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ABSTRACT

n-Conjugated molecules with acceptor-donor-acceptor (A-D-A) electronic structures are an
important class of materials due to their tunable optoelectronic properties and applications in, for
example, organic light-emitting diodes, nonlinear optical devices, and organic solar cells. The
frontier molecular orbital energies, and thus band gaps, of these materials can be tuned by varying
the donor and acceptor traits and n-electron counts of the structural components. Herein, we report
the synthesis and characterization of a series of A-D-A compounds consisting of BF, formazanates
as electron acceptors bridged by a variety of m-conjugated donors. The results, which are supported
by DFT calculations, demonstrate rational control of optoelectronic properties and the ability to
tune the corresponding band gaps. The narrowest band gaps (Es°"'= 1.38 eV and E,V = 1.21 eV)
were observed when BF2 formazanates and benzodithiophene units were combined. This study
provides significant insight into the band-gap engineering of materials derived from BF;
formazanates and will inform their future development as semiconductors for use in organic

electronics.



INTRODUCTION
n-Conjugated molecules whose optical and electrochemical properties can be tuned through
molecular engineering are an intriguing class of materials due to their applications in
semiconducting devices such as field-effect transistors,! light-emitting diodes,? and organic solar
cells (OSCs).® One strategy to tune the frontier molecular orbital energies and band gaps* of n-
conjugated molecules is the creation of donor-acceptor (D-A) interactions.® The highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) energies of such
systems can be altered by incorporating D and A units, with varying electron donating and
withdrawing abilities, into n-conjugated scaffolds.>® Generally, the HOMO is dependent on the
electron density and delocalization of electrons throughout the m-conjugated system.® Therefore,
synthesizing molecules with large m-electron systems and introducing heteroatoms such as N, O,
and S are strategies that lead to altered electronic structures that often increase HOMO energies.”
7 Conversely, incorporating electron-withdrawing units such as —F, —CI, and —C=N often lowers
both HOMO and LUMO energies.> ’

D-A compounds can be classified into several types: D-A, D-n-A, D-A-D, D-n-A-n-D, A-
D-A, A-n-D-n-A, etc.® Recently, A-D-A compounds have attracted significant attention as a result
of their lower frontier orbital energies and tendency to increase exciton separation and charge
transport compared to D-A-D architectures.® These compounds have found applications, for
example, in nonlinear optical devices,'® as emissive layers in organic light-emitting diodes (e.g.,
1), as efficient thermally-activated delayed fluorophores (e.g., 2),'? as ratiometric temperature
and viscosity sensors,!® as photothermal therapeutics,* and most commonly in OSCs.? Initially,
A-D-A compounds were used as donors in combination with fullerene acceptors in OSCs.*® In the

last 5—6 years, however, A-D-A systems have been used as alternatives to fullerene acceptors,® ¢



and power conversion efficiencies have now reached 18% for OSCs based on A-D-A acceptor

3 16d

The purpose of this work is to explore the properties of a novel series of n-conjugated A-
D-A type compounds using BF2 complexes (e.g., BF2), derived from formazans (e.g., Fz), as
acceptors. Molecular and polymer materials derived from BF, formazanates are readily accessible
and exhibit tunable absorption, emission, and redox properties, making them strong candidates for
use in a variety of organic electronics.!’” These properties can be tuned by varying the substituents
at the para-position of the N-aryl rings*® and by the extension of n-conjugation.'® BF, formazanates
have found application as fluorescence cell-imaging agents, ‘8 cancer theranostics,? near-infrared
emitters,? electrochemiluminescent materials,?? multifunctional polymers,*® 2 and as precursors
to unusual BN heterocycles.?* Recently, a BF, formazanate capped with N-annulated perylene

diimides 4 was used as an electron acceptor in OSCs.?® The incorporation of the BF, formazanate
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core enabled tuning of the LUMO energy and led to near-panchromatic absorption.”® BF;
formazanates have also been incorporated into various D-A-D m-conjugated structures. For
example, copper-assisted azide-alkyne cycloaddition reactions were used to produce compound 5
along with model compounds using alkylated fluorenes as electron donors and BF, formazanates
as electron acceptors.?®> Thorough examination of the model compounds revealed that the -
conjugation involving BF> formazanate units did not extend beyond the triazole rings formed in
these systems.? More recently, a team led by Tanaka and Chujo synthesized fluorene end-capped
D-A-D compound 6 and similar polymers using Stille cross-coupling reactions.'* A red shift of
108 nm in the wavelength of maximum absorption (Amax) Of 6 was observed when compared to the
parent BF, formazanate.!® The Zade group synthesized thiophene and 3,4-
ethylenedioxythiophene D-A-D BF, formazanates with optical band gaps (Eq°") of 1.80 and 1.70
eV, respectively.'®® Despite the advances in D-A-D BF. formazanate chemistry, analogous A-D-
A structures have not yet been explored.

Herein, we demonstrate that band gaps (i.e., HOMO-LUMO gaps) of A-D-A BF
formazanates can be readily and rationally tuned by variation of the bridging donor unit.
Specifically, we paired BF, formazanate acceptors and common donors such as thiophene (TH),
alkylated fluorene (FL) and carbazole (CBZ), and alkoxylated benzodithiophene (BDT) and

explored their optical and electrochemical properties both experimentally and computationally.



RESULTS AND DISCUSSION

Synthesis

A series of A-D-A BF, formazanates were synthesized using palladium-catalyzed Stille cross-
coupling reactions. Our approach began with the synthesis of 1-(p-bromobenzene)-3,5-diphenyl
formazan (Fz-Br) under biphasic conditions by adapting a known procedure.? Briefly, a coupling

reaction between the p-bromobenzenediazonium chloride and 1,3-diphenyl hydrazone afforded
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Fz-Br in 73% yield.?® The structure of Fz-Br was confirmed by the observation of a characteristic
NH signal at 15.35 ppm in its *H NMR spectrum (Figures S1 and S2). A solution of Fz-Br in
toluene was then heated to reflux in the presence of excess BF3*OEt, and NEtz for 16 h which gave
the BF> formazanate BF2-Br in 55% yield after purification by column chromatography (Figures
S3-S5). The formation of dimeric compound BF2-BF2 and A-D-A compounds were catalyzed by
Pdz(dba)s in the presence of P(o-tol)s. The reaction of BF2-Br with hexamethylditin for 15 min at
170 °C in a sealed pressure tube (pressure = 3.5 bar) resulted in the formation of the dimeric
compound (BF2-BF2) in 29% vyield (Scheme 1a, Figures S6—S8). The monomeric model
compound BF2 and the diyne-bridged compound BF2-DY-BF2 (Scheme 1b) were prepared
according to published procedures.® 27

To prepare A-D-A compounds, we targeted common donors such as TH? and FL?° as the
properties of donor units can be tuned by incorporating heteroatoms such as N, O and S into the
molecular skeleton.” CBZ units are stronger electron-donors than FL due to the delocalization of
the lone pair on nitrogen participating in the m-electron system, giving subsequent compounds
unique optical and electrochemical properties compared to FL.3° BDT possesses a planar
conjugated structure and has been commonly used as a donor unit in D-A polymers and small
molecules for use in OSCs.%! Due to their structural symmetry and fused aromatic structure, BDT-
containing compounds tend to =m-stack in the solid state often enhancing charge-transport
properties.®!¢ The reaction of BF2-Br with distannyl derivatives of TH, FL, CBZ, and BDT for 15
min at 170 °C (pressure = 3.2—4.9 bar) resulted in the formation of A-D-A compounds in purified
yields ranging from 48 to 74% (Scheme 1c, Figures S9—-S22). It is noteworthy that compared to

previous reports of Stille cross-coupling reactions for BF, formazanates, we have drastically



reduced reaction times from 16—48 h for conventional reflux reactions'® °¢ to 15 min by
superheating in sealed glass tubes.

All compounds reported here can be handled and manipulated under ambient conditions
and are stable in solution and the solid state for several weeks. Their molecular structures were
confirmed by multinuclear NMR and IR spectroscopy and mass spectrometry. Our efforts to grow
single crystals suitable for X-ray diffraction studies of the compounds reported were unsuccessful,
with most compounds tending to form films.

Scheme 1. Synthesis of (a) BF2-BF2, (b) BF2-DY-BF2, and (c) A-D-A BF2 Formazanates.
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Density Functional Theory

To gain insight into the electronic structures of A-D-A BF, formazanates and related model
systems, we used density-functional theory (DFT) to calculate the frontier molecular
orbitals at the optimized ground-state geometries with alkyl chains approximated as methy!
groups. The DFT calculations were performed using a LC-ohPBE/DGDZVP2%? method
with a tuned range-separation parameter @ = 0.14. These parameters were optimized
previously for similar compounds with large m-electron systems and significant charge-
transfer character.?! Time-dependent DFT (TDDFT) calculations implicate the HOMO (n
type) and LUMO (n* type) as the orbital pair that makes the dominant contribution to the
low-energy absorption bands for these compounds (see below for details). Both the
HOMOs and LUMOs of BF2-BF2, BF2>-DY-BF2, and BF2-TH-BF2 are delocalized
throughout the entire compound (Figure 1). The HOMOs of BF2-FL-BF2, BF>-CBZ-BF,
and BF2-BDT-BF2 are centred on the electron-donating bridging units with minimal
contribution from the BF. formazanate units. The LUMOSs are localized on the BF:
formazanate units suggesting that the lowest-energy excitation for these compounds has
significant charge-transfer character (Figure 1). From these calculations we were able to
group these compounds into two series: i) compounds with low-energy electronic
excitations involving limited or no charge-transfer character (BF2-BF2, BF2-DY-BF2, and
BF2-TH-BF2), and ii) compounds whose low-energy electronic excitations have significant

charge-transfer character (BF2-FL-BF2, BF2-CBZ-BF2, and BF2-BDT-BF>).
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Figure 1. Frontier molecular orbitals of A-D-A BF. formazanates calculated at the ground-state
geometries using the LC-ohPBE(®w=0.14)/DGDZVP2 SCRF = (PCM, Solvent = CH2Cl2) method.
Alkyl chains are approximated as methyl groups.
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UV-Visible Absorption Spectroscopy

The optical properties of A-D-A BF> formazanates and related model systems were explored by
recording the UV-vis absorption spectra in CH2Cl» and as thin films (Figure 2, and Table 1). Each
compound in the series is strongly absorbing with low-energy wavelength of maximum absorption
(Amax) between 509 and 596 nm in CH2Cl» and between 528 and 645 nm as thin films. Comparing
the first series of compounds (BF2-BF2, BF2-DY-BF2, and BF2-TH-BF2) to the model compound
BF2, a significant change in properties was observed upon extension of the m-electron system
through the different spacers. The dimeric compound BF2-BF2 (Amax = 570 nm in CH2Cl,) and
BF2-DY-BF2 (Amax = 564 nm) had lower energy Amax compared to BF2 (Amax = 509 nm). The Amax
of BF2-TH-BF2 was further red-shifted, by 87 nm compared to BF2, likely due to the electron-
donating character of the thiophene spacer.?® 3 The molar absorptivity of BF2-BF2 (g = 47,300 M~
1 em™) and the A-D-A compounds (s = 46,400—58,200 Mt cm™) are approximately doubled
compared to BF2 (g = 23,400 Mt cm™) due to the presence of two BF, formazanate units in each
molecule. The second series of compounds (BF2-FL-BF2, BF.-CBZ-BF2, BF2-BDT-BF2) also
exhibited lower energy Amax values (Akmax = 51-83 nm) compared to the model compound BF:
with BF2-BDT-BF2 having the lowest-energy absorption band. Compared to the analogous D-A-
D compound (Amax =570 nm, € = 20,511 M~ cmin CH3CN),'* the absorption band observed for
the A-D-A compound BF2-TH-BF2 appeared at lower energy (Amax=596 nm, € =52,400 Mt cm~
1in CH.CL,). In contrast, the absorption band observed for BF2-FL-BF2 (Amax = 560 nm, & = 58,200
M~ cmtin CH2CI.) appeared at higher energy than compound 6 (Amax= 612 nm, & = 36,000 M
cm~tin toluene), which is based on a 3-cyanoformazanate ligand.** In both cases, the molar
absorptivities of the A-D-A systems were dramatically higher than those of the analogous D-A-D

systems due to the presence of two BF> formazanate units per molecule.
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BF2 complexes of triarylformazanates tend to be weakly emissive as a result of free rotation
of the aryl substituents at nitrogen and carbon activating non-radiative decay pathways.® This
trend is consistent with our observations for the compounds described here, where emission
responses were detectable in some cases, but very weak (Figure S23). This was in contrast to
recently reported BF> complexes of 3-cyanoformazanates that exhibited strong near-infrared
emission. %

In all cases, TDDFT calculations were used to estimate the lowest-energy excitation
energies in CHxCl,  (primarily HOMO-LUMO  character) using the LC-
ohPBE(0=0.14)/DGDZVP2 method (Table 1). The calculated low-energy excitation wavelengths
agreed within 12—36 nm of their respective experimental values, and were consistent with
qualitative trends (Table 1). The charge-transfer character implied by the calculated frontier
orbitals was corroborated by the fact that functionals such as PBE0%* underestimated the relevant
low-energy excitation energies (Table S1).

To gain insight into the relationship between molecular structure and photophysical
properties, we investigated the structural metrics of the ground-state geometries obtained by DFT
calculations (Figure S24). We compared the angles between the planes defined by the N-bound
benzene ring of both BF, formazanates in the case of BF2-BF2 and BF2-DY-BF2 or the angle
between the planes defined by the N-bound benzene ring of the BF, formazanate and the
neighbouring aryl rings of the spacers (TH, FL, CBZ, BDT). The angles extracted for BF2-DY-
BF2, BF2-TH-BF2, and BF2-BDT-BF2 were between 0.9° and 3.3° and for BF2-BF2, BF2-FL-
BF2, and BF2-CBZ-BF2 were between 28.3° and 31.2° suggesting that the former set of
compounds have enhanced planarity. This is due to the fact that a five-membered thiophene ring

(or alkyne) attached to a benzene ring introduces less steric encumbrance compared to two Six-
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membered benzene rings attached to one another.®® As a result, despite having a smaller n-electron
system, the planar BF2-TH-BF2 has a red-shifted low-energy absorption band compared to BF2-
FL-BF2 and BF2-CBZ-BF2.

Thin films were prepared by spin-coating CHCIs solutions of the respective compounds on
quartz slides. The absorption spectra of these films featured broadened and red-shifted absorption
bands compared to the solution spectra (Figure 2, Table 1). The thin-film spectrum of BF2-BDT-
BF2revealed two additional shoulders at higher wavelengths (685 nm and 772 nm) due to strong
intermolecular -r interactions in the solid state.*>® ¢ The optical band gaps (Eq°"') were estimated
from the onset of absorption, according to the equation Eq°"' = 1240/Aaps®™* (Table 1). Most
notably, a decrease in E¢°" was observed from 1.89 eV for monomeric compound BF2to 1.73 eV

for BF2-FL-BF2, 1.60 eV for BF2-CBZ-BF», and 1.39 eV for BF2-BDT-BF-.
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Figure 2. UV-vis absorption spectra in CH2Cl solutions and as thin films.

Table 1. Experimental and Calculated UV-Vis Absorption Spectral Data.

CHCl; Thin Film
Experiment Theory Experiment
Amax & Amax Amax )\‘absonset EgOpt
(nm) (M~tcm™) (nm)? (nm) (nm) (eVv)®
BF: 509 23,400 492 528 656 1.89
BF2-BF 570 47,300 534 595 742 1.67
BF2-DY-BF2 564 57,100 552 581 720 1.72
BF2-TH-BF2 596 52,400 569 632 820 151
BF2-FL-BF: 560 58,200 527 572 715 1.73
BF.-CBZ-BF: 563 46,400 538 593 776 1.60
BF.-BDT-BF: 592 51,700 557 645 895 1.38

aTheoretical values were obtained using TDDFT at the LC-ohPBE (®=0.14)/DGDZVP2
level with non-equilibrium solvation (CH2Cly). PEgPt = 1240/Aans”".
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Cyclic Voltammetry

Cyclic voltammograms collected in CH2Cl> solutions are shown in Figure 3 and the data are
summarized in Table 2. The cyclic voltammetry (CV) data collected from these series of
compounds reveal several trends. Each of the compounds exhibit two reduction waves which
correspond to the reversible formation of radical anions (Ereq1 = —0.83 to —0.94 V relative to the
Fc/Fc* redox couple) and the irreversible formation of dianions (Eres2 = —1.82 to —1.99 V). The
current response associated with these waves corresponds to one electron per BF2 formazanate
unit. The first reduction event observed for BF2-BF: is split into two overlapping waves suggesting
the successive reduction of each BF» formazanate unit and implying enhanced electronic
communication between BF, formazanate units compared to the A-D-A systems. In addition to
these reduction waves, A-D-A compounds BF2-TH-BF2, BF2-FL-BF2, BF2-CBZ-BF2, and BF2-
BDT-BF: also exhibited two reversible one-electron oxidation waves corresponding to the
formation of their radical cation (Eox1 = 0.46 to 1.01 V) and dication (Eox2 = 0.86 to 1.13 V) forms.
Similar oxidation events were not observed for BF2, BF2-BF2, and BF2-DY-BF2. Rather,
irreversible oxidation waves were observed for these compounds near the edge of the solvent
window (Eonset™ = 1.04 to 1.12 V). HOMO and LUMO energies were estimated from the onset of
Eox1 and Ereq1 respectively, according to the equations (ELumo = —5.1 — Eonset™ and Epomo = —5.1
— Eonset®™) and the data are summarized in Figure 4. In most cases, the LUMO energies were similar
(—4.24 to —4.26 eV) with the exception of BF2-BF2 (—4.33 ¢V) and BF2-DY-BF2 (—4.35 eV) which
have a higher degree of delocalization in their LUMOs that results in slightly lower energies. This
confirms that the LUMOs are primarily centred on the BF, formazanate units. The HOMO
energies, however, are strongly dependent on the identity of the bridging donor unit. For example,

BF2-CBZ-BF: has a higher HOMO energy (—5.77 eV), and thus a narrower electrochemical band
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gap (E¢®Y = 1.53 eV), compared to BF2-FL-BF2 (Exomo = —5.96 eV, E¢©V = 1.71 eV) due to the
stronger electron-donating character of CBZ compared to FL. BF2-BDT-BF2 has the highest
HOMO energy (—5.47 eV) and the smallest EqV (1.21 eV) owing to a large n-electron system and
strong donor-acceptor interaction whereas, the monomeric compound BF2 has the lowest HOMO
energy (—6.22 eV) and the largest E;V (1.98 eV).

In all cases, there is a good agreement between E°P and Eq“Y and the differences are within
0.02—0.17 eV. A direct comparison of the first series of compounds reveals a decrease in band gap
is observed from BF2, to BF2-DY-BF2, BF2-BF2, and BF2-TH-BF2. The second series of
compounds involves a decrease in band gap as the electron donating spacers were varied from FL,

to CBZ, and BDT units (Figure 4).

BF, —_—

BF,BF, / ~—————
<

| 50 uA BF,-TH-BF, ;: — 5:?
BF,-FL-BF, /S — J

BF,-BDT-B y\_—v ~ >

—_—

Potential vs Fc/Fc* (V)

Figure 3. Cyclic voltammograms recorded at 250 mV st in 1 mM CH.Cl; solutions containing
0.1 M [nBusN][PFe] as the supporting electrolyte. The scan direction is denoted by the arrows.
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Table 2. Solution Phase Cyclic Voltammetry Data Obtained in CH2Cl..2

Ered2 Eredl Eonsetred onl (V) E0x2 (V) EonsetOX (V) EgCV (eV)

(V)° ™) M)
BF2 -1.99 —0.94 —0.86 — — 1.12 1.98
BF2-BF2 -1.93 —0.88,—-0.97° —0.77 — — 1.04 1.81
BF2-DY-BF:2 -1.82 —0.83 —0.75 — — 1.12 1.87
BF2-TH-BF:2 -1.96 —0.90 -0.84 0.82 1.07 0.76 1.60
BF2-FL-BF2 -1.98 —0.93 —0.85 1.01 1.13 0.86 1.71
BF.-CBZ-BF2 -1.99 —0.94 —0.86 0.72 1.06 0.67 153
BF-BDT-BF2 —1.90 —0.89 —0.84 0.46 0.86 0.37 1.21

3potentials reported relative to the Fc/Fc* redox couple. °Irreversible wave, potentials are
reported at maximum cathodic current. °Ereq: is split into two overlapping waves.

-4.24 -4.26 -4.25 -4.24 -4.26
LUMOs -4.33 -4.35 " n
-4.5 1 1 I
s 1.21eV
@ -5.0 1.60 eV 1.71eV 1.53 eV
a3 1.98 eV 1.81eV 1.87 eV
-
] -
s 755 ! -5.47
r
=5.77
- -5.86
6.0 s v v -5.96
HOMOs —6.22 -6.14 -6.22
=6.5 BF, BF,-BF; BF.-DY-BF, BF.-TH-BF, BF.-FL-BF, BF,-CBZ-BF, BF.-BDT-BF;

Figure 4. HOMO and LUMO energies estimated from cyclic voltammograms. ELumo =
—5.1 — Eonset™. Eromo = —5.1 — Eonset™. E¢®Y = ELumo — EHomo.

CONCLUSIONS

This work has led to a demonstration and understanding of the optoelectronic properties of a series
of A-D-A compounds incorporating electron accepting BF2 formazanates bridged by n-conjugated
spacers with different m-electron counts and donor characteristics. Theoretical calculations
implicate the HOMO and LUMO as the dominant orbital pair associated with the low-energy
absorption bands. All compounds exhibited absorption properties (Amax = 509 to 596 nm in CH,Cl>
and 528 nm to 645 nm as thin films), and thus E°", that were tunable by the choice of t-conjugated

spacer. In general, a decrease in Eq°"* was observed as the size of m-electron system was increased

17



from monomeric compound BF2 (1.89 eV) to A-D-A compounds (e.g., 1.39 eV for BF2-BDT-
BF2), although the planarity of the A-D-A & systems was also an important factor.

The formazanate-based reduction waves corresponding to the formation of radical anions
and dianions in the respective CVs exhibited similar reduction potentials (and LUMO energies),
allowing us to conclude that they are primarily centered on the BF, formazanate units, as implied
by DFT calculations. When electron-rich spacers such as TH, FL, CBZ, and BDT were conjugated
to BF, formazanates, two reversible oxidation waves corresponding to the formation of radical
cations and dications were also observed. The oxidation potentials (and HOMO energies) were
controlled by the size and electron-donating traits of the bridging spacers. In this series, BF2-BDT-
BF2 has the largest m-electron system, and thus it exhibits the lowest oxidation potential and
highest HOMO energy. By tuning the HOMO energies, we were able to control the Es*Y of these
molecules. A decrease in E,V was observed from 1.98 eV for monomeric compound BF2 to
1.71 eV for BF2-FL-BF2, 1.53 eV for BF2-CBZ-BF2, and 1.21 eV for BF2-BDT-BF-.

In conclusion, we have shown that the band gaps of A-D-A BF, formazanates can be
rationally tuned through variation of the bridging donor species and that the combination of BF;
formazanates and alkoxylated BDT donors are ideal for the creation of low band-gap materials.
A-D-A BF; formazanates offer narrower band gaps and are generally easier to synthesize than
similar systems based on boron dipyrromethene (BODIPY) and related acceptors.'>® 37 In
executing this work, we have created new materials and design strategies for use in the organic

electronics arena.
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EXPERIMENTAL SECTION
General Considerations
Reactions and manipulations were carried out under a N> atmosphere using standard Schlenk
techniques unless otherwise stated. Solvents were obtained from Caledon Laboratories, dried using
an Innovative Technologies Inc. solvent purification system, collected under vacuum and stored
under a N2 atmosphere over 4 A molecular sieves. Reagents were purchased from Sigma-Aldrich,
Oakwood Chemicals, or TCI America and used as received. BF2,%’ BF2-DY-BF2,'% 2,7-
bis(trimethylstannyl)-9,9-dihexylfluorene,*® and 3,6-dibromo-9-(2-ethylhexyl)-9H-carbazole*®
were prepared according to literature procedures. Stille cross-coupling reactions were run in sealed
pressure tubes using an Anton Paar Monowave 50 reactor.

NMR spectra were recorded on 400 MHz (*H: 399.8 MHz, *C{*H}: 100.6 MHz, 'B:
128.3 MHz, °*F{*H}: 376.1 MHz, 1*°Sn: 149.1 MHz) Bruker Avancelll HD or 600 MHz (**C{*H}:
150.7 MHz) Varian INOVA instruments. *H NMR spectra were referenced to residual CHCl3
(7.26 ppm) and *C{*H} NMR spectra were referenced to CDCl3z (77.2 ppm). !B NMR spectra
were referenced to BFs-OEt, (0 ppm), °F NMR spectra were referenced to CFCls (0 ppm), and
11957 NMR spectra were referenced to SnMes (0 ppm). Mass spectra were recorded in positive-
ion mode using a Agilent 1969 ToF mass spectrometer using electrospray ionization at McMaster
University. FT-IR spectra were recorded on a PerkinElmer Spectrum Two instrument using an
attenuated total reflectance accessory. UV-vis absorption spectra were recorded using a Cary 5000
UV-Vis-NIR spectrophotometers scanning from 200 nm to 1500 nm. In solution, four separate
concentrations were run for each sample and molar extinction coefficients were determined from
the slope of a plot of absorbance against concentration. Emission spectra were obtained using a

Photon Technology International (PTI) QM-4 SE spectrofluorometer. Excitation wavelengths
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were chosen based on the lowest energy absorption maximum from the respective UV-Vis
absorption spectrum of each compound.

Electrochemical Methods

Cyclic voltammetry experiments were performed with a Bioanalytical Systems Inc. (BASI)
Epsilon potentiostat and analyzed using BASi Epsilon software. Electrochemical cells consisted
of a three-electrode setup including a glassy carbon working electrode, platinum wire counter
electrode and silver wire pseudo reference electrode. Experiments were run at a scan rate of
250 mV st in degassed CHCI; solutions of the analyte (~1 mM) and supporting electrolyte
(0.1 M [nBusN][PFs]). Cyclic voltammograms were referenced against an internal standard
(~1 mM ferrocene) and corrected for internal cell resistance using the BASi Epsilon software.
Thin Film Preparation

Thin films were prepared by filtering (PTFE membrane, 0.22 um) approximately 100 pL of a
10 mg mL* solution in CHClIs directly onto a stationary quartz slide. The sample was then
accelerated at a rate of 200 rpm s to 2000 rpm and spun for 30 s.

Computational Methods

Electronic structure calculations were performed using the Gaussian 16 software package*® on a
local machine and through the Graham cluster of Compute Canada. Calculations were carried out
using the DGDZVP2 basis set and PBE0** and LC-ohPBE®* density functionals with a tuned value
of the range separation parameter ®=0.14 and the polarizable continuum model (PCM) of implicit
solvation. The ground-state geometries of these compounds were found by exploring various initial
conformations and choosing those with  lowest energy. The lowest-energy

LC-ohPBE(®w=0.14)/DGDZVP2 and PBEO/DGDZVP2 structures of all compounds were
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explicitly confirmed by vibrational analysis to be true minima in all cases. TDDFT excitation
energies of all compounds were calculated using nonequilibrium solvation models.

Synthetic Procedures

Synthesis of Fz-Br

In air, phenylhydrazine (0.940 g, 8.72 mmol) was dissolved in absolute EtOH (15 mL).
Benzaldehyde (0.920 g, 8.72 mmol) was then added and the solution was stirred for 10 min. After
this time, a light yellow precipitate had formed. CH2Cl2 (50 mL) and deionized H20 (50 mL) were
added to form a biphasic reaction mixture. Na2CO3 (2.96 g, 27.9 mmol) and [nBusN][Br] (0.28 g,
0.087 mmol) were added and the mixture was cooled with stirring to 0 °C. In a separate flask,
4-bromoaniline (1.50 g, 8.72 mmol) was suspended in deionized H20 (15 mL) and cooled to 0 °C.
To this solution, concentrated HCI (2.25 mL, 26.1 mmol) was added. A cooled solution of NaNO;
(0.692 g, 10.0 mmol) in H20 (5 mL) was added slowly to the aniline solution over a 15 min period.
The mixture was stirred at 0 °C for a further 20 min before it was added dropwise to the biphasic
hydrazone-containing reaction mixture described above over a 10 min period. The resulting
solution was stirred at 0 °C for 4 h, gradually turning dark red over this period. The organics were
extracted into CH2Cl, and the resulting solution was washed with deionized H20 (3 x 50 mL),
dried over anhydrous MgSQs, gravity filtered and concentrated in vacuo. The resulting residue
was purified by column chromatography (CH2Cl,, 100 mL dry neutral alumina, 2.0” diameter
column, R¢ = 0.95), concentrated in vacuo, and then triturated with cold MeOH to afford Fz-Br as
a dark red solid. Yield = 2.4 g, 73%. *H NMR (399.8 MHz, CDCls): § 15.35 (s, 1H, NH), 8.12 (d,
2H, 3Jun = 8 Hz, aryl CH), 7.71 (d, 2H, 3Jun = 8 Hz, aryl CH), 7.58—7.53 (m, 4H, aryl CH), 7.46
(g, 4H, I = 8 Hz, aryl CH), 7.38-7.30 (m, 2H, aryl CH). 3C{*H} NMR (150.7 MHz, CDCls):

0 148.2, 146.7, 141.5, 137.3, 132.7, 129.6, 128.6, 128.2, 128.0, 126.0, 120.5, 120.0, 119.3. FT-IR
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(ATR): 2961 (m), 2924 (s), 2854 (m), 1596 (w), 1505 (m), 1488 (m), 1404 (w), 1350 (w), 1232
(m), 1188 (w), 1068 (w), 1044 (w), 1019 (w), 828 (w), 764 (m), 691 (m) cm~. Mass Spec. (ESI,
+ve mode): exact mass calculated for [C19H1sBrN4 + H]™: 379.0558; exact mass found: 379.0547;
difference: —2.9 ppm.

Synthesis of BF2-Br

Formazan Fz-Br (1.45 g, 3.80 mmol) was dissolved in dry toluene (100 mL). NEts (1.16 g,
1.60 mL, 11.5 mmol) was then added, followed by the dropwise addition of BF3-OEt> (2.72 g,
2.40 mL, 19.1 mmol). The reaction mixture was heated to reflux for 16 h during which the colour
changed from dark red to deep purple. The solution was then cooled to room temperature and the
remaining reactive boron-containing species were quenched with H20 (10 mL). The purple toluene
solution was washed with H2O (3 x 100 mL), dried over anhydrous MgSQa, gravity filtered and
concentrated in vacuo. The resulting residue was purified by column chromatography (CH.Cl,,
100 mL dry neutral alumina, 2.0” diameter column, Rf = 0.90), concentrated in vacuo, and then
triturated with cold MeOH to afford BF2-Br as a dark purple solid. Yield = 0.90 g, 55%. *H NMR
(399.8 MHz, CDCla): & 8.10 (dd, 2H, 3Jun = 8 Hz, 3Jum = 2 Hz, aryl CH), 7.93 (d, 2H, 3Jun =
8 Hz, aryl CH), 7.80 (d, 2H, 3Jun = 8 Hz, aryl CH), 7.61 (d, 2H, 33 = 8 Hz, aryl CH), 7.53-7.43
(m, 6H, aryl CH). !B NMR (128.3 MHz, CDCls): & 0.6 (t, “Jsr = 29 Hz). BC{'H} NMR
(150.7 MHz, CDCl3): 6 149.3, 144.0, 142.9, 133.5, 132.4, 130.2, 129.6, 129.3, 128.9, 125.6, 124.8,
124.0, 123.6. F{*H} NMR (376.1 Hz, CDCls3): 5 —143.8 (g, YJrs = 29 Hz). FT-IR (ATR): 3067
(w), 2964 (w), 2924 (m), 2854 (w), 1582 (w), 1484 (m), 1464 (w), 1352 (m), 1297 (s), 1268 (s),
1175 (w), 1117 (m), 1074 (w), 1026 (m), 1006 (w), 966 (m) 827 (w), 764 (m), 691 (w) cm. Mass
Spec. (ESI, +ve mode): exact mass calculated for [C19H14BBrF2N4 + H]": 427.0541; exact mass

found: 427.0556; difference: +3.5 ppm.
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Synthesis of 9-(2-ethylhexyl)-3,6-bis(trimethylstannyl)-9H-carbazole (Me3Sn-CBZ-SnMes)

According to an adapted literature procedure,*

a solution of 3,6-dibromo-9-(2-ethylhexyl)-
carbazole (0.55 g, 1.3 mmol) in dry THF (25 mL) was cooled to =78 °C for 10 min, followed by
the dropwise addition of 2.5 M n-butyllithium in hexanes (1.1 mL, 2.8 mmol). The resulting
solution was stirred at —78 °C for 1 h. In a separate Schlenk flask, a solution of trimethyltin chloride
(0.63 g, 3.1 mmol) in dry THF (3 mL) was prepared and added to the bright-yellow lithium-
containing mixture in one-portion. The resulting colourless solution was gradually warmed to
room temperature and stirred for 12 h. The reaction was diluted with Et,O (50 mL), washed with
H20 (50 mL), sat. NaHCO3z (2 x 50 mL), H20 (50 mL), dried over anhydrous MgSQOs, gravity
filtered and concentrated in vacuo to give the crude product as a light-yellow oil. The crude oil
was used for Stille cross-coupling reaction without further purification. Yield = 0.60 g, 79%.
'H NMR (399.8 MHz, CDCls): Selected assigned signals: & 8.33 (s, 2H, aryl CH), 7.62 (d, 2H,
8Jun = 8 Hz, aryl CH), 7.46 (d, 2H, 3Jun = 8 Hz, aryl CH), 4.24—4.13 (m, 2H, NCH>), 2.16—2.09
(m, 1H, NCH2CH), 0.99-0.94 (m, 9H, Alkyl CH), 0.45 (s, 18H, Sn(CHs)3). 1¥Sn NMR
(149.1 MHz, CDCl): § —23.4 (s).

General Procedure for Stille Cross-Coupling Reactions in a Anton Paar Monowave 50
Reactor

Mono-bromo substituted BF> formazanate BF2-Br (2 equiv.), bis-trimethyltin reagent (1 equiv.),
Pdz(dba)z (5 mol %), and P(o-tol)s (10 mol %) were added to oven dried 10 mL glass pressure
tubes. The tubes were equipped with a rubber septum and purged using three evacuation/fill cycles,
followed by addition of dry, degassed toluene. The tubes were then sealed and heated in an Anton

Paar Monowave 50 reactor under the following conditions: i) ramp temperature to 170 °C over 8

min, ii) hold temperature at 170 °C for 15 min. Pressures were maintained at approximately 4 bar
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during this time. After the 15 min reaction time, the mixtures were allowed to cool to room
temperature and volatiles were removed in vacuo to afford crude mixtures.

Synthesis of BF2-BF2

From BF2-Br (0.094 g, 0. 22 mmol), hexamethylditin (0.036 g, 0.11 mmol), Pdz(dba)sz (0.005 g,
0.005 mmol), P(o-tol)s (0.005 g, 0.011 mmol) in 4 mL toluene. The maximum pressure reached
was 3.5 bar. The crude reaction products were purified by column chromatography (gradient 1:2
to 1:1 CH2Clz:hexanes (v/v), 250 mL dry silica, 2.0” diameter column, Rs = 0.10) to afford the
BF2-BF2 complex as a dark purple film. The film was redissolved in minimal CH2Cl, (4 mL) and
precipitated into a large excess of cold pentane (—20 °C, 40 mL) with vigorous stirring. The solids
were isolated by vacuum filtration to afford the BF2-BF2 as a dark purple solid. Yield = 0.022 g,
29%. H NMR (399.8 MHz, CDCl3): & 8.14 (d, 4H, 3Jun = 7 Hz, aryl CH), 8.04 (d, 4H, 334 =
8 Hz, aryl CH), 7.94 (d, 4H, 3Jun = 8 Hz, aryl CH), 7.76 (d, 4H, 3Jun = 8 Hz, aryl CH), 7.52-7.44
(m, 12H, aryl CH). B NMR (128.3 MHz, CDCl3): & —0.5 (t, 1Jgr = 29 Hz). *C{'H} NMR
(100.6 MHz, CDCls): 6 149.4, 144.0, 143.8, 141.0, 133.7, 130.0, 129.5, 129.3, 128.9, 127.9, 125.7,
124.1, 123.6. F{"H} NMR (376.1 Hz, CDCl3): 5 —143.8 (q, “rs = 29 Hz). FT-IR (ATR): 3074
(W), 3038 (W), 1601 (m), 1492 (w), 1352 (m), 1293 (s), 1268 (s), 1222 (m), 1180 (w), 1025 (m),
964 (s), 762 (s), 690 (m) cm~. UV-vis (CH2Cl2): Amax 570 nm (¢ = 47,300 Mt cm™), 313 nm (e =
34,000 Mt cm™), 261 nm (¢ = 28,100 Mt cm™). Mass Spec. (ESI, +ve mode): exact mass
calculated for [CagH28B2F4Ng + H]™: 695.2637; exact mass found: 695.2640; difference: +0.4 ppm.
Synthesis of BF2-TH-BF2

From BF2-Br (0.075 g, 0.176 mmol), 2,5-bis(trimethylstannyl) thiophene (0.036 g, 0.088 mmol),
Pd2(dba)s (0.004 g, 0.004 mmol), P(o-tol)z (0.003 g, 0.009 mmol) in 6 mL toluene. The maximum

pressure reached was 4.8 bar. The crude reaction products were purified by column
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chromatography (gradient 1:2 to 1:1 toluene:hexanes (v/v), 300 mL dry silica, 2.0” diameter
column, Rf = 0.10) to afford BF2-TH-BF2 complex as a dark blue film. The film was redissolved
in minimal CH2Cl> (3 mL) and precipitated into a large excess of cold pentane (-20 °C, 30 mL)
with vigorous stirring. The solids were isolated by vacuum filtration to afford BF2-TH-BFz as a
dark blue solid. Yield = 0.084 g, 74%. *H NMR (399.8 MHz, CDCls): § 8.13 (d, 4H, 3Jun = 8 Hz,
aryl CH), 7.99 (d, 4H, 3Jun = 8 Hz, aryl CH), 7.93 (d, 4H, 3Jun = 8 Hz, aryl CH), 7.74 (d, 4H, 3Jun
= 8 Hz, aryl CH), 7.52-7.45 (m, 12H, aryl CH), 7.43 (s, 2H, thiophene CH). !B NMR
(128.3 MHz, CDCls): § 0.5 (t, 2Jgr = 29 Hz). BC{*H} NMR (150.7 MHz, CDCl3): § 149.2, 144.1,
143.7, 143.4, 135.4, 133.8, 129.9, 129.5, 129.3, 128.9, 126.2, 125.8, 125.7, 124.1, 123.6. 1°F{'H}
NMR (376.1 Hz, CDCl3): § —143.7 (q, 1Jrs = 29 Hz). FT-IR (ATR): 3069 (W), 2964 (m), 2923 (s),
2854 (m), 1596 (m), 1350 (W), 1297 (s), 1268 (s), 1179 (w), 1025 (w), 969 (m), 763 (s), 751 (5)
cmL. UV-vis (CH2Cl2): Amax 596 nm (e = 52,400 M* cm™), 316 nm (¢ = 29,500 M* cm™Y),
294 nm (g = 27,300 Mt cm™), 265 nm (¢ = 22,900 Mt cm™). Mass Spec. (ESI, +ve mode):
exact mass calculated for [Ca2H30B2FsNsS + H]™: 777.2515; exact mass found: 777.2511;
difference: —0.5 ppm.

Synthesis of BF2-FL-BF:

From BF2-Br (0.074 g, 0.173 mmol), 2,7-bis(trimethylstannyl)-9,9-dihexylfluorene (0.057 g,
0.086 mmol), Pd2(dba)s (0.004 g, 0.004 mmol), P(o-tol)s (0.003 g, 0.009 mmol) in 5 mL toluene.
The maximum pressure reached was 4.1 bar. The crude reaction products were purified by column
chromatography (gradient 1:2 to 1:1 toluene:hexanes (v/v), 300 mL dry silica, 2.0” diameter
column, R¢ = 0.10) to afford BF2-FL-BF2 complex as a dark purple film. The film was redissolved
in minimal CH2Cl, (4 mL) and precipitated into a large excess of cold pentane (—20 °C, 40 mL)

with vigorous stirring. The solids were isolated by vacuum filtration to afford BF2-FL-BFzas a
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dark purple solid. Yield = 0.042 g, 49%. *H NMR (399.8 MHz, CDCls): § 8.15 (d, 4H, 3Jun =
8 Hz, aryl CH), 8.05 (d, 4H, Jun = 8 Hz, aryl CH), 7.94 (d, 4H, 3Jun = 8 Hz, aryl CH), 7.83-7.79
(m, 6H, aryl CH), 7.65 (d, 2H, 3Jun = 8 Hz, aryl CH), 7.61 (br s, 2H, aryl CH), 7.53-7.43 (m, 12H,
aryl CH), 2.08-2.04 (m, 4H, CH), 1.14-1.04 (m, 12H, CH), 0.77-0.72 (m, 10H, overlapping
CH; and CHs). 'B NMR (128.3 MHz, CDCls): & —0.4 (t, YJsr = 29 Hz). BC{*H} NMR
(150.7 MHz, CDCl3): 6 152.2, 149.1, 144.1, 143.1, 140.8, 139.0, 133.8, 129.8, 129.5, 129.3, 128.9,
127.9, 126.4, 125.7, 124.0, 123.6, 121.7, 120.6, 55.6, 40.5, 31.6, 29.8, 24.0, 22.7, 14.1. °*F{*H}
NMR (376.1 Hz, CDCls): 5 -143.9 (q, YJre = 29 Hz). FT-IR (ATR): 3075 (w), 2957 (m), 2924 (s),
2854 (m), 1598 (m), 1466 (m), 1351 (w), 1296 (s), 1270 (s), 1222 (w), 1180 (w), 1026 (w), 969
(m), 763 (m), 691 (m) cm=L. UV-vis (CH2Cl2): Amax 560 nm (e = 58,200 Mt cm™), 320 nm (e =
55,400 Mt cm™). Mass Spec. (ESI, +ve mode): exact mass calculated for [CesHgoB2F4Ng + H]*:
1027.5141; exact mass found: 1027.5124; difference: —1.7 ppm.

Synthesis of BF2-CBZ-BF2

From BF2-Br (0.089 g, 0. 207 mmol), 9-(2-ethylhexyl)-3,6-bis(trimethylstannyl)-9H-carbazole
(0.063 g, 0.104 mmol), Pd2(dba)s (0.005 g, 0.005 mmol), P(o-tol)z (0.003 g, 0.010 mmol) in 5 mL
toluene. The maximum pressure reached was 3.3 bar. The crude reaction products were purified
by column chromatography (gradient 1:2 to 1:1 CHCl,:hexanes (v/v), 350 mL dry silica, 2.0"
diameter column, R¢ = 0.10) to afford BF2-CBZ-BF2 complex as a dark purple film. The film was
redissolved in minimal CH2Cl> (3 mL) and precipitated into a large excess of cold pentane
(—20 °C, 30 mL) with vigorous stirring. The solids were isolated by vacuum filtration to afford
BF2-CBZ-BF:as a dark purple solid. Yield = 0.048 g, 48%. *H NMR (399.8 MHz, CDCls): 5 8.46
(s, 2H, aryl CH), 8.20 (d, 4H, 3Jun = 8 Hz, aryl CH), 8.09 (d, 4H, 3Jun = 8 Hz, aryl CH), 7.98 (d,

4H, 3Jun = 8 Hz, aryl CH), 7.88 (d, 4H, 3Jun = 8 Hz, aryl CH), 7.81 (d, 2H, 3Jun = 8 Hz, aryl CH),
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7.53-7.45 (m, 14H, aryl CH), 4.24 (br s, 2H, N-CHy), 2.14 (br s, 1H, CH), 1.46—1.30 (m, 8H, CH>),
0.98 (t, 3H, 3Jun = 7 Hz, CHs), 0.92 (t, 3H, 3Jun = 7 Hz, CHs). B NMR (128.3 MHz, CDCls):
5 —0.4 (t, LJgr = 29 Hz). B°C{*H} NMR (150.7 MHz, CDCls): § 149.2, 144.1, 143.6, 142.6, 141.5,
133.9, 131.1, 129.7, 129.4, 129.2, 128.9, 127.7, 125.7, 125.5, 124.0, 123.7, 123.5, 119.2, 109.9,
47.8,39.6, 31.2, 29.0, 24.5, 23.2, 14.2, 11.1. “F{*H} NMR (376.1 Hz, CDCl3): § —144.0 (q, “Jrs
=29 Hz). FT-IR (ATR): 3069 (W), 2957 (m), 2925 (s), 2854 (m), 1593 (m), 1481 (m), 1465 (m),
1354 (w), 1294 (s), 1270 (s), 1222 (w), 1180 (w), 1025 (w), 968 (m), 760 (m), 690 (m) cm.
UV-vis (CH2Cl2): Amax 563 nm (g = 46,400 M cm™), 307 nm (¢ = 50,800 M cm™?). Mass Spec.
(ESI, +ve mode): exact mass calculated for [CssHs1B2FaNo + H]™: 972.4468; exact mass found:
972.4478; difference: +1.0 ppm.

Synthesis of BF2-BDT-BF2

From BF2-Br (0.035 g, 0.082 mmol), 2,6-Bis(trimethylstannyl)-4,8-bis(2-ethylhexyloxy)
benzo[1,2-b:4,5-b']dithiophene (0.032 g, 0.041 mmol), Pd>(dba)s (0.002 g, 0.002 mmol), P(o-tol)s
(0.002 g, 0.004 mmol) in 5 mL toluene. The maximum pressure reached was 3.9 bar. The crude
reaction products were purified by column chromatography (gradient 1:2 to 1:1 CH2Clz:hexanes
(v/v), 350 mL dry silica, 2.0” diameter column, Rf = 0.10) to afford BF2-BDT-BF2 complex as a
dark blue film. The film was redissolved in minimal CH2Cl> (2 mL) and precipitated into a large
excess of cold pentane (—20 °C, 20 mL) with vigorous stirring. The solids were isolated by vacuum
filtration to afford BF.-BDT-BF2 as a dark blue solid. Yield = 0.033 g, 70%. 'H NMR
(399.8 MHz, CDCla): & 8.14 (d, 4H, 3Jun = 8 Hz, aryl CH), 8.01 (d, 4H, 3Jun = 8 Hz, aryl CH),
7.97 (d, 4H, 3Jun = 8 Hz, aryl CH), 7.81 (d, 4H, 3Jun = 8 Hz, aryl CH), 7.74 (s, 2H, thiophene CH),
7.52-7.45 (m, 12H, aryl CH), 4.24 (d, 4H, 334w = 5 Hz, O-CHy), 1.91-1.86 (m, 2H, CH), 1.80-1.73

(m, 2H, CH2), 1.71-1.63 (m, 4H, CH>), 1.61-1.56 (m, 2H, CHs), 1.51-1.42 (m, 8H, CH,), 1.09 (t,
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6H, 2Jun = 7 Hz, CH3), 1.00 (t, 6H, 3Jun = 7 Hz, CH3). 1'B NMR (128.3 MHz, CDCl3): 6 -0.5 (t,
LJge = 29 Hz). BC{*H} NMR (150.7 MHz, CDCl3): § 149.1, 144.8, 144.1, 143.8, 142.4, 135.5,
133.8, 133.2,130.0, 129.8, 129.5, 129.3, 128.9, 127.0, 125.6, 123.9, 123.5, 117.3, 76.3, 40.9, 30.6,
29.4,24.0, 23.3, 14.4, 11.5. *F{"H} NMR (376.1 Hz, CDCl3):  —143.5 (q, *Jrs = 29 Hz). FT-IR
(ATR): 3072 (w), 3042 (w), 2961 (m), 2925 (s), 2856 (m), 1595 (m), 1539 (W), 1455 (m), 1378
(m), 1304 (s), 1267 (s), 1183 (m), 1114 (m), 969 (s), 690 (m) cmL. UV-vis (CH2Cl2): Amax592 nm
(e = 51,700 Mt cm™), 371 nm (g = 34,400 M cm™), 321 nm (e = 34,100 M cm™), 296 nm
(e=139,100 Mt cm™). Mass Spec. (ESI, +ve mode): exact mass calculated for [CesHsaB2FsNsO2S;

+ H]": 1139.4794; exact mass found: 1139.4786; difference: —0.7 ppm.
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