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ARTICLE INFO ABSTRACT

A series of triply-linked perylene bisimide dimers (diPBIs) with varied solubilizing groups (short-chain aliphatic,
long-chain aliphatic, and aryl) were synthesized to determine the structure-property relationships that govern
their performance as non-fullerene acceptors in conventional polymer photovoltaic devices. In the synthesis of
the intermediates, a new solvent and ligand system for dehalogenation of 1,6,7,12-tetrabromo-perylene bisi-
mides to 1,12 dibromo-perylene bisimides was developed in order to access PBI systems that are not available via
procedures previously reported. The new dimethylacetamide/2-picolinic acid system expands the available R-
groups for inclusion on perylene bisimides that render them insoluble in the conventional DMSO/L-proline
system, while providing milder conditions and higher yields. A cosolvent system of DMSO/diphenyl sulfoxide
was utilized to couple the brominated perylene bisimides, allowing for direct coupling of aliphatic-substituted
perylene bisimides. The resulting diPBIs showed only very small differences in optoelectronic properties, but
aliphatic-substituted diPBIs provided better performance due to their better solubility and ability to form co-

Keywords:

Perylene bisimide dimers
Polymer photovoltaics
Non-fullerene acceptors
Atomic force microscopy

continuous films with the donor polymer PTB7.

1. Introduction

In recent years, polymer photovoltaics have shown much promise as
part of the renewable energy landscape, specifically by making photo-
voltaics more accessible through mass production like blade coating or
inkjet printing. The majority of recent research on new materials has
focused on the donor polymer of the device rather than the electron
acceptor material. However, lately there has been increased interest in
alternative, non-fullerene acceptor materials to replace compounds like
phenyl-Cg;-butyric acid methyl ester (PCBM) [1-3]. An intriguing class
of materials for this application is based on perylene bisimide, (PBI), an
industrially important colorfast dye that has seen utility in the organic
electronics area from the beginning of organic photovoltaics, a deri-
vative of which was utilized in the first organic photovoltaic device [4]
due to its chemical tunability, high electron mobility, and environ-
mental stability [5-7]. Due to these advantageous factors, PBIs have
been widely utilized as the electron accepting material in organic solar
cells, both as small molecules and incorporated into polymers [8-10].
The identity of the imide R group affects the solubility and self-as-
sembly characteristics of PBIs, leading to varied optoelectronic prop-
erties once solution cast into the solid state [11]. Expanding the
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conjugation of the bay region of the PBI through addition of phenyl
groups [12] or additional PBI moieties [6,13-15] has been one ap-
proach to broaden the absorption and tune the electronic properties of
PBI-based molecules [12]. One promising approach is to expand the bay
region through linkage of the PBI to another PBI through three bonds,
in contrast to one or two.

A variety of these types of compounds have been synthesized, all
using the method of copper-mediated Ullmann-style coupling, with Cul
as the copper source, L-proline as the ligand, and DMSO as the solvent.
Cul/L-proline is a well-studied system that has been widely used
[16-18], notably in the coupling of aryl halides [19], and for reactions
such as oxidation of alcohols to ketones [20]. Synthesis of triply-linked
PBI dimers has been reported utilizing tetrahalogenated PBIs as the
substrate for subsequent reaction either through direct coupling in basic
conditions [21] or through synthesis of a 1,12-dihalogenated compound
without addition of a base, which is then subjected to the same coupling
conditions [22]. A few reports have appeared of the synthesis of these
1,12-dihalogenated compounds with either alkyl or aryl R-groups in the
imide positions and either tetrachlorination or tetrabromination in the
bay region. These studies all used DMSO as the solvent for their reac-
tions with no reports of an alternative, limiting the applicability of
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4a (diBOPBI)

Fig. 1. Target diPBIs and polymer donor PTB7 used as polymer component in OPV devices.

4b (diHDPBI)

these reaction conditions to only those functional groups soluble in
DMSO. An alternative solvent system for the modification of these types
of halogenated perylene bisimides is therefore desired to expand the
range of architectures and structures possible for applicability in or-
ganic semiconductor research.

In this report, we detail the synthesis of a series of triply-linked
perylene bisimide dimers (diPBIs) using intermediates synthesized
under alternative milder conditions and in higher yields compared to
previous reports of similar molecules. DiPBIs with three different so-
lubilizing groups were synthesized: short chain alkyl (di(butyloctyl)PBI,
diBOPBI, (4a), long chain alkyl (di(hexyldecyl)PBI, diHDPBI, (4b), and
aryl (di(diisopropylphenyl)PBI, diDIPPBI, (4c). The aryl-substituted
diDIPPBI has been synthesized in a previous publication,?! but not yet
reported in photovoltaic devices. Similar alkyl-substituted diPBIs have
been utilized as non-fullerene acceptors [22], but the effect of alkyl
chain length on device performance was not studied. The compounds
synthesized in this study were utilized as non-fullerene acceptor ma-
terials in the active layer of bulk heterojunction polymer solar cells,
with the polymer PTB7 acting as the donor material (Fig. 1).

2. Results and discussion
2.1. Synthesis and characterization of diPBIs

The syntheses of all target diPBIs (4a—c) involve a multistep process
(Scheme 1), first requiring the synthesis of the tetrabromo-perylene
bisanhydride (1) and then the synthesis of the tetrabromo-perylene
diimides (2a-c), procedures of which are widely reported and easily
reproduced from the literature (condition i, Scheme 1) [12,23]. Direct
coupling of compound 2c using the reported procedures in DMSO
(condition ii) yielded compound 4c in yields comparable to literature
[21]. Direct coupling of the aliphatic tetrabromo-PBIs 2a and b was
attempted using condition ii, but the compounds were insoluble in
DMSO, the solvent of choice for this style of coupling [22,24], so a
different solvent was needed. The coupling reactions were attempted
using DMSO and either toluene or dioxane as a cosolvent, without
success. Diphenyl sulfoxide was chosen as the cosolvent to maintain the
sulfoxide functionality of DMSO while also lowering the polarity of the
solvent mixture, effectively solubilizing the tetrabromo-PBIs at a 3:1
mass ratio of DMSO to DPSO (condition iii). Direct coupling of the
aliphatic tetrabromo-PBIs provided yields lower than, but comparable
to, direct coupling of the aryl diPBI in literature [21].

In an effort to obtain a higher yield of the target compounds 4a and
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b from a single reaction, a method similar to Jiang et al.’s report [22]
was first utilized to dehalogenate the tetrabromo-PBIs in one bay. The
solvent system of 3:1 DMSO/DPSO was utilized (condition v), and
yields lower than those reported resulted (Table 1), likely due to the
poor solubility of the tetrabromo-PBIs at the reaction temperature,
which was only a few degrees above the melting point of DPSO.
Screening for alternate solvents showed that dimethyl acetamide solu-
bilizes 2a and b, but L-proline was not soluble. Due to its solubility in
DMAc and high activity in other similar copper-mediated reactions
[20], 2-picolinic acid (2PA) was chosen as a ligand [20]. Dehalogena-
tion of the tetrabromo-PBIs was performed with the DMAc/2PA com-
bination (condition vi), which doubled the yield of the dibromo-PBIs as
compared to the DMSO/DPSO/L-proline system, as well as for the de-
halogenation of 2¢ in DMSO (condition iv). These yields are greater
than those obtained in other reports on the dehalogenation of aliphatic
tetrahalogenated PBIs [23,25,26], presumably due to the increased
solubility of the tetrabromo-PBIs in DMAc compared to DMSO or
DMSO/DPSO mixtures. Coupling of the dibromo-PBIs was attempted
utilizing the DMAc/2PA system, though only trace amounts of the de-
sired diPBIs were obtained [27]. The DMSO/DPSO/L-proline system
(condition iii) was utilized to couple the dibromo-PBIs. The yields of the
target compounds utilizing the two-step synthetic route were higher
than those of the direct method, but the overall yields from the one-step
direct coupling were higher when starting from the tetrabrominated
PBIs.

UV-visible spectroscopy (Fig. 2) shows similar absorption profiles
for each molecule, indicating that the different diPBIs’ solubilizing
groups do not strongly affect the absorption of the molecules in solu-
tion, with only slight differences between the three compounds. In
contrast, when cast into thin films, the aliphatic diPBIs show similar
absorption profiles while the aryl diDIPPBI shows a great change in the
low-energy region, which we suggest is a change in crystalline packing
upon film formation. The optical band gap, estimated by the absorption
onset in solution, is the same for each diPBI (Table 2). The energy levels
(HOMO and LUMO) are quite similar and lie close to the values for
similar molecules reported in the literature. Reductive cyclic voltam-
mograms of the diPBIs are shown in Fig. 3. All diPBIs show four re-
duction waves consistent with similar compounds reported in the lit-
erature.[22,28,29] Because of the very similar energy levels and light
absorption, any performance differences when incorporated into the
active layer can be attributed to the identity of the R-groups and their
variable solubilities.
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Scheme 1. Reaction scheme and conditions for the syntheses of diPBIs: i) R-NH,, propionic acid, 140 °C, 4 h; ii) Cul, L-proline, K,CO3, DMSO, 110 °C, 12 h; iii) Cul, L-proline, K5COs3,
DMSO/DPSO, 110 °C, 12h; iv) Cul, L-proline, DMSO, 75 °C, 6 h; v) Cul, L-proline, DMSO/DPSO, 75 °C, 6 h; vi) Cul, 2-picolinic acid, dimethyl acetamide, 75 °C, 6 h.

Table 1

Reaction conditions and purified yields for target compounds. Values in parentheses re-
present overall yield when starting from the respective tetrabrominated precursor (2a or
2b), calculated from the product of the purified yields from reaction conditions vi and iii
from Scheme 1.

Target Compound Reaction route Yield (%)

Br,BOPBI (3a) DMSO/DPSO, L-proline (v) 23
DMAc, 2PA (vi) 48
Br,HDPBI (3b) DMSO/DPSO, L-proline (v) 20
DMAc, 2PA (vi) 46
Br,DIPPBI (3c) DMSO, L-proline (iv) 23
DMAc, 2PA (vi) 50
diBOPBI (4a) Two-step (vi, iii) 12 (6)
Direct (fif) 10
diHDPBI (4b) Two-step (Vi, iii) 18 (8)
Direct (iii) 10
diDIPPBI (4c) Direct (i) 25
70000 diBOPBI
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Table 2

Photophysical properties of diPBIs in solution. Aonser Was calculated from the onset of
absorption in dilute CHC; solution (1 x 10~° M), and E, was calculated according to Eg
(eV) = (1240 / Aonser)- Eonset Was calculated from the onset of the reduction peak in cyclic
voltammetry compared to the reduction peak of Fc/Fc* (Fig. 3). The LUMO of the diPBIs

was estimated according to the onset of the reduction peaks and
Erumo = — (4.8 + Egnger). The HOMO was calculated according to Exomo = (ELumo — Eg)
ev.
Compound Nonset (nm) Eg (eV) Eonset (V) ELumo (eV) Enomo (eV)
diBOPBI (4a) 701 1.77 —0.54 —4.26 —6.03
diHDPBI (4b) 702 1.77 —-0.59 -4.21 -5.97
diDIPPBI (4¢) 702 1.77 —-0.62 —4.18 —5.95

2.2. Power conversion efficiency

Once isolated, the diPBIs are soluble in common solvents like
chloroform, THF, toluene, and chlorobenzene, and fully soluble at the
concentrations for analysis (20 mg/mL in CDCl; for NMR, and up to
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Fig. 2. UV-vis absorption spectra of diPBIs in CHCl; solution (a) and cast into thin films (b). Similar absorption profiles in solution for each diPBI show that solubilizing group does not
have a large impact on the absorption of the molecule, though absorption in the solid state is greatly impacted by choice of aliphatic vs. aryl substituents.
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Fig. 3. Reductive cyclic voltammograms of diBOPBI 4a, diHDPBI 4b, and diDIPPBI 4c.
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Fig. 4. Representative J-V plots of OPV devices with the architecture ITO/PEDOT:PSS/
active layer/Ca/Al utilizing an active layer of 1:1.5 PTB7:diPBIL.
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9 mg/mL in chlorobenzene). Surprisingly, diDIPPBI was only sparingly
soluble in 1,2-dichlorobenzene even upon heating at 60 °C for two
hours, so for photovoltaic active layer blends, chlorobenzene was uti-
lized as the casting solvent. Devices were fabricated utilizing
PTB7:diPBI blends at differing weight ratios. Representative J-V plots
are shown in Fig. 4, and performance parameters are summarized in
Table 3. Inverted devices with the architecture ITO/ZnO/active layer/
MoO3/Ag were fabricated and showed no appreciable performance
[30,31]. The power conversion efficiencies of the devices are lower
than those reported previously for a system that utilized a similar donor
polymer and different D:A weight ratios [22]. The open-circuit voltages
of these devices are low compared to those reported for other devices
based on the donor polymer PTB7 [15,32,33]. This is likely due to
multiple factors, like the LUMO level of the diPBIs, which affects values

Table 3
Performance parameters of PTB7:diPBI devices at varied donor:acceptor weight ratios.

Synthetic Metals 237 (2018) 56-64

obtainable for the V,. [34], as well as poor connections due to the
aggregation of the diPBIs. The report by Jiang et al. that explored the
performance of PBI dimers with varying numbers of bay linkages
showed that polymer OPV devices based on the triply linked diPBIs
showed lower V,.s than devices based on the singly- or doubly-linked
dimers, which showed V. values in accordance with those of devices
based on the PBI family as the acceptor [22]. In addition to varied
solubility, the LUMOs of the triply-linked diPBIs were lower-lying than
those of the singly and doubly linked diPBIs by roughly 0.2eV. The
change in energy levels led to a concomitant drop of similar magnitude
in the V. of resulting devices. The results reported by Jiang et al. for
the triply linked materials are similar to those observed in our devices.
The short-circuit current densities are also low, especially for 4c, pre-
sumably due to poor charge transport of the acceptor caused by an
increased level of m-it stacking in the aryl R-groups, which increases the
number of charge traps and limits the number of charge carriers that
can escape the phase-separated domains. The highest PCE is observed
for the devices utilizing 4b at the 1:1.5 D:A ratio, driven by the large
increase in the J. under those conditions. In the bulk heterojunction
polymer blend configuration of the OPV devices evaluated in the pre-
sent study, the strong s-stacking of the diPBIs likely leads to self-ag-
gregation, which hinders the formation of an interconnected three-di-
mensional network.

Solid-state UV-Vis spectra of the PTB7:diPBI films at a 1:1.5 ratio
are shown in Fig. 5. All films retained the distinctive diPBI absorption
peaks at ~400 nm and ~ 520 nm. However, in the PTB7:diDIPPBI film,
the diPBI absorption peak is dramatically higher than in the alkyl diPBI
films, as seen in the neat diDIPPBI film. This is most likely due to for-
mation of large crystalline domains of diDIPPBI, driven by the high
aromatic content of these molecules, which results in poor charge se-
paration and generation. This is reflected in the lower PCE of the di-
DIPPBI devices reported in Table 3.

AFM height images of the 1:1.5 PTB7:diPBI blends in Fig. 6 show
small phase-separated crystalline domains consistent with blends of
high performance polymers with other acceptors, fullerene and non-
fullerene alike [22,35]. The aliphatic-substituted diPBIs in column A
and B show phase separation into co-continuous morphologies, which
are also seen via phase imaging. The height images in column C, cor-
responding to the PTB7:diDIPPBI blend, show more discrete phase se-
paration, with round projections from the surface evident in image C2.
Phase imaging, though, reveals a stark difference in the phase separa-
tion in the films with aliphatic (A3 and B3) vs. aromatic (C3) diPBIs. A3
and B3 show a co-continuous morphology without a great difference in
the phase angle, indicating relative homogeneity on the surface. C3
shows a large difference in the phase angle between the bright and dark
spots, indicating a high level of phase separation. This is attributed to
the diDIPPBI’s increased aromatic character, driving s-it stacking and
aggregation. RMS roughness analysis of the surfaces shows a rougher
surface for the PTB7:diDIPPBI blend (RMSs,m, = 1.47 nm) than for the
PTB7:diBOPBI blend (RMSs,, = 1.05nm) or PTB7:diHDPBI blend
(RMSs,m = 0.83nm). For PTB7-based devices, a rougher active layer
surface is correlated with decreased performance [36].

Acceptor D:A ratio Voe (V) Jse (mA/cm?) FF (%) PCE (%)
diBOPBI (4a) 1:1 0.350 + 0.017 3.26 = 0.22 393 = 41 0.45 = 0.09
1:1.5 0.335 = 0.025 3.52 = 0.21 37.1 = 5.8 0.43 = 0.06
diHDPBI (4b) 1:1 0.339 = 0.010 2.57 = 0.13 46.4 = 5.2 0.38 = 0.04
1:1.5 0.331 = 0.020 3.79 = 0.17 399 = 3.6 0.48 = 0.05
diDIPPBI (4c) 1:1 0.281 = 0.067 0.92 = 0.12 40.6 = 12.1 0.09 = 0.02
1:1.5 0.282 = 0.049 0.96 = 0.13 319 = 49 0.08 = 0.02
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Fig. 5. Solid-state UV-Vis spectra of 1:1.5 PTB7:diPBI films. Absorbance peaks in the

diDIPPBI (4c) spectrum at 620 and 700 nm show absorbance from the diDIPPBI only,
indicating poor charge transfer.
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3. Conclusions

A new higher-yielding solvent and ligand system of dimethylace-
tamide and 2-picolinic acid for monobay dehalogenation of tetra-
halogenated PBIs was developed for reactions involving PBIs insoluble
in DMSO. The solvent system can also be easily applied to systems that
are soluble in DMSO, resulting in higher yields. This establishes a
platform for the utilization of a wider array of 1,12-dihalogenated PBIs
in electronic material design. Triply-linked perylene bisimide dimers
(diPBIs) were synthesized from 1,6,7,12-tetrabromoPBIs in a direct
coupling route, in higher overall yields than a route that first required
the synthesis and purification of the 1,12-dibromoPBIs. To our knowl-
edge, this is the first report of the direct coupling of aliphatic tetra-
bromo PBIs to yield triply-linked diPBIs.

The diPBIs were utilized as non-fullerene acceptors in polymer
photovoltaic devices. Devices were prepared using PTB7 as the polymer
donor material, and demonstrated poor to modest performance com-
pared to devices using similar materials in the active layer. Aliphatic-
substituted diPBIs gave PCEs around 0.4%, while the aryl-substituted
diPBI gave less than 0.1 %. Many factors influenced the ultimate per-
formance, including the diPBIs’ energy-level matching with the donor
polymer PTB7. Each diPBI compound exhibited very similar optoelec-
tronic properties, and only differed with the type of solubilizing group.

5.0nm 5.0 nm
-5.0 nm -5.0 nm
500.0 nm
5.0 nm 5.0 nm
-5.0 nm -5.0 nm
100.0 nm Height Sensor 100.0 nm
C3
4 20.0° 20.0°
»
Kl
-20.0° -20.0°
700.0 nm Phase 700.0 nm

Fig. 6. AFM images of PTB7:diPBI blends at the 1:1.5 wt ratio. Images in column A are PTB7:diBOPBI (4a) blends, column B PTB7:diHDPBI (4b) blends, and column C PTB7:diDIPPBI (4¢)
blends. Images in row 1 are 2.5pm X 2.5 pm height images, row 2 are 500 nm x 500 nm height images, and row 3 are 500 nm X 500 nm phase images.
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The poorer performance of the aryl diPBI is due to the additional aro-
matic stacking, leading to crystalline domains that trap charges, lim-
iting performance. The strong m-m stacking of these materials limits
their applicability in OPV applications, but the new method for mod-
ification of PBIs expands the architectures available for PBI-based mo-
lecules and non-fullerene acceptors, providing the potential to tune the
composition for specific applications.

4. Experimental section
4.1. Materials

All materials were obtained from Sigma-Aldrich at reagent grade or
better unless otherwise stated. Dimethyl acetamide and dimethyl sulf-
oxide were anhydrous. Solvents for chromatography were obtained
from Fisher Scientific and were ACS grade. Silica gel was obtained from
Sorbtech, and preparative thin layer chromatography plates (1 mm
thick silica) were obtained from AnalTech.

Patterned ITO coated glass substrates with a resistivity of 15 €/sq
were purchased from Luminescence Technology Corp. Low con-
ductivity grade poly(3,4-ethylenedioxythiophene)-poly(styr-
enesulfonate) (PEDOT-PSS) was obtained from Sigma Aldrich as a
2.8 wt.% dispersion in water and used as the hole transport layer. PTB7
(80,000-200,000 g/mol, P < 3.0) was obtained from Sigma Aldrich.
UV-curable encapsulation epoxy (E131) was obtained from Ossila.

4.2. Analytical techniques

NMR spectra were obtained in CDCl; on a Varian 300 MHz spec-
trometer or a Bruker 600 MHz spectrometer and were referenced to the
residual solvent peak. MALDI-TOF mass spectra were obtained on a
Bruker BioFlex 2, using dithranol as the matrix, and a 20:1 mass ratio of
matrix to analyte, cast from THF. These conditions led to fragmentation
of the brominated PBIs [37] (Figs. S3, S6, S9, S12, S15, and S18) and
mass spectra exhibit a peak consistent with loss of a bromine atom,
which are not seen in NMR. Aliphatic diPBIs exhibit a dimeric peak as
well (Figs. S20 and S22).

UV-vis spectra of diPBIs (solution-state and thin film) were ob-
tained using a Cary 5000 UV-Vis-NIR spectrophotometer. Spectral
normalization was carried out at 800 nm, where there is negligible
absorption by the blend components. Solution-state UV-Vis of diPBIs
was carried out in dilute solution (1.0 X 10~°>M) in chloroform, and
thin films for solid-state UV-Vis were spin-cast from chlorobenzene
onto quartz substrates utilizing the same parameters as the active layer.
Active layer films for absorption measurements were spin-cast onto
quartz substrates, absorption measured with a Perkin-Elmer Lambda 35
UV/Vis spectrophotometer, and AFM imaging was performed on these
films on the same day to avoid the detrimental effects of changing
ambient conditions, and were conducted on a Dimension ICON scan-
ning probe microscope from Bruker. All the processes were performed
in tapping mode in air mode using Nanoscope 8 software. Cyclic vol-
tammetry measurements were performed utilizing a Princeton Applied
Research VersaSTAT 4 Potentiostat using Pt working and counter
electrodes, with an Ag pseudo-reference electrode. Freshly distilled
dichloromethane was used as the solvent, 0.1 M BuyNPFg¢ as the sup-
porting electrolyte, and the analyte at 0.02 wt%.

4.3. Synthesis of precursors and target compounds

Branched alkylamines (2-butyl-1-octylamine and 2-hexyl-1-decyla-
mine) for the imidization reaction were synthesized from the starting
alcohols utilizing the Gabriel synthesis, outlined by Guo et al. [27].
1,6,7,12-tetrabromoperylene bisanhydride (Br4PBA, 1) was synthesized
according to Qiu et al. [12].
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4.4. N,N"-bis(2-butyl-1-octyl)-1,6,7,12-tetrabromoperylene-3,4,9,10-
tetracarboxylic acid bisimide (Br,BOPBI, 2a)

Br,PBA (4.0 g, 5.6 mmol) was weighed into a 250 mL round bottom
flask, and 100 mL of propionic acid was added. The suspension was
purged with nitrogen and stirred. After 30 min, 2-butyl-1-octylamine
(4.15g, 22.4mmol) was added, and the temperature was brought to
140°C and held for 4h. The majority of propionic acid was subse-
quently removed via rotary evaporation, and the crude reaction mixture
was precipitated into methanol. The solids were collected and purified
via silica gel column chromatography with 3:2 toluene/hexanes as the
eluent. The fractions were combined, the volume was reduced via ro-
tary evaporation, and the final material was precipitated into methanol,
affording 3.33g (57.1% yield) of Br4BOPBI as a red solid. '"H NMR
(300 MHz, CDCl5): 6 8.83 (s, 4H), 4.15, 4.13 (d, 4H), 1.99 (m, 2H), 1.32
- 1.27 (m, 32H), 0.90 - 0.87 (m, 12H). °C NMR (75 MHz, CDCly): §
162.55, 136.18, 131.64, 131.44, 123.95, 122.66, 44.96, 36.71, 31.88,
31.61, 31.30, 29.73, 28.64, 26.42, 23.11, 22.67, 14.17. Note: some
aliphatic peaks overlap. MS (MALDI-TOF) calculated for [M] *: 1042.1,
found: 1042.8. 'H NMR, *C NMR, and MALDI-TOF mass spectra are
presented in Figs. S1-S3 in the Supplementary Information.

4.5. N,N"-bis(2-hexyl-1-decyl)-1,6,7,12-tetrabromoperylene-3,4,9,10-
tetracarboxylic acid bisimide (Br,HDPBI, 2b)

Br,PBA (4.0 g, 5.6 mmol) was weighed into a 250 mL round bottom
flask, 100 mL of propionic acid was added, and the suspension was
purged with nitrogen and stirred. After 30 min, 2-hexyl-1-decylamine
(5.41 g, 22.4 mmol) was added, and the temperature was brought to
140°C and held for 4h. The majority of propionic acid was subse-
quently removed via rotary evaporation, and the crude reaction mixture
was precipitated into methanol. The solids were collected and purified
via silica gel column chromatography with 1:1 toluene/hexanes as the
eluent. The fractions were combined, the volume was reduced via ro-
tary evaporation, and the mixture was precipitated into methanol, af-
fording 3.77 g (57.8% yield) of BryHDPBI as a red solid. 'H NMR
(300 MHz, CDCl5): 6 8.83 (s, 4H), 4.15, 4.13 (d, 4H), 1.99 (m, 2H), 1.32
- 1.27 (m, 48H), 0.90 - 0.87 (m, 12H). '*C NMR (75 MHz, CDCl,): §
162.54, 136.18, 131.63, 131.43, 123.95, 122.66, 44.98, 36.72, 31.89,
31.61, 30.04, 29.72, 29.60, 29.32, 26.43, 22.68, 14.15. Note: some
aliphatic peaks overlap. MS (MALDI-TOF) calculated for [M] ": 1154.2,
found: 1155.0. 'H NMR, '3C NMR, and MALDI-TOF mass spectra are
presented in Figs. S4-S6 in the Supplementary Information.

4.6. N,N-bis(2,6-DiisopropylphenyD-1,6,7,12-tetrabromoperylene-
3,4,9,10-tetracarboxylic acid bisimide (Br4DIPPBI, 2c)

Br,DIPPBI was synthesized according to the procedure outlined by
Qiu et al, and isolated utilizing silica gel column chromatography with
toluene as the eluent [12]. '"H NMR (300 MHz, CDCly): & 8.92 (s, 4H),
7.56, 7.54, 7.51 (t, 2H), 7.39, 7.37 (d, 4H), 2.76 (m, 4H), 1.21, 1.19 (d,
24H) '3C NMR (75MHz, CDCl,): § 162.28, 145.59, 136.60, 132.01,
131.72, 130.04, 129.84, 124.58, 124.28, 122.63, 29.27, 24.07. MS
(MALDI-TOF) calculated for [M]*: 1026.0, found: 1026.7. '"H NMR, **C
NMR, and MALDI-TOF mass spectra are presented in Figs. S7-S9 in the
Supplementary Information.

4.7. N,N“-bis(2-butyl-1-octyl)-1,12-dibromoperylene-3,4,9,10-
tetracarboxylic acid bisimide (Br.BOPBI, 3a)

BryBOPBI (1.50g, 1.4 mmol), Cul (1.64 g, 8.4 mmol), and 2-pico-
linic acid (1.24 g, 9.8 mmol) were weighed into a Schlenk flask, the
flask was sealed with a rubber septum, and the system was purged with
nitrogen for 30 min. Anhydrous dimethylacetamide (DMAc) (22 mL)
was injected into the flask, and the reaction was heated at 75 °C for 6 h.
The reaction mixture was allowed to come to room temperature, and
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the solution was poured into DI water and stirred for 1h. The solids
were filtered, dried, and purified via silica gel column chromatography
with a gradient elution from 1:1 DCM/hexanes to 2:1 DCM/hexanes
after elution of unreacted Br,BOPBI. Br,BOPBI was isolated as a red
solid (616 mg, 48.4% yield). "H NMR (300 MHz, CDCls): § 8.84 (s, 2H),
8.74, 8.71 (d, 2H), 8.57, 8.54 (d, 2H), 4.17, 4.14 (d, 4H), 2.01 (m, 2H),
1.34 - 1.27 (m, 32H), 0.90 — 0.87 (m, 12H). 3C NMR (75 MHz, CDCl5):
8 163.39, 162.87, 137.28, 134.43, 132.58, 130.69, 129.34, 126.88,
124.03, 123.40, 123.23, 122.78, 44.81, 36.67, 31.87, 31.64, 31.33,
29.74, 28.65, 26.46, 23.10, 22.67, 14.15. Note: some aliphatic peaks
overlap. MS (MALDI-TOF) calculated for [M] : 884.3, found: 884.8. H
NMR, '3C NMR, and MALDI-TOF mass spectra are presented in Figs.
S$10- S12 in the Supplementary Information.

Alternatively, Br,BOPBI (500mg, 0.48 mmol), Cul (548.5mg,
2.88 mmol), L-proline (386.8 mg, 3.36 mmol), and diphenyl sulfoxide
(2.1 g) were weighed into a Schlenk flask and purged with nitrogen for
30 min. Anhydrous DMSO (5.8 mL) was injected into the flask, and the
reaction was heated at 75 °C for 6 h, the flask was allowed to cool to
room temperature, and the reaction mixture was poured into methanol.
The products were purified using the same method as for the previous
system (99.4 mg, 23.4% yield).

4.8. N,N"-bis(2-hexyl-1-decyl)-1,12-dibromoperylene-3,4,9,10-
tetracarboxylic acid bisimide (Br,HDPBI, 3b)

Br,HDPBI (2.31 g, 2.0 mmol), Cul (2.29 g, 12.0 mmol), and 2-pico-
linic acid (1.72 g, 14.0 mmol) were weighed into a Schlenk flask, the
flask was sealed with a rubber septum, and the system was purged with
nitrogen for 30 min. Anhydrous dimethylacetamide (DMAc) (30 mL)
was injected into the flask, and the reaction was heated at 75 °C for 6 h.
The reaction mixture was allowed to come to room temperature, and
the solution was poured into DI water and stirred for 1h. The solids
were filtered, dried, and purified via silica gel column chromatography
with a gradient elution from 1:1 DCM/hexanes to 2:1 DCM/hexanes
after elution of unreacted Br,HDPBI. Bro,HDPBI was isolated as a red
solid (924 mg, 46.4% yield). 1H NMR (300 MHz, CDCl5): § 8.83 (s, 2H),
8.72, 8.70 (d, 2H), 8.56, 8.53 (d, 2H), 4.17, 4.14 (d, 4H), 1.99 (m, 2H),
1.32 - 1.24 (m, 48H), 0.90 - 0.87 (m, 12H). '*C NMR (75 MHz, CDCls):
8 163.56, 162.84, 137.27, 134.40, 132.56, 130.67, 129.31, 126.86,
124.02, 123.37, 123.23, 122.77, 44.85, 36.69, 31.90, 31.67, 30.05,
29.74, 29.60, 29.32, 26.48, 23.10, 14.14. Note: some aliphatic peaks
overlap. MS (MALDI-TOF) calculated for [M]*: 996.4, found 997.1. H
NMR, '3C NMR, and MALDI-TOF mass spectra are presented in Figs.
$13-S15 in the Supplementary Information.

Alternatively, Br,HDPBI (500mg, 0.43mmol), Cul (494.8mg,
2.58 mmol), L-proline (349.0 mg, 3.03 mmol), and diphenyl sulfoxide
(1.9 g) were weighed into a Schlenk flask and purged with nitrogen for
30 min. Anhydrous DMSO (5.3 mL) was injected into the flask, and the
reaction mixture was heated at 75 °C for 6 h, allowed to cool to room
temperature, and poured into methanol. The products were purified
using the same method as for the previous system (85.9 mg, 19.9%
yield).

4.9. N,N"-bis(2,6-Diisopropylphenyl)-1,12-dibromoperylene-3,4,9,10-
tetracarboxylic acid bisimide (Br,DIPPBI, 3c)

Br4DIPPBI (500 mg, 0.49 mmol), Cul (558 mg, 2.93 mmol), and 2-
picolinic acid (421 mg, 3.42 mmol) were weighed into a Schlenk flask,
the flask was sealed with a rubber septum, and the system was purged
with nitrogen for 30min. Anhydrous dimethylacetamide (DMAc)
(7.3mL) was injected into the flask, and the reaction was heated at
75 °C for 6 h. The reaction mixture was allowed to come to room tem-
perature, and the solution was poured into DI water and stirred for 1 h.
The solids were filtered, dried, and purified via silica gel column
chromatography with a gradient elution from 1:1 DCM/hexanes to 2:1
DCM/hexanes after elution of unreacted Br,DIPPBI. Br,DIPPBI was
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isolated as a red solid (213 mg, 50.4% yield). H NMR (300 MHz,
CDCly) & 8.86 (s, 2H), 8.77, 8.74 (d, 2H), 8.59, 8.57 (d, 2H), 7.48, 7.46,
7.43 (t, 2H), 7.31, 7.29 (d, 4H), 2.70 (m, 4H), 1.12 (m, 24H). °C NMR
(75MHz, CDCl3) & 163.31, 162.62, 145.59, 137.68, 134.83, 133.00,
131.49, 131.29, 130.14, 129.89, 129.65, 127.55, 124.20, 123.67,
123.24, 122.83, 29.22, 24.02. MS (MALDI-TOF) calculated for [M]™*:
868.1, found 868.0. 'H NMR, '*C NMR, and MALDI-TOF mass spectra
are presented in Figs. S16-S18 in the Supplementary Information.

Alternatively, Br,DIPPBI (500mg, 0.49mmol), Cul (558 mg,
2.93 mmol), and L-proline (393 mg, 3.42 mmol) were weighed into a
Schlenk flask and purged with nitrogen for 30 min. Anhydrous DMSO
(7.3 mL) was injected into the flask, and the reaction mixture was he-
ated at 75 °C for 6 h, allowed to cool to room temperature, and poured
into methanol. The products were purified using the same method as for
the previous system (95.2 mg, 22.5% yield).

4.10. Di(butyloctyl perylene bisimide), diBOPBI, 4a

Br,BOPBI (575 mg, 0.65 mmol), Cul (743 mg, 3.90 mmol), L-proline
(524 mg, 4.55 mmol), potassium carbonate (898 mg, 6.50 mmol), and
phenyl sulfoxide (2.6 g) were weighed into a Schlenk flask. The solids
were purged with nitrogen for 45 min, after which anhydrous DMSO
(7 mL) was injected. The reaction mixture was heated at 110 °C for 12 h.
After cooling to room temperature, the reaction mixture was poured
into 1 M HCI in methanol and allowed to stir for 1 h. The solids were
filtered off, collected, and purified via silica column chromatography
using 3:2 DCM/hexanes to 1:1 DCM/hexanes. The fractions with the
target compound were then purified via preparatory TLC with 3:2 to-
luene/DCM as the eluent. The product was then scraped off of the plate
and eluted from the silica with DCM and methanol, affording the
54.3 mg of the product (11.5% yield) as a black-blue solid. H NMR
(600 MHz, CDCl3): § 9.41 — 8.70 (m, 10H), 4.47 — 4.14 (m, 8H), 2.17 —
2.06 (m, 4H), 1.40 — 0.67 (m, 88H). 3C NMR spectra were not well-
resolved. MS (MALDI-TOF) calculated for [M]* 1447.8, found 1448.0.
'H NMR and MALDI-TOF mass spectra are presented in Figs. $19 and
S20 in the Supplementary Information.

Alternatively, Br,BOPBI (500mg, 0.48 mmol), Cul (549 mg,
2.88 mmol), L-proline (387 mg, 3.36 mmol), potassium carbonate
(663.4 mg, 4.80 mmol), and phenyl sulfoxide (2.1 g) were weighed into
a Schlenk flask, purged with nitrogen for 45 min, and 5.8 mL DMSO was
injected via syringe. The reaction mixture was subjected to the same
conditions as the above procedure yielding diBOPBI (35.7 mg, 10.3%
yield).

4.11. Di(hexyldecyl perylene bisimide), diHDPBI, 4b

Br,HDPBI (750 mg, 0.75 mmol), L-proline (609 mg, 5.25 mmol), Cul
(863 mg, 4.5 mmol), K,CO3 (1.044 g, 7.5 mmol), and phenyl sulfoxide
(2.4 g) were weighed into a Schlenk flask, the flask was sealed with a
rubber septum, and the reaction mixture was purged with nitrogen for
45 minutes. Anhydrous DMSO (7.3 mL) was added via a syringe, and
the reaction was heated at 110 °C for 12 h. The reaction mixture was
brought to room temperature and poured into 1M HCI in methanol and
stirred for 1 h. The solids were isolated by filtration and redissolved into
DCM. The target compound was isolated via silica gel column chro-
matography via gradient elution from 3:2 DCM/hexanes to 1:1 DCM/
hexanes to remove the impurities that travel quickly. The fractions with
the target compound were then purified via preparatory TLC with 3:2
toluene/DCM as the eluent. The final product was eluted from the silica
with DCM and methanol affording 111.3mg of the product (17.6%
yield) as a black-blue solid. 1H NMR (600 MHz, CDCl3): § 9.46 — 8.73
(m, 10H), 4.50 - 4.17 (m, 8H), 2.20 — 2.05 (m, 4H), 1.40 — 0.69 (m,
120H). *3C NMR spectra were not well resolved.MS (MALDI-TOF) cal-
culated for [M] *: 1672.1, found 1672.3. "H NMR and MALDI-TOF mass
spectra are presented in Figs. S21 and S22 in the Supplementary
Information.
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Alternatively, Br4,HDPBI (500 mg, 0.43 mmol), L-proline (349 mg,
3.0mmol), Cul (495mg, 2.6 mmol), K,CO3 (598 g, 4.3 mmol), and
phenyl sulfoxide (1.9 g) were weighed into a Schlenk flask, purged with
nitrogen for 45 min, and 5.3 mL DMSO was injected via syringe. The
reaction mixture was subjected to the same conditions as the above
procedure yielding diHDPBI (35.9 mg, 9.9% yield).

4.12. Di(diisopropylphenyl perylenebisimide), diDIPPBI, 4c

Compound 4c¢ was synthesized according to the previous report by
Qian et al., and isolated at a 24.6% yield. 'H NMR and MALDI-TOF
mass spectra are in agreement with literature [21]. 'H NMR and
MALDI-TOF mass spectra are presented in Figs. S23 and S24 in the
Supplementary Information.

4.13. Device fabrication for determination of power conversion efficiency

PTB7 and the respective diPBIs were weighed into an amber vial in
a nitrogen-filled glovebox at the desired weight ratio. Chlorobenzene
was added to bring the total concentration to 15mg/mL, and the
mixture was heated at 60 °C for 8h in the glovebox. ITO-coated glass
substrates (Lumtech) were successively cleaned ultrasonically in deio-
nized water, acetone, and isopropanol for ten minutes each. They were
dried under flowing nitrogen and exposed to UV/ozone for 40 min in a
ProCleaner™ Plus system, after which a layer of PEDOT:PSS was spin
coated at a speed of 5000 rpm for one minute. The PEDOT:PSS-coated
substrates were baked on a hotplate at 150 °C for ten minutes and
transferred to a nitrogen-filled glovebox. The active layer was then
spin-coated at 1250 rpm for 70s, giving an active layer thickness
around 100 nm, as measured by AFM scratch testing. The devices were
then transferred in a shadow mask into an Angstrom Engineering
thermal evaporator system, and a vacuum was applied at 10~ ° torr.
Layers of calcium (20 nm) and aluminum (80 nm) were subsequently
deposited at 1A/s. The devices were encapsulated with UV-curable
epoxy (Ossila) and a glass cover slip and were transferred outside the
glovebox to immediately cure the epoxy by exposure to UV irradiation
for six minutes. The devices were then immediately tested. Current-
voltage (J-V) measurements were carried out with a Keithley 2400
source unit coupled to an AM1.5 Photo Emission Tech solar simulator,
with illumination of 1000 W/m? from a xenon lamp coupled to a
monochromator. For each experimental material, four identical devices
were fabricated, each having six pixels, with active areas of 0.042 cm?.
The top-performing 75% of pixels were used for statistical analysis.
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