ITO/ZnO/PTB7-Th:acceptor/MoOyx/Ag
structure where acceptor = SePDI-DPP-NPDI or SePDI-DPP-SePDI was used for all devices.
Bulk heterojunction active layers were spun-cast from CHCIz solutions (10 mg/mL total solids) in
air at room temperature and measured with and without a 5 minute SVA treatment using THF
vapour. A 3:7 donor to acceptor ratio was used considering all blends showed changes in the
optical absorption profile at this ratio (vide supra) and having a higher acceptor loading has
previously led to best results.!317:46

OPV devices based on PTB7-Th:SePDI-DPP-NPDI and PTB7-Th:SePDI-DPP—-SePDI
active layers without SVA treatment gave best power conversion efficiency (PCE) values of 0.5%
and 1.3%, respectively (Figure 10, Table 2). The low PCE is consistent with previously reported
devices based on PTB7-Th:NPDI-DPP-NPDI active layers where a disorganized, amorphous
nanomorphology persisted.!” Upon SVA treatment of the active layers with THF vapour the PCE
increased to 0.7% and 1.8% for PTB7-Th:SePDI-DPP-NPDI and PTB7-Th:SePDI-DPP-SePDI
active layers, respectively (Figure 10, Table 2). The increase in PCE is primarily a result of
increased short-circuit current (Jsc) and is reflected in the external quantum efficiency spectra.
Analysis of the optical absorption spectra of the devices shows the expected increase in optical
density from 550-600 nm indicating the acceptor molecules are rearranging in the devices.
Unfortunately, while both types of devices show an improved PCE upon SVA, the change is far
less than that observed for devices based on the NPDI-DPP—-NPDI acceptor.?’ It is worth pointing

out that best PTB7-Th:NPDI-DPP-NPDI based devices gave open circuit voltages (Voc) of 0.98
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V. For the best PTB7-Th:SePDI-DPP—-SePDI based devices the Voc is reduced to 0.87 V which
is consistent with the increased electron affinity of the acceptor due to Se for N substitution. The
best PTB7-Th:SePDI-DPP—-NPDI based devices had much lower Voc values of 0.76 V, which
was not expected considering the electron affinity (i.e. first reduction potential) of SePDI-DPP-
NPDI (ca. -1.12 V) was similar to SePDI-DPP-SePDI (ca. -1.13 V). This implies that a unique
solid-state organization of the asymmetric molecule is leading to different electronic behaviour, a
phenomenon that needs to be explored further. The changes in surface roughness of the active
layer films were probed before and after SVA treatment. Before the active layers were smooth
with minimal features. Upon SVA treatment the films roughen with larger domains forming what
appear to be a more ordered morphology (Figure S21 and S22). A more organized bulk-
heterojunction can improve charge extraction and can help explain the increase in Jsc. This is

consistent with our previous findings.!’
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Figure 10. Current-voltage curves (left), external quantum efficiency spectra (middle), and optical
absorption spectra (right) of organic photovoltaic devices with an ITO/ZnO/PTB7-
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Th:acceptor/MoOx/Ag structure where acceptor = SePDI-DPP—-NPDI (top, purple) or SePDI-
DPP-SePDI (bottom, red). PTB7-Th:acceptor ratio = 3:7. For SVA treated devices the active layer
was exposed to THF vapour for 5 minutes in a closed chamber prior to top contact deposition.

Table 2. Tabulated organic photovoltaic device data

Photoactive layer Voc (V) Jsc (MA/cm?)  Fill Factor (%) Efficiency (%)
PTB7-Th:SePDI-DPP-NPDI
0 min SVA 0.74 (0.76) 1.8 (2.0) 35 (37) 0.5 (0.5)
5 min SVA 0.74 (0.76) 2.6 (2.7) 37 (398) 0.7 (0.8)
PTB7-Th:SePDI-DPP-SePDI
0 min SVA 0.84 (0.85) 3.8 (4.5) 33 (33) 1.0 (1.3)
5 min SVA 0.85 (0.87) 5.3 (5.5) 39 (41) 1.8 (2.0)

& Average of min. eight devices with metrics of champion devices in parentheses.
b Photoactive layers processed from chloroform (10 mg/mL total solids concentration) using a
3:7 donor:acceptor blend ratio without and with THF SVA.

Conclusion

In this contribution we have presented two new organic n-conjugated materials, namely
SePDI-DPP-NPDI and SePDI-DPP-SePDI, which are the selenium annulated PDI derivatives of
our teams known NPDI-DPP-NPDI non-fullerene acceptor.®* The molecules were synthesized
using direct (hetero)arylation cross-coupling methods and it was found that the SePDI building
block was a poorer coupling partner than the NPDI building block with the DPP chromophore. In
comparing the materials properties, the main finding was the SePDI building block has the primary
effect of increasing the electron affinity of the molecules while decreasing the propensity for
molecular rearrangement in the thin film upon solvent vapour annealing, a known technique to
induce crystallization in organic films. As a result, organic photovoltaic devices based on the
SePDI compounds with the donor PTB7-Th showed lower open-circuit voltages and lower overall

performance than the all NPDI analogue. To not discount these new non-fullerene acceptors, the
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pairing with PTB7-Th is clearly not ideal and a systematic evaluation of donor polymers and film
processing conditions is warranted. As a final comment this work serves to contradict the literature
where non-fullerene acceptors based on the selenium annulated PDI seems to outperform those
based on the nitrogen annulated PDI and that careful choice of molecular architecture is required
to maximize organic photovoltaic performance.
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Materials and Methods

Materials: SiliaCat® DPP-Pd was received from SiliCycle. All remaining reagents were
purchased from Sigma-Aldrich. Dimethyl acetamide solvent was dried by filtering through
MgSO., stored over 3 A molecular sieves, and purged with N2 bubbling before use. All other
solvents and materials purchased were used without further purification.

Nuclear Magnetic Resonance (NMR): *H and 3C spectra were recorded on a Bruker Avance-
500 MHz spectrometer at 300 K. Chemical shifts are reported in parts per million (ppm).
Multiplicities are reported as: singlet (s), doublet (d), doublet of doublets (dd), triplet (t), multiplet
(m), quartet (q), and broad (br).

High-resolution Mass Spectrometry (HRMS): High-resolution MALDI mass spectrometry
measurements were performed courtesy of Jian Jun (Johnson) Li in the Chemical Instrumentation
Facility at the University of Calgary. A Bruker Autoflex 1l Smartbeam MALDI-TOF (Na:YAG
laser, 355nm), setting in positive or negative reflective mode, was used to acquire spectra.
Operation settings were all typical, e.g. laser offset 62-69; laser frequency 200Hz; and number of
shots 300. The target used was Bruker MTP 384 ground steel plate target. Sample solution (~ 1
pg/mL in dichloromethane) was mixed with matrix trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-
propenylidene]malononitrile (DCTB) solution (~ 5mg/mL in methanol). Pipetted 1 pl solution
above to target spot and dried in the fume hood.

CHN Analysis: Elemental analysis was performed by Jian Jun Li in the Chemical Instrumentation
Facility at the University of Calgary. A Perkin EImer 2400 Series Il CHN Elemental Analyzer was
used to obtain CHN data from a minimum of 3 mg of sample with particle sizes ranging between
0.2 and 0.5 mm in diameter. Results were obtained in duplicate.

Cyclic Voltammetry (CV): Electrochemical measurements were performed using a Model 1200B
Series Handheld Potentiostat by CH Instruments Inc. The cyclic voltammetry experiments were
performed in anhydrous solution with ~0.1 M tetrabutylammonium hexafluorophosphate
(TBAPFs) as the supporting electrolyte using either dichloromethane solvent with Ag wire pseudo
reference, Pt wire counter electrode, and glassy carbon electrode working electrode. All
electrochemical solutions were purged with N2 for 5 minutes to deoxygenate the system. Solution
CV measurements were carried out with a small molecule concentration of ~0.5 mg/mL in
dichloromethane. The ionization potentials (IP) and electron affinities (EA) were estimated by
correlating the E1/2 potentials (EoxFc/Fc*, EredFc/Fc®) to the normal hydrogen electrode (NHE),
assuming the IP of Fc/Fc* to be 4.8 eV.!

UV-Visible Spectroscopy (UV-Vis): All absorption measurements were recorded using Agilent
Technologies Cary 60 UV-Vis spectrometer at room temperature. All solution UV-Vis
experiments were run in CHCI3 using 10 mm quartz cuvettes. Neat films of pure compounds were
prepared by spin-coating ~0.2 mL from a 1 % wt/v CHCl3 solution onto Corning glass micro slides.
Prior to use, glass slides were cleaned with soap and water, acetone and isopropanol, and followed
by UV/ozone treatment using a Novascan UV/ozone cleaning system.
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Experimental

Synthesis of SePDI-DPP-NPDI: In a 5 mL pressure vial, SePDI-DPP (150 mg, 0.11 mmol, 1.0
eq), 11-bromo-5-hexyl-2,8-bis(1-ethylpropyl)perylene diimide (84mg, 0.12 mmol, 1.0 eq),
SiliaCat® DPP-Pd (10 mol% Pd to SePDI-DPP), pivalic acid (40 mol% to DPP), and potassium
carbonate (28 mg, 0.51 mmol, 1.8 eq.) were added with a stir bar followed by the addition of
anhydrous, degassed N,N’-dimethylacetamide (2 mL). The reaction mixture was sealed with a
Teflon® cap under N2 and heated at 120 °C in a LabArmor® bead bath for 24 hours. After 24
hours, the reaction mixture was poured into MeOH (50 mL) and stirred for 1 hour. The mixture
was filtered through celite, rinsing with MeOH to remove a dark blue filtrate. A dark purple solid
was recovered from the celite by washing with CH2Cl. and CHCIz. The solvents were removed by
rotary evaporation and the solid was isolated by precipitation with MeOH and vacuum filtration.
The crude solid was purified by column chromatography, eluting with a 5:1 CH2Cl>:hexanes to
separate unreacted SePDI-DPP and then pure CH.Cl; to recover the product SePDI-DPP—-NPDI
(dark purple solid, 153 mg, 0.080 mmol, 69%).

H NMR (500 MHz, CDClIs, ppm): & 9.43 (d, br, 2H, Jn-se=28.4 Hz; SePDI), 9.38 (d, br, 2H, Ju-
se=27.0 Hz; SePDl), 9.37 (d, 2H, J=3.8 Hz; Th), 9.30 (d, 2H, J=3.8 Hz; Th), 9.12, (s, 1H; NPDI),
9.06 (s, 1H; NPDI), 8.92 (d, br, 1H, Jx-se=22.5 Hz; SePDI), 8.88 (s, 1H; NPDI), 8.61 (m, br, 2H;
NPDI and SePDI), 8.38 (d, 1H, J=8.4 Hz; SePDI), 8.32, (d, 1H, J=8.3 Hz; NPDI), 7.64 (d, 2H,
J=3.9 Hz; Th), 7.58 (d, 2H, J=3.8 Hz; Th), 5.24 (m, br, 4H; N-CH), 4.95 (m, 2H; PDI-N-CH>),
4.13 (m, 4H; DPP-N-CHy), 2.42-2.21 (m, br, 12H; CH>), 2.05-1.80 (m, 12H; CH), 1.51-1.06 (m,
68H; CH>), 0.99 (t, 6H, J=7.1 Hz; CH3), 0.95 (t, 6H, J=7.1 Hz; CH3), 0.87 (t, 3H, J=7.3 Hz; CH3),
0.84 (t, 6H, J=7.1 Hz; CH3), 0.82 (t, 6H, J=7.1 Hz; CH3), 0.72 (t, 3H, J=6.8 Hz; CH3), 0.69 (t, 3H,
J=6.9 Hz; CHy).

13C NMR (125 MHz, CDCls, ppm): & 161.5, 161.5, 148.2, 148.0, 140.0, 139.4, 137.3, 135.2,
132.8, 132.6, 132.2, 132.1, 131.9, 129.1, 128.8, 128.5, 128.2, 126.9, 126.7, 126.1, 125.8, 125.1,
125.0, 123.2, 123.1, 120.0, 119.9, 108.9, 108.7, 47.2, 42.7, 42.6, 32.5, 32.5, 31.9, 31.9, 31.8, 31.8,
31.7, 31.7, 31.5, 30.3, 29.3, 29.3, 29.2, 27.1, 27.0, 26.8, 26.8, 25.3, 22.8, 22.7, 22.7, 22.7, 22.6,
14.3,14.2,14.2, 14.2, 14.2, 14.1, 11.6, 11.6.

Tabulated 13C signals: 63; expected *C signals: 102.
HRMS (MALDI-TOF): m/z 1924.8524 (M+H), 1946.8967 (M+Na). calcd. 1923.8408.
CHN: Calculated: C, 72.30; H, 6.76; N, 65.09. Found: C, 72.39; H, 6.64; N, 5.13.

Synthesis of SePDI-DPP and SePDI-DPP-SePDI: In a5 mL pressure vial, 2,5-bis(1-octyl)-3,6-
di(thiophen-2- yl)diketopyrrolopyrrole (100 mg, 0.19 mmol, 1.0 eq), [1,12-b,c,d]selenophene-
6-bromoperylene diimide (410 mg, 0.48 mmol, 2.5 eq), SiliaCat® DPP-Pd (10 mol% Pd to
DPP), pivalic acid (40 mol% to DPP), and potassium carbonate (75 mg, 0.54 mmol, 2.8 eq.) were
added with a stir bar followed by the addition of anhydrous, degassed N, N -dimethylacetamide (5
mL). The reaction mixture was sealed with a Teflon® cap under N2 and heated at 80 °C in a
LabArmor® bead bath for 24 hours. After 24 hours, the reaction mixture was poured into MeOH
(50 mL) and stirred for 1 hour. The mixture was filtered through celite, rinsing with MeOH to
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remove a dark blue filtrate. A dark purple solid was recovered from the celite by washing with
CH2Cl, and CHCl3. The solvents were removed by rotary evaporation and the solid was isolated
by precipitation with MeOH and vacuum filtration. The crude solid was purified by column
chromatography, eluting with a CH2Cl./hexanes gradient from 3:2 to 3:1 CH.Cl,:hexanes to
separate unreacted starting materials and recover monosubstituted side-product SePDI-DPP (dark
purple solid) and then pure CH.Cl. to recover the target product SePDI-DPP—SePDI (dark purple
solid, 98.0 mg, 0.047 mmol, 25%).

IH NMR SePDI-DPP (500 MHz, CDCls, ppm): & 9.42 (d, br, 1H, Ji.s=29.1 Hz; SePDI), 9.36
(d, br, 1H, Jn-se=26.7 Hz; SePDI), 9.22 (d, 1H, J=3.8 Hz; Th), 9.01 (dd, 1H, J=3.8, 1.1 Hz; Th),
8.90 (d, 1H, Jn-se=22.0 Hz; SePDI), 8.58 (dd, 2H, Ju.s=26.7 Hz, J1.+=8.5 Hz, SePDI), 8.36 (d,
1H, J=8.4 Hz; SePDI), 7.70 (dd, 1H, J=5.0, 1.0 Hz; Th), 7.53 (d, 1H J=3.9 Hz; Th), 7.32 (dd, 1H,
J=5.0, 3.9 Hz; Th), 5.26 (M, 2H; N-CH), 4.12 (t, 2H; N-CHy), 4.07 (t, 2H; N-CH), 2.28 (m, br,
4H; CH,), 1.89 (m, 4H; CHy), 1.78 (m, 4H; CH), 1.49-1.06 (m; 44H, CH), 0.88 (t, 3H, J=6.9 Hz;
CHs), 0.83 (t, 6H, J=7.1 Hz; CHs), 0.81 (t, 6H, J=7.0 Hz; CH3), 0.70 (t, 3H, J=6.9 Hz; CH3).

IH NMR SePDI-DPP-SePDI (500 MHz, CDCls, ppm): §9.43 (d, br, 2H, Juse=27.4 Hz;
SePDI), 9.38 (d, br, 2H, Jn-se=26.9 Hz; SePDI), 9.30 (d, 2H, J=3.8 Hz; Th), 8.92 (d, 2H, Jn-se=22.2
Hz; SePDl), 8.60 (dd, 2H, Jn-se=26.4 Hz, Ju-1=7.1 Hz; SePDI), 8.38 (d, 2H, J=8.4 Hz, SePDI),
7.57 (d, 2H, J=3.9 Hz; Th), 5.30 (m, 2H; N-CH), 5.25 (m, 2H; N-CH), 4.13 (m, 4H; N-CH>), 2.30
(m, br, 8H; CHy), 1.94-1.80 (m, 12H; CH,), 1.41-1.09 (m, 68H; CHy), 0.84 (t, 12H, J=7.1 Hz;
CHg), 0.82 (t, 12H, J=7.1 Hz; CHg), 0.72 (t, 6H, J=6.9 Hz; CHa).

13C NMR SePDI-DPP-SePDI (125 MHz, CDCls, ppm): & 165.2, 164.7, 163.5, 161.5, 148.3,
141.0, 139.7, 137.3, 134.7, 134.4, 134.3, 133.3, 132.8, 132.2, 132.1, 128.8, 128.5, 126.9, 126.7,
126.2, 125.8, 122.5, 122.4, 108.9, 55.3, 55.1, 42.7, 32.5, 32.5, 31.9, 31.8, 29.3, 29.2, 27.0, 26.8,
26.8,22.8,22.7,22.7,14.2,14.2, 14.1.

Tabulated 13C signals: 42; expected *C signals: 51.

HRMS SePDI-DPP-SePDI (MALDI-TOF): m/z 2072.7673, 2095.8347 (M+Na). calcd.
2072.8403.

CHN SePDI-DPP-SePDI: Calculated: C, 70.70; H, 6.81; N, 4.05. Found: C, 70.73; H, 6.75; N,
3.98.
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Solution NMR Spectra
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Figure S1. *H NMR spectrum of SePDI-DPP-NPDI in CDCls.
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Figure S2. *°C NMR spectrum of SePDI-DPP-NPDI in CDCls.
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Figure S3. 'H NMR spectrum of SePDI-DPP in CDCls.
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Figure S4.H NMR spectrum of SePDI-DPP-SePDI in CDCls.
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Figure S5. 3C NMR spectrum of SePDI-DPP-SePDI in CDCls.
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Mass Spectrometry (MALDI-TOF)
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Figure S6. MALDI-TOF of SePDI-DPP-NPDI.
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Figure S7. MALDI-TOF of SePDI-DPP-SePDI.
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Elemental Analysis
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Figure S8. Elemental analysis results of SePDI-DPP-NPDI.
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Figure S9. Elemental analysis results of SePDI-DPP—SePDI.
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Optoelectronic Characterization
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Figure S10. Cyclic voltammogram of SePDI-DPP-NPDI measured at 100 mV/s in CHxCl..
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Figure S11. Differential pulse voltammogram of SePDI-DPP—NPDI measured in CH2Cl..
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Figure S12. Cyclic voltammogram of SePDI-DPP-SePDI measured at 100 mV/s in CHxCl..
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Figure S13. Differential pulse voltammogram of SePDI-DPP—-SePDI measured in CH2Cl..
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Figure S14. Solution absorption spectra for SePDI-DPP—SePDI in CHCl:.
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Figure S15: Absorbance versus concentration profile for SePDI-DPP-SePDI.
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Figure S16: Absorption and emission spectra for SePDI-DPP—SePDI measured in CHCls.
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Figure S17. Solution absorption spectra for SePDI-DPP-SePDI in CHCls.
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Figure S19: Absorption and emission spectra for SePDI-DPP-SePDI measured in CHCls.
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Figure S20: Thin film absorption profiles of SePDI-DPP-NPDI (top) and SePDI-DPP-SePDI
(bottom) showing effects of THF solvent vapour annealing up to 10 min. Thin films were spun-
cast from 1.0 wt/v% CHClIs solutions.
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Density Functional Theory Calculations

Table S1. Summary of predicted optical transitions for SePDI-DPP-SePDI and SePDI-DPP-—
NPDI.

Compound State  Eopt (V) A(mm) f Composition

SePDI-DPP-NPDI S1 1.42 872 0.180 H > L (99%)
S 1.59 778 0.127  H > L+1(99%)
Ss 2.23 557 0.820  H > L+2 (84%)

H-1 > L+1 (6%)
H-2 > L (5%)
H-1-> L (3%)

Ss 2.44 506 0.649  H-2> L (50%)
H-1-> L=1 (48%)

Se 2.47 501 0339  H-1- L+1 (44%)
H-2 > L (43%)
H > L+2 (12%)

S 2.79 445 0.115  H-4 > L (91%)
SePDI-DPP-SePDI ~ S; 1.42 870 0282  H > L (99%)
S 2.22 559 0.858  H > L+2 (88%)

H-2 > L (7%)
H-1-> L+1 (4%)

S 2.41 516 0.387  H-1-> L (98%)

Se 2.48 500 0.268  H-1-> L+1(87%)
H > L+2 (7%)
H-2 > L (4%)

S 2.50 495 0282  H-2 > L+1(98%)

S 2.78 445 0.199  H-4 > L (55%)
H-3 > L+1 (37%)
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Organic Photovoltaics

Organic Photovoltaic (OPV) Devices: Devices were fabricated using ITO-coated glass substrates
cleaned by sequentially ultra-sonicating with detergent and de-ionized water, acetone, and
isopropanol followed by exposure to UV/ozone for 30 min. ZnO was subsequently deposited as a
sol-gel precursor solution in a N2 purge box following the method of Sun et al.? The room
temperature solution was spin-coated at a speed of 5000 rpm and then annealed at 200 °C for at
least 20 min. Active layer solutions of PTB7-Th, SePDI-DPP-NPDI, and SePDI-DPP—SePDI
were prepared in air with a total concentration of 10 mg/mL in Chloroform (CF). Solutions were
stirred for 1 h at 50 °C. Active layer materials were combined in a 3:7 donor/acceptor weight ratio.
The active layer solution was coated at room temperature at a speed of 1500 rpm for 60 s. Post-
deposition solvent vapour annealing was carried out by containing a raised as-cast substrate within
a screw cap glass jar with 1 mL of THF in the bottom of the jar. Substrates were left exposed to
the solvent vapour for 5 minutes. The substrates with the cast active layers were kept in an N>
atmosphere glovebox overnight before evaporating MoOs and Ag. The 10 nm of MoOs followed
by 100 nm of Ag were thermally deposited under vacuum (10-5 Torr). The active areas of the
devices were 0.14 cm?. The current density-voltage (J-V) curves were measured by a Keithley
2420 source measure unit. The photocurrent was measured under AM 1.5 illumination at 100
mW/cm? under a Solar Simulator (Newport 92251A-1000). The standard silicon solar cell
(Newport 91150 V) was used to calibrate light intensity. All tests were carried out in air.
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Atomic Force Microscopy (AFM) Images:
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Figure S21. AFM height (left) and phase (right) images of OPV devices based on the PTB7-
Th:SePDI-DPP-NPDI active layer (3:7 blend ratio). (A) active layers as-cast. (B) active layers
after a 5 min THF SVA treatment.
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Figure S22. AFM height (left) and phase (right) images of OPV devices based on the PTB7-
Th:SePDI-DPP-SePDI active layer (3:7 blend ratio). (A) active layers as-cast. (B) active layers
after a 5 min THF SVA treatment.
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