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Abstract

Herein we study the effects of borane incorporation into a perylene diimide (PDI) based non-
fullerene acceptor (NFA). We have previously demonstrated that a PDI-bithiophene-PDI
((PDI)2Th2) compound can be synthesized via direct (hetero)arylation techniques and can be easily
modified to incorporate a phosphole in the bithiophene core ((PDI);ThaPO to tune the electronic
and geometric properties. In this work we have synthesized the borane analo gue ((PDI)2ThzB) and
demonstrate that the organoboron moiety heavily influences the optical, electronic, and geometric
properties. To demonstrate what effects borane functionalization has on device performance, green
solvent solution processed bulk-heterojunction solar cells were fabricated using a medium gap
donor polymer TTFQx-T1 and each PDI compound as the NFA. Devices with the new borane
containing compound provided the highest efficiency, more than twice that for the other
compounds, which was attributed to a highly twisted structure allowing for a more favorable

active-layer morphology to be formed.

Keywords: Borane functionalization, perylene diimide. non-fullerene acceptors, organic

photovoltaics, organic materials, green processing conditions.

1. Introduction

Functional n-conjugated organic molecules are an exciting class of semiconducting
materials for use as active components in optoelectronic devices.! Synthetic versatility, highly
tuneable physical, optical, and electronic properties, and the ability to be solution processed into
electronically active thin-films at room temperature have made such molecules a hot area of study.
Conjugated organic materials have been used in a variety of energy-related applications, such as

photovoltaics,”™ field-effect transistors,®® and light-emitting devices.®!! In order to function in



electronic devices organic materials need to possess appropriate optical and electronic properties.
These can be acquired through tuning via the incorporation of heteroatoms into a conjugated 7-
system.

Boron is a versatile element that has been widely used to tailor the properties of organic
conjugated materials. In previous decades boron was incorporated into small molecules'2!3 and
polymers'*'> as a side-chain'® or directly in the polymer backbone'” (Figure 1A/B). Due to its
Lewis acidic nature, tricoordinate boron incorporation has been used to develop sensor materials
for various anions such as fluoride.'>'8-2! Due to its vacant pz orbital, it can be incorporated either
as a tricoordinate trigonal planar borane's or as a tetracoordinate tetrahedral borate via classic
Lewis acid-base interactions.?? This provides researchers with the ability to tune optoelectronic?32+
and geometric properties®® of boron-containing materials.

[n conjugated materials, tricoordinate boron lowers the LUMO energy level via interaction
between the n* and empty B p, orbital.?® The vacant B p, orbital also promotes intramolecular
charge transfer (ICT). giving these types of compounds exceptional photophysical properties. The
use of tricoordinate borane also provides a degree of flexibility to the polymer or small molecule,
as the boron substituents, if they are not too sterically bulky, can freely rotate about the boron
bond. Conversely, tetracoordinate borate can be used to fuse the geometry of a polymer or small
molecule through intramolecular coordination Lewis acid—base interaction (Figure 1C). This has
the effect of planarizing the molecular framework and increasing the conjugation and has been

used to improve the performance in polymer solar cells?*?7 and organic field effect transistors, 28
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Figure 1: The use of boron in polymers as a borane'* in A) side chains and B) backbones and C)
as a borate.*” Tricoordinate borane provides a Lewis acidic site, tuning of optoelectronic properties
and greater flexibility while tetracoordinate borate formation locks the conjugated backbone

reducing conformational disorder.

Our groups are interested in synthesizing and developing new materials for organic
electronic applications. Recently, we have focused on synthesizing materials for organic solar cells
(OSC), particularly non-fullerene acceptors (NFAs).2%-3! The N-annulated PDI3? has proved to be
quite a useful building block to construct NFAs owing to ease of functionalization, ability to
participate in direct (hetero)arylation (DHA) coupling reactions,* and high solubility. Materials
based on a PDI-n-core-PDI framework have been shown to be effective non-fullerene acceptors
(NFA) in bulk heterojunction (BHJ) solar cells,2%-30-35-38

In the design of NFAs there is ongoing interest in determining whether increased
conformational disorder (i.e. ‘twisting’) in acceptor materials leads to increased performance in
OSCs. Recent work by the Yan group involving a PDI tetramer has shown that a fused and more
planar system gave OSCs with better performance than its unfused and more twisted analogue.>®
Conversely, the Sun group has shown that a S-annulated PDI tetramer possessed increased twist
and led to OSCs with higher performance than the non-annulated less-twisted analogue.*® In our
labs. dimeric N-annulated PDI NFAs with larger dihedral angels between the PDI units have given
rise to the best performing OSC devices.*!*#

Previously, we have functionalized PDI-bithiophene—PDI with phosphorus and shown that
the phosphole renders the n-conjugated system more electron-deficient.’> The incorporation of a
phosphanyl or phosphoryl bridge at the 3 and 3” positions of bithiophene has been shown to be a

versatile method of functionalization.*® This forms a fused phosphole system, which has unique



optoelectronic properties compared to unfunctionalized bithiophene.*#7 Specifically, the
incorporation of the phosphole lowers the system’s LUMO energy level through interaction
between the bithiophene n* orbital and PR o* orbital 48 The phosphole bithiophene is also a
planar system thereby providing the PDI-bithiophene~PDI framework with a rigid core.

For this study, we wanted to determine if the addition of a borane moiety into PDI-
bithiophene~PDI would maintain the electron deficient properties while also allowing for a more
flexible core and what the impact would be on OSC performance. When boron has been
incorporated in NFAs it is generally found in the tetracoordinate borate form constraining the

22,2

geometry.*>?"4? Recent literature has shown that a tetracoordinate organoboron NFA achieved a
power conversion efficiency (PCE) of 7%.5° There are very few examples of tricoordinate boron’s
use in OSC NFAs. One early example demonstrated the use of an n-type organoboron polymer as
an acceptor when paired with the donor P3HT.>! More recent work has also shown the potential
for polymers incorporating borane moieties in the backbone as NFAs in all polymer solar cells
with PTB7-Th donor polymer.?' However, there are no examples of a PDI-based small molecule

NFA incorporating borane. This research aims to fill that gap and provide a benchmark compound

by which to compare future borane-based NFA materials.

2. Results and Discussion

The three materials studied, displayed in Figure 2, are the unfunctionalized (PDI);Th,
phosphoryl-functionalized (PDI),ThoPO, and borane-functionalized (PDI);Th;B, which is a new
material based on  bis(thien-2-yl1)(2.4,6-tris(trifluoro-methyl)phenyl)borane((FMes)BThy).52
Fusion of 2,2°-bithiophene with a phosphoryl moiety in 3,3 -positions results in a planar system.
Embedding a trivalent boron center at the 2,2’ -position on the other hand adds a flexible three-

coordinate building block with an additional bond about which the molecule can rotate, potentially



leading to a more twisted system compared to unfunctionalized 2,2’-bithiophene.2S The FMes-
substituted dithienylborane building block was chosen because of its previously demonstrated
highly electron-deficient character. Combination of (FM es)BTh, with pyridalthiadiazole groups
was shown to result in organoborane Lewis acids with superior fluoride anion binding
characteristics,> while the combination with isoindi go and diketopyrrolopyrrole groups led to the

first examples of polymeric NFAs containing tricoordinate borane moieties.3!

(PDI),Th, (PDI),Th,PO (PDI),Th,B
Core fusing Core twisting

Dihedral

Th-Th 32° 0° 44°
PDI-Th 96° 104° 97°
PDI-PDI 35° 29° 96°



Figure 2: (PDI);Th, (previous work*), (PDI);ThoPO (previous work?®?), and (PDI);ThyB (this
work) and the effects of heteroatom substitution on the bithiophene core. Optimized geometry
structures are shown with side-on views to show the dihedral angles, listed below. Calculations
were performed using Gaussian16>* input files and results were visualized using GaussView(05.
All alkyl chains were replaced with a methyl group. The B3LYP%-% level of theory with 6-

31G(d.p)**-** basis set were used for the calculations.

2.1. Molecular geometry calculations

Density functional theory (DFT) calculations can often provide insights into photophysical
properties, energy levels, or molecular geometry.55-7 For this study, since our hypothesis was that
functionalization of the bithiophene core would lead to drastically different molecular orientations,
we performed geometry optimization calculations using the B3LYP*-%8 Jevel of theory with 6-
31G(d,p)™** basis set and analysed the thiophene-thiophene, PDI-thiophene, and PDI-PDI
dihedral angles. Both (PDI);Th, and (PDI);Th,PO have previously been studied by DFT
calculations.*>*! The DFT results are displayed in Figure 2 along with dihedral angles. All
compounds have large dihedral angles between the PDI and thiophene units. The PDI-PDI
dihedral angles on the other hand range from small in (PDI)>Thz and (PDI); Th2PO (35° and 29°,
respectively) to large in (PDI)ThoB (96°). The thiophene—thiophene dihedrals are 32° in
(PDI);Thz, 0° in (PDI)2Th,PO (as would be expected for a fused bithiophene), and 44° in
(PDI);ThzB. This is a much larger thiophene—thiophene dihedral angle than previously reported
for functionalized (FMes)BTh; species.’>3* Combined with the large PDI-PDI dihedral angle, this

lends credence to our hypothesis that boron-functionalization of the bithiophene core leads to a

more twisted PDI-bithiophene—PDI species than unfunctionalized bithiophene. Furthermore, due

to the 120° angles about the trivalent boron centre, it is likely that (PDI),Th2B is less susceptible



of or even prevented from adopting a completely coplanar geometry, and that the PDI-Th units
would be optically and electronically isolated from each other. For the fused-core (PDI),Th,PO
and even unfunctionalized (PDI);Th,. the propensity to form coplanar systems is likely much

higher and this would have a large effect on how each species performs in photovoltaic devices.

2.2. Synthesis of (PDI),Th;B

Both (PDI):Thz and (PDI)>ThoPO were previously synthesized via DHA.34! a coupling
method that eliminates the need for stochiometric amounts of transmetalation reagents.®®*70 Thig
makes DHA much more atom-economical but the reactions often require rigorous optimization
and can only be done with specific substrates.”"” In our group we have optimized a set of DHA
conditions that work well for PDI and we chose to begin with these conditions to synthesize our
target (PDI):Th2B (Figure 3A).” The starting materials (FMes)BTh, and PDI-Br were reacted
until no further change was observed via thin layer chromatography (TLC). The crude solid was
isolated via precipitation from MeOH and analysed by TLC which indicated the presence of two
major products. These were separated by column chromatography. Analysis by 'H NMR
spectroscopy indicated that neither of these fractions contained the target compound, nor did they
contain any trace of the (FMes)B moiety as indicated by the lack of the singlet 2H peak of the
FMes group. However, fractions 1 and 2 were identified as PDI-Th and PDI-Th—PDI (Figure 3A),
respectively, which have been previously synthesized via other means in our group.*! The source
of these products became clear when we considered that the strongly basic reaction conditions
promote activation of the B-C(thienyl) bond of the (FMes)BTh starting material. In other words,
the reagents underwent Suzuki coupling to produce PDI-Th followed by DHA to produce PDI-
Th-PDI (Figure 3B). To verify that this sequential Suzuki + DHA coupling was possible, the

reaction was reattempted with identical conditions using 2-thienylboronic acid in place of the



(FMes)BTh: (Figure 3C). Once again, a mixture of PDI-Th and PDI-Th-PDI was obtained with
PDI-Th-PDI being the major product in a 34% yield. This result confirms sequential cross-
coupling is occurring. There is precedence for this type of reactivity and it is of interest to rapidly
create new organic m-conjugated molecules.”™

From these results it was clear that (PDI),Th2B could not be synthesized via DHA. In order
to obtain the target compound, we turned to Stille coupling.”*” The stannylated (FMes)BTh,
reagent was synthesized following the literature procedure’ and reacted with PDI-Br using
Pdx(dba)s/P(o-tol)s as the catalyst (Figure 4). The target compound was obtained selectively and
isolated as a solid (78% yield). Other palladium catalysts were also screened, but lower yields were
obtained from these reactions due to de-borylation and by-product formation. Whereas previous
research has focused on boron’s incorporation into NFAs as a tetracoordinate borate,?>27# this is
the first report on the synthesis of a PDI-based NFA possessing a tricoordinate borane.

The product was characterized by 'H, "B, "F, and "C NMR spectroscopy, mass
spectrometry, and elemental analysis. The "B NMR spectrum showed a very broad signal at ca.
55 ppm in the region typical of tricoordinate organoboranes and at a similar chemical shift as the
precursor (SI, Figure S2), confirming that the borane moiety remained intact. In addition,
following previous work,® 20 equivalents of tetrabutyl-ammonium fluoride were added to a
sample of (PDI):Th;B. The product gave a characteristic ''B NMR spectroscopic signal at 3.5 ppm

for the expected tetracoordinate borate complex (SI, Figure S3).
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Figure 3: A) The proposed synthesis of the target compound (PDI)>ThsB (red box) and the actual
products PDI-Th and PDI-Th-PDI (green box). B) The proposed method by which PDI-Th and
PDI-Th-PDI were generated. C) The synthesis of PDI-Th and PDI-Th-PDI via sequential Suzuki

+ DHA coupling methods.
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Figure 4: The synthesis of (PDI);Th,B via Stille coupling.

2.3. Optoelectronic properties

The electrochemical properties of (PDI);ThaB were measured via cyclic voltammetry and
differential pulse voltammetry while optical properties determined by UV/Vis absorption and
emission spectroscopy. The optoelectronic properties were then compared with those of (PDI),Thy
and (PDI)2Th2PO to study the influence of the functionalization of the core.35#! Our previous work
has shown that for PDI-rt-core-PDI compounds functionalized with varying m-cores, the LUMO
energy level reflects that of the PDI moieties and so remains relatively constant while the HOMO
energy level is much more heavily influenced by the n-core.36-38 This allows the band gap of PDI-
m-core—PDI based materials to be tuned through variation of the n-core. Similarly, the optical
properties tend to be dominated by the characteristic signatures of the PDI moieties but the
absorption can also be enhanced and extended by strongly absorbing 7t-cores.3” In this work we
observe the same effects where modification of the bithiophene core with borane or phosphole has
affected the HOMO energy level and optical absorption.

The cyclic voltammogram (referenced to Fc*/Fc) of (PDI):Th,B is displayed in Figure 5
along with those of (PDI):Th, and (PDI);Th,PO. The cyclic voltammograms of all three
compounds, obtained in CH>Cl,, each show one oxidation wave and two reduction waves,

characteristic for PDI-based materials.*! An additional irreversible reduction wave was also found
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for (PDI)ThoB when data were acquired in THF, which has a larger electrochemical window
(onset = ca. -2.36 V, SI. Figure S11), which is attributed to reduction at the boron centre. The
potential is more cathodic than typically observed for these types of arylboranes™ due to the
accumulation of a large negative charge from the PDI> units. The oxidation and reduction onset
and Eix potentials, IP, EA, and electrical band gaps (E,) are displayed in Table 1 for (PDI),Tha,
(PDI)2Th,PO, and (PDI);ThyB. As expected for PDI-n-core—PDI materials, the three compounds
have very similar EAs, particularly (PDI);Th,PO and (PDI):ThzB (ca. 3.62 eV) with (PDI)2Thy
slightly lower (3.59 eV). As discussed previously, the addition of the phosphole in the bithiophene
core stabilizes LUMO energy through overlap of the bithiophene * orbital and P=Ph o*.*8 In
parallel, overlap of the thiophene m* orbitals and B p, orbital, as discussed above, results in a
similar effect increasing the EA of (PDI)2Th,B.2¢

Varying the n-core has a much more profound effect on the oxidation potentials of the
molecules, as can been seen in Figure 5. With the addition of the phosphoryl and borane units, the
IP increases from 5.62 eV in (PDI);Thz to 5.74 eV in (PDI);ThoPO and 5.82 eV in (PDI);Th:B, a
difference of 0.1 and 0.2 eV, respectively. The increase in IP with P and B addition is again
consistent with these heteroatoms removing electron dentistry along the n-conjugated backbone.
The changes in IP and EA are reflected in the electrochemical band gaps where (PDI);Th; has the
smallest band gap at 2.03 eV, (PDI),Th2PO has a larger band gap at 2.12 eV, and (PDI); Th;B has

the largest band gap at 2.20 eV.
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Figure 5: Cyclic voltammograms for (PDI)2Thy,*' (PDI):ThoPO,* and (PDI),Th2B acquired in

CH:Cl; solvent at a scan rate of 100 mV/s, normalized to the oxidation maximum.

Table 1: Electrical data for the three acceptor compounds.

(PDI):Th;" (PDI);Th,PO% (PDI);Th;B
Eonset Ox (V) -0.82 -0.94 -1.02
Eiz Ox (V) -0.93 -1.01 -1.10
Eonset Red (V) -1.21 .18 +1.18
Ei2 Red (V) 127, <153 -1.26, -1.53 -1,28,<1.50
IP (eV)" -5.62 -5.74 -5.82
EA (eV)" -3.59 -3.62 -3.62
Eg (eV) 2.03 2.13 -2.20

13



“Energies were calculated by (Eonsect4.8) where Fe HOMO = 4.8 eV 76

UV/Vis absorption and emission profiles of the three compounds in the solution and solid-
states are displayed in Figure 6. The absorption and emission maxima, Stokes shifts, and optical
band gaps are displayed in Table 2. The absorption profiles of each compound in solution are
shown in Figure 6A. All are dominated by the PDI chromophore with characteristic vibrionic peaks
at 535 nm (0-0 transition) and 490 nm (0-1 transition). (PDI)2Thz and (PDI);Th2PO have identical
ratios between the 0-0 and 0-1 peaks while (PDI);ThyB has a lower intensity of the 0-1 peak
compared to its 0-0 peak. This difference is a result of the B moiety influencing the electronics of
the molecule by isolating the PDI-Th units. Essentially, absorption in (PDI);Th,B is from isolated
PDI-Th units, whereas absorption in (PDI),Th, and (PDI),Th,PO occurs over a larger PDI-Th—
Th—PDI system, resulting in the slightly different profiles. This is shown by the similar absorption
profiles of (PDI);Th,B and pure PDI-Th (SI, Figure S17). At the higher energy portion of the
spectrum the profiles differ according to the cores of each compound, with (PDI);Th,PO absorbing
at lower energy (ca. 450-350 nm) than (PDI)>Th; and (PDI);Th,B (each absorbing from 400 nm).
This is in agreement with the previously reported absorption profiles for each bithiophene
core.’27778 The molar extinction coefficients () are largely consistent between (PDI);Th; and
(PDI)2Th2PO (93 000 Lmol'em™ and 90 000 Lmol'em™, respectively), but the addition of boron
results in a significantly larger € of 132 000 Lmol-'cm'. This is likely due to the influence of the
B moiety on the electronics. As mentioned previously, the borane enables ICT between the B p,
orbital the m system of the substituents.?® This has been shown to increase optical absorption in a
number compounds possessing triaryl borane moieties.”*? Another possibility is the influence of

the borane on the geometry. Given how DFT calculations show that (PDI),Th,B possesses a much
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higher degree of twist, it is possible that this enables a higher area of absorption in the molecular
architecture compared to the more constrained (PDI),Th, and (PDI),Th,PO.

The film absorption profiles (Figure 6B) are all very similar, showing a slight red-shift in
peak maxima and a broadening of the profiles. The 0-0 to 0-1 peak ratios have all increased as well
compared to their solution counterparts with the three compounds becoming more like each other,
which is indicative of the geometric differences between the compounds becoming less
pronounced in the solid state.

In solution, the (PDI);Th, has the lowest energy emission maximum at 667 nm.
Functionalizing the bithiophene core with a phosphoryl group blue-shifts the emission maximum
to 638 nm while functionalizing with boron blue-shifts the emission maximum further to 588 nm.
In the solid-state, both (PDI);Thz and (PDI);Th2PO have very similar emission maxima at 698 nm
and 692 nm. respectively, while the (PDI)2Th;B emission maximum is blue-shifted to 631 nm.
The large blue-shift in emission of (PDI)>ThoB compared to (PDI):Th2 and (PDI).Th2PO is
possibly due to the boron moiety isolating the PDI-Th units of the compound, as was indicated by
the DFT calculations above. Charge transfer in (PDI)2Th, and (PDI),ThoPO is likely more
pronounced due to those species possessing a bithiophene moiety, leading to lower energy
emission maxima. In (PDI),ThzB the splitting of the bithiophene moiety with B and increased
conformational disorder may localize the electronic transition to the PDI-Th, giving higher energy
emission. To test this hypothesis, the emission in solution of (PDI);Th,B was compared to the
emission of a pure sample of PDI-Th. Their emission profiles were identical (SI, Figure S17),
supporting the theory that localized PDI-Th emission in (PDI);ThaB is responsible for its higher
energy emission maximum. The quantum yield for (PDI);ThB was also measured and found to
be 61%, compared to 97% for (PDI),Th,PO, indicating some energy loss to non-radiative

pathways, which once again is likely due to the higher rotational degrees of freedom in (PDI);Th.B
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than in (PDI),ThoPO. The optical band gaps were calculated from the intercept of absorption and
emission (solution and solid-state). They follow a similar trend as that observed for the electrical
band gaps, where (PDI)2Thz and (PDI),ThyPO are similar while (PDI)2Th:B is the largest. All this
data shows how nt-core functionalization can be an effective means of tuning the optical properties

in the PDI-nt-core-PDI framework, making this a versatile framework for organic materials.
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Figure 6: Absorption and emission profiles for (PDI);Thz,*! (PDI),Th.PO.? and (PDI)ThzB in

A) CHCI; solution and B) solid-state, spun-cast from 10 mg/mL CHCI; solutions.

Table 2: Optical data for the three acceptor compounds.

(PDI)2Thy*"! (PDI)Th.PO*» (PDI);Th:B

Soln AbS Amax (nm) 533 536 534
Soln Em Amax (nm) 667 638 588
Soln E; (eV)” 2.14 2.16 2.23
Soln Stokes Shift (eV)? 0.48 0.37 0.21
¢ (L mol! em™) 93 000 90 000 132 000
Film Abs Amax (nm) 535 538 534
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Film Em Anax (nm) 698 692 631
Film E; (eV)* 1.97 1.96 2.13
Film Stokes Shift (eV)? 0.53 0.51 0.36
aQptical band gaps were calculated from the wavelength intercept of abs and em profiles where

(Exint = h*c/Min; h = Planck’s Constant, ¢ = speed of light). “Stokes Shifts were calculated by (Esabs

= E),ems) Where (E}Lmax = h*cxxma_\').

2.4. Thermal properties

The thermal properties were investigated by differential scanning calorimetry (DSC) and
thermal gravimetric analysis (TGA). The DSC and TGA results are displayed in Figure 7. The
(PDI);Th, shows no indication of a melt or crystallization between 50 °C and 350 °C while
(PDI)>,ThaPO shows a melt at 278 °C and crystallization at 233 °C. The (PDI)>Th2B only shows a
melt or glass transition at 239 °C. The lower melting temperature of (PDI)>Th;B compared to
(PDI)>2ThoPO is likely due to the increased rotational freedom of (PDI);Th,B leading to weaker
intermolecular forces. The (PDI);Thy is the most thermally stable, decomposing at 427 °C.
Functionalizing the bithiophene core slightly reduces the thermal stability with (PDI)2Th2PO
decomposing at 415 °C and (PDI);Th:B decomposing at 396 °C. This is likely due to the lower
stability of the C—P and C-B bonds, respectively. The TGA profile for (PDI);Th2B also shows a
greater mass percentage loss than the other two compounds, implying a greater fraction of the
molecule breaking apart. In (PDI);Thy and (PDI);ThoPO the mass percentage decrease roughly
corresponds to the loss of the alkyl chains from the PDI units, while in (PDI);ThyB the larger
decrease corresponds to the loss of the FMes unit in addition to the alkyl chains. However, the
thermal stability of (PDI)2Th,B is consistent with TGA analysis on polymers of (FMes)BTha,
which were stable up to 300 °C."
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Figure 7: A) DSC profiles and B) TGA profiles for (PDI);Tha, (PDI);Th,PO.* and (PDI),Th;B.

2.5. Photovoltaic device fabrication

The PDI-n-core—PDI framework has proven to be effective as a non-fullerene acceptor
(NFA) in organic BHJ solar cells.3%3%38 Both (PDI),Thz and (PDI)>Th2PO have been used as NFAs
with the donor polymer PTB7-Th with moderate results.*>*! We have recently demonstrated that
the quinoxaline-based polymer TTFQx-T 1% (Figure 8A, also referred to as QX-1 by our teams) is
a good match for PDI NFAs and was chosen for this study.3*#5 Casting active layers of donor
polymer/small molecule acceptor blends often requires the use of chlorinated solvents such as
chloroform or o-dichlorobenzene. These solvents tend to be more toxic than non-chlorinated
solvents and wreak havoc on the upper atmosphere,®*®7 which hinders the overall long term
environmental sustainability of such systems. We therefore fabricated all active layers using the
eco-friendly solvent 2-methyltetrahydrofuran (2Me-THF). Furthermore, because a certain degree
of phase separation in the BHJ layer is necessary to promote charge separation and conductivity,*

it is often necessary to use thermal annealing,%’ solvent vapour annealing,”’ or solvent additives.”
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These processing techniques can induce molecular reorganization leading to greater phase
separation and domain purity through aggregation, improving performance.?'2 Qur previous work
has shown that PDI-n-core—PDI acceptors tend to re-organize in the film to form more ordered
nanostructures upon exposure to solvent vapours either through solvent vapour annealing?**° or
through solvent additives.*® For TTFQx-T1 it is known that thermal annealing at temperatures
above 180 °C crystallizes the polymer leading to improved BHJs for better OSC performance.
Thus, for this study we evaluated OSC devices with active layers of TTFQx-T1 and the three
acceptor compounds processed from 2-MeTHF and processed using thermal annealing with and

without the solvent additive diphenyl ether (DPE).
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Figure 8: A) Donor polymer TTFQx-T1. B) Normalized thin film absorption profiles for active

layer materials cast from 2-MeTHF. C) Energy level diagram for active layer materials determined

19



by CV. D) JV curves, E) absorption profiles, and F) external quantum efficiency for best devices
as cast and thermally annealed of 50:50 TTFQx-T1/acceptor compounds blends. G) JV curves, H)

absorption profiles, and I) external quantum efficiency for best devices as thermally annealed and

with DPE additive of 50:50 TTFQx-T1/(PDI)>Th,B blends.

Table 3: Summary of optimized organic solar cell data.¢

Materials Processing’ Voe (V) Jse (mA/em?)  FF (%) PCE (%)

Avg, (best)  Avg. (best) Avg, (best) Avg. (best)

TTFQx-T1/(PDI);Th: As cast 1.10(1.09) 525 (5.43) 269 (27.1)  1.55(1.61)
TTFQx-T1/(PDI).Th:PO As cast 1.03(1.07)  2.72(2.29) 247(245)  0.59(0.71)
TTFQx-T1/(PDI):Th.B As cast 1.01(1.01) 5.1 (5.30) 328(33.0)  1.69(1.77)
TTFQx-T1/(PDI):Th: TA L12(1.13)  5.26(5.54) 259(255)  1.52(1.59)
TTFQx-T1/(PDI):Th:PO TA 1.05(1.05)  2.69 (2.70) 25.0(25.4)  0.70 (0.71)
TTFQx-T1/(PDI):Th:B TA 1.03 (1.03)  6.72(6.93) 332(32.5) 229(2.33)
TTFQx-T1/(PDI):Th.B DPE 1%; TA  1.05(1.05)  8.47(8.81) 33.4(33.3)  2.96 (3.08)
TTFQx-T1/(PDI):Th:B DPE3%: TA  1.04(1.04)  9.45(9.51) 36.6(36.7)  3.60 (3.64)
TTFQx-T1/(PDI):Th:B DPE 5%;TA  1.03(1.03)  932(10.00)  36.7(37.3)  3.52(3.85)

“Device architecture: ITO/ZnO/BHI/MoOy/Ag. Active layers were spin cast at 1500 rpm from 10

mg/mL solutions in 2-MeTHF of 50:50 TTFQx-T1/acceptor ratios.

TA = thermal annealing 180 °C, 10 min; DPE = dipheny! ether solvent additive.

OSCs were fabricated based on our prior work®**? using an air-processed and air-tested
protocol with an inverted framework: ITO/ZnO/BHJ/MoO«/Ag.** Active layers of TTFQx-

T1/acceptor (50:50) were cast at 1500 rpm for 60 seconds from 1 wt/v% solutions in 2-MeTHF.
They were subject to thermal annealing at 180 °C for 10 min after being left to dry for 12 hours

prior to electrode deposition. Complete results are available in the SI and summarized in Table 3.
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Figure 8D/E/F displays the JV curves, absorption profiles, and EQE profiles, respectively, for the
best devices under each condition. All blends showed partial quenching of the polymer emission
in both as cast and thermally annealed films (SI. Figure S19).

Previously, (PDI);Thz and (PDI);ThoPO have been paired with PTB7-Th to give optimum
performances with average PCEs of 2.6% and 1.9%, respectively.>>*! This study represents the
first pairing of these compounds with TTFQx-T1 and the first use of (PDI);Th2B in OSC devices.
As can be seen in Table 3 and Figure 8D, all devices had high Voc >1 V. However, for (PDI)2Tha
and (PDI);ThyPO, Jsc and FF were low leading to low PCEs for both as cast and thermally annealed
devices. The JV curves and EQE profiles for (PDI);Th; and (PDI);ThoPO blends show little
difference between as-cast and thermally annealed devices (Figure 8D/F). However, with
(PDI);ThB, an increase in performance was observed from a PCE of 1.69% to 2.29% upon
thermal annealing, which was also reflected by improvement in the JV curve and EQE profile.
Atomic force microscopy (AFM) images were taken of the best devices under each condition and
are shown in Figure 9. AFM phase images are available in the SI. All films showed similar fibrillar
morphologies but the TTFQx-T1/(PDI)2Th:B film, thermally annealed, did show an increase in
the roughness from the untreated “as-cast™ film as well as slightly more definition to the domains.
This may be an indication of the individual polymer or NFA becoming more ordered within their
respective domains. To improve PCE, we envisioned increasing phase separation via solvent
treatment followed by thermal annealing to increase order within domains.

Solvent vapours have been shown to be an effective way of inducing phase separation in
the active layer.”> A high boiling point solvent added to the ink solution is presumed, upon casting,
to remain in the film allowing for slow evaporation which ideally modifies the morphology to a
more ordered state.”® There are many high boiling point solvents to choose but to maintain the

theme of green processing conditions for this study we chose to use DPE, a non-halogenated, high
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boiling (259 °C) solvent.’”*® DPE was added in 1, 3, and 5% v/v concentrations to ink solutions
of (PDI);Th,B and TTFQx-T1, still keeping with the 1 wt/v% concentration in 2Me-THF and
50:50 ratio. Upon casting the films were left for 24 hours to allow for slow evaporation. They were
then thermally annealed at 180 °C for 10 min. The results are summarized in Table 3. Figure

8G/H/I displays the JV curves, absorption profiles, and EQE profiles, respectively, for the best
devices under each condition along with the previous results for TTFQx-T1/(PDI);ThoB blends.

Complete results are in the SI.

B) As cast C) As cast DPE 1% + TA
" 18.0 nm 204 om 12.8 nm
< . T e
0.0 p Mg 0.0 — 5 . 00
RMS = 2.62 nm RMS =2.62 nm RMS = 2.90 nm RMS =1.37 nm
TA 180 °C TA180°C TA 180 °C DPE3% +TA
214 nm 15.5 nm
AN 00 ! 0.0
RMS = 2.47 nm RMS = 2.10 nm RMS = 3.50 nm

Figure 9: AFM images for A) TTFQx-T1/(PDI)2Thz, B) TTFQx-T1/(PDI)2Th,PO, and C)

TTFQx-T1/(PDI),Th,B blends with processing conditions shown.

For TTFQx-T1/(PDI)2ThoB devices treated with DPE and thermally annealed, Voc
remained high at >1 V while Js, FF, and PCE all increased for all three DPE concentrations.
Despite the improvement, FF remained below 40%, which is typical for our previous N-annulated
PDI-based materials.’*3%*!%8 The EQE also increased across the spectrum for all DPE

concentrations with 3% and 5% giving the highest values. The best device was obtained with 5%
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DPE concentration giving a PCE of 3.85%. However, the 3% DPE concentration gave more
consistent results with an average PCE of 3.60% compared to 3.52% average for 5% DPE. From
the AFM images, displayed in Figure 9. the DPE treated films are much less fibrillar than the
previous TTFQx-T1/(PDI)2Th,B films and the roughness has decreased. While the 1% DPE
treated film still retains some semblance of the fibrillar morphology, the 3% DPE treated film
shows domains that appear more evenly distributed. The 5% DPE treated film had identical
morphology to the 3% DPE treated film with increased roughness (SI, Figure S22). This indicates
the additive has had a significant impact on the film morphology and the increased performance is
due to more favourably distributed and purer domains leading to enhanced charge separation.
Once again, this is the first demonstration of a PDI-based NFA with tricoordinate borane
moiety. Unlike previous examples of boron-based NFAs which involved tetracoordinate borate to
constrain the geometry, 2227 this research presents an example of a tricoordinate borane providing
more flexibility to the acceptor enabling it to adopt a more favoured solid state morphology in the

BHI layer.

3. Conclusions

We have reported on the synthesis of a new boron based non-fullerene acceptor for energy
application. The new material has a borane-functionalized bithiophene core with PDI end caps,
(PDI)2Th2B. The synthesis was attempted via DHA methods but, due to the reactive boron centre,
the substrate underwent sequential Suzuki/DHA coupling to give PDI-Th-PDI. The target
compound (PDI)2Th2B was successfully synthesized via Stille coupling in a 78% yield. It was fully
characterized and compared with phosphoryl-functionalized (PDI)>Th,PO and unfunctionalized

(PDI);Th, materials to highlight the differences in optical properties and electronic energy levels.
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Density functional theory calculations showed that the boron-substituted compound had a
much larger degree of twist than the fused phosphole and unfunctionalized compounds, disrupting
the conjugation across the whole molecular scaffold. All three compounds had similar
optoelectronic properties though (PDI):Th2B did have a larger band gap and blue-shifted emission
compared to (PDI)2Thz and (PDI),ThPO, which was attributed to the influence of the boron atom
on the molecular electronics and geometry.

As a proof of concept, the three compounds were paired with the donor polymer TTFQx-
T1 and solar cell devices were fabricated using exclusively green processing conditions. Solar cells
were fabricated in air while active layers were solution processed from the eco-friendly solvent
2Me-THF (with or without the volatile solvent additive diphenyl ether) under ambient conditions.
The TTFQx-T1/(PDI).ThoB blend was consistently higher performing than the TTFQx-
T1/(PDI);Thy and TTFQx-T1/(PDI);Th,PO blends. All organic solar cells had high open circuit
voltages above 1 V, but those using the TTFQx-T1/(PDI):Th:B active layer exhibited high short-
circuit currents leading to the better performance. A maximum PCE of 3.6% was achieved after
active layer optimization using solvent additives.

This is the first report on a PDI-based borane-functionalized molecular non-fullerene
acceptor. We speculate that the greater flexibility afforded by the borane unit allowed for a more
favourable active layer morphology with (PDI);Th:B and the polymer. This is in contrast to
previous example of boron-based NFAs, which used tetracoordinate borate units to constrain and
planarize the geometry. Our results are consistent with recent literature that shows PDI materials
that adopt a more isotropic shape are better non-fullerene acceptors than those with planar

structures.



These results support the small yet growing body of literature that demonstrate the potential
of organo-main group element functional groups to be used to fabricate new and relevant organic

semiconducting materials for energy applications.
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