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ABSTRACT: Boron subphthalocyanines (BsubPcs) are an
emerging class of high performing materials in organic
electronics. Since the first use of chloroboron subphthalocya-
nine in an organic electronic device 6 years ago subphthalo-
cyanines have shown potential as functional materials in
organic light emitting diodes (OLEDs) and organic photo-
voltaics (OPVs). Here we review the material properties of
chloroboron subphthalocyanine (Cl-BsubPc) and its use as an
organic semiconductor. We then highlight our efforts toward
derivatives of boron subpthalocyanine beyond Cl-BsubPc and
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discuss the impact of molecular design on the material properties and the performance of the BsubPc. Finally, we comment on
the status of BsubPcs in the field of organic electronics and discuss how we believe future progress can be made.
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B INTRODUCTION

The exploration of organic electronics began more than 60
years ago with the pioneering work of xerographists in
electrophotography (later termed xerography),' with physicists
studying the electronics of organic materials,” and electro-
chemists studying electrogenerated chemiluminescence® and
photogalvanics.* Modern solid state organic electronic devices
such as organic light-emitting diodes (OLEDs) were initially
developed by Tang in the industrial research laboratories of
Kodak in the 1980s.>° Since then, organic alternatives to
inorganic semiconductors have been developed and incorpo-
rated into a variety of electronic devices besides OLEDs
including thin film transistors (OTFTs) and photovoltaic cells
(OPVs or organic solar cells). Improvements in device
performance have been achieved through the development of
new device architectures and through the rational design of new
organic or inorganic/organic functional/active materials (or
compositions of matter). Although modern chemical synthesis
techniques do provide a set of powerful tools for molecular
manipulation, for the creation of entirely new aromatic systems,
for the re-engineering of known aromatic systems, and for the
incorporation of underutilized elements into organic electronic
materials, challenges still remain. One could argue that the
development of novel functional materials has not kept pace
with novel device designs and architectures. Aptly selecting
materials as synthetic targets based on criteria needed for
application into a particular device is major consideration in
material design: it requires an understanding of physical
chemical properties, solid state organization, and molecular
level electronics. Learning from a particular class of materials,
can add to the understanding of molecular design challenges
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and targets, contributing to the selection of future material
classes.

In this Spotlight on Applications, we aim to use boron
subphthalocyanines (BsubPcs) as a case study to underline
their unique properties and the challenges involved in the use
of an emerging class of organic semiconductors. In particular,
we will present to the readers the synthesis of BsubPcs, detail
their unique physiochemical properties, inform on the current
status of electronic devices fabricated in part by this class of
material, and provide insight into their future applications
through molecular design, most notably by outlining the need
to move beyond the most basic BsubPc derivative Cl-BsubPc.
We will broadly segment this analysis into four sections each
focusing on the molecular and physical chemical properties,
bulk material properties, and device performance/properties of
BsubPcs, finishing with a commentary on synthetic methods
leading to novel derivatives.

B BORON SUBPHTHALOCYANINE

Phthalocyanines (Pc) discovered by Dandridge and Dunsworth
in 1928” are a class of common colorants that have also been
employed as functional materials in organic electronic
devices.>® They contain a central metal atom surrounded by
a tetrameric ligand formed of nitrogen-linked isoindoline units
commonly referred to as diiminoisoindoline units (Figure 1a).
The four central nitrogen atoms ligate the metal ion in the

central cavity via two covalent and two coordination bonds.
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Figure 1. Chemical structure of (a) generic phthalocyanines, (b) uranyl superphthalocyanine, and (c) boron subphthalocyanine.

Virtually all metal and metaloid atoms of the periodic table
form Pcs by actively templating the formation of the ligand
structure during reaction of phthalonitrile (or phthalonitrile
derivative) with the respective metal halide (or metal alkoxide).
The two exceptions are uranium and boron, which form uranyl
superghthalocyanine9 (Figure 1b) and boron subphthalocya-
nine'” (Figure 1c), which have five and three repeating
isoindoline units in their ligand structure respectively. Boron
has the smallest atomic radius of all metals and metaloids in the
periodic table. This, combined with its oxidative state of 3+,
presumably templates the formation of the smaller trimeric
homologue of Pc.'' Structurally, the boron atom is chelated by
the three pyrrole nitrogens (N,, Figure 2a). Each isoindoline
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Figure 2. (a) BsubPc molecular structure with descriptive
terminologies highlighted. (b) 3D structure of Cl-BsubPc illustrating
its unique bowl-shaped structure.

fragment is joined by an imine nitrogen (N;) forming the
repeating diiminoisoindoline unit and the aromatic 14 7-
electron system of the subPc ligand. The atomic radius of
boron is slightly larger than the cavity causing the subPc ligand
to adopt a nonplanar conformation (Figure 2b). If the N,
nitrogen atoms are used to define a plane (the xy-plane) then
all of the atoms making up the macrocycle are present below
this plane. The resulting geometry is often referred to as a
“bowl” or “cone”, the former being preferred. A bond to the
boron atom protrudes from the convex side of the bowl which
is referred to as the axial bond (R,) and defines a z-axis. The
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BsubPc molecular fragment and any axially substituted
monatomic derivatives (namely fluoro-, chloro-, and bromo-
BsubPc) possess C;, symmetry. The outer edge of the BsubPc
molecular fragment commonly contains 12 hydrogen atoms
and is termed the periphery of the molecule (R,). These
hydrogens are available for substitution by direct modification
of the phthalomtrlle prior to BsubPc formation'>"? or by post
modification.'* Functional groups present in the 1,4 positions
of the phthalonitrile yields substitution in the bay position,
whereas the same in the 2,3 position produces terminal
substitution; and tetrasubstituted phthalonitrile yields a
completely substituted periphery. A mono-, di-, or trisub-
stitution pattern results in the formation of isomers and breaks
the Cj;, symmetry,">"> which can create 6practical challenges
during product isolation and purification.'® Within the text of
this Spotlight, we will use a systematic naming scheme with
reference to Figure 1 to describe the various BsubPc derivatives.
For example, Cl-BsubPc refers to RP(IZ) = H and R, = CJ;
PhO-BsubPc refers to R,(12) = H, R, = OC¢Hy; Cl—ClBsubPc
refers to R,(6),4 = H, R,(6),3 = Cl, R, = Cl, and so on.

B MOLECULAR PHYSICAL CHEMICAL PROPERTIES
OF BSUBPCS

The 7-electron configuration of an organic or inorganic/organic
material is of paramount importance for its application as an
active material in OLEDs and OPVs. The symmetrical 14 7-
electron system of BsubPcs both absorbs and emits radiation in
the visible spectrum (Figure 3). Their most prominent and
lowest energy absorption band, known as the Q-band, is seen
generally between 560—600 nm equating to an optical band gap
of 2.1-2.0 eV. It results from the C;, symmetric BsubPc
ligand/molecular fragment which has an inherent degeneracy
between the LUMO and LUMO"'. Degeneracy in these

orbitals dictates the allowed electronic transitions which
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Figure 3. Absorption (magenta) and emission (orange) spectrum of
Cl-BsubPc in toluene.
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contribute to the Q-band — excitation from the equivalent
HOMO/HOMO™ to the LUMO and the LUMO"!. Their
high symmetry also contributes to a high molar extinction
coefficient (&)'” typically between 50000 and 80000
ML em 151 A shoulder to the blue side of the Q-band
and a UV absorption below 400 nm are also characteristic of
BsubPcs.

The prototypical Cl-BsubPc contains a small permanent
dipole moment in the z-plane. BsubPcs have been theoretically
predicted to experience a minimal change in this dipole upon
excitation suggesting that little or no reorganization takes
place.® This is experimentally consistent with the minimal
solvent effects and small Stokes shifts observed. Generally for
BsubPcs different solvents cause only a minimal shift of 1-2
nm in the Q-band depending on solvent polarity (molecules
which experience a large transition dipole moment experience
greater solvent effects) ' and likewise small changes in Stokes
shifts are observed between 8 and 30 nm'”**~** (dependent on
the reorganization energy of BsubPcs in solvent upon
excitation).”® The fluorescence spectrum of BsubPcs typically
shows a narrow emission (30 to 60 nm width at half height)
yielding a red-orange emission with a peak max between 580
and 620 nm (shown in Figure 3 for Cl-BsubPc). The presence
of emission peaks ranging from 620 to 720 nm is possible with
the route cause determined to be molecular aggregation and
emission from that aggregate.”>>* Although aggregate emission
can pose color purity issues in OLEDs, strategies have been
developed to prevent aggregate formation and the subsequent
photoemission from the aggregate.”

Frontier molecular orbitals (HOMO, HOMO™!, LUMO, and
LUMO"! for example) not only define the optical transitions
for a molecule but also their absolute position defines their
functionality in organic electronic devices. A high 7-character,
approximately 70% for LUMOs and 80% for HOMOs,* is
observed for BsubPc derivatives with these orbitals residing on
the 7z aromatic surface of the BsubPc molecular fragment
(Figure 4). The frontier molecular orbitals for halo-BsubPcs
display a minimal response in their spatial distribution and their
energy levels with variation in the axial substituent.'>*” There
are three main factors which contribute to the electronic
disconnection between the axial substituent and the BsubPc
macrocycle: (1) the BsubPc molecular fragment curves away
from the axial fragment which protrudes perpendicularly from
the tetra-coordinated boron atom spatially isolating the axial
fragment,28 (2) an orbital density node aﬂ)ears on the boron
atom in the frontier orbitals in BsubPcs,*”'* and (3) the local
C;, symmetry and degeneracy of the BsubPc molecular
fragment is preserved upon axial modification, regardless of
the nature of the axial ligand.30 Consequently, axial
modification has little impact on the Q-band peak location,
absorption peak shape and absolute molecular orbital energy
levels of halo-BsubPcs'® including in the case where the axial
position is occupied by an extended 7-system.>"

A popular route to estimate the HOMO and LUMO energy
levels of organic compounds is through the measurement of
electrochemical oxidation and reduction potentials, specifically
using cyclic voltammetry (CV) or differential pulse voltamme-
try. In the literature, BsubPc derivatives have consistently been
observed to have irreversible oxidation and reduction events
under cyclic voltammetry conditions, despite many efforts
exploring various synthetic derivatives, solvents (ACN, THF, or
DCM), electrolytes (Bu,NPFg, or Bu,NCIO,) and electrodes
(glassy carbon, gold, or platinum). Often this irreversibility
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Figure 4. (a) LUMO+1, (b) LUMO, (c) HOMO, and (d) HOMO-1
distribution for Cl-BsubPc calculated using DFT B3LYP (6-31G* basis
set).

occurs during their oxidation while the reduction events are
equally probable to be reversible or irreversible.”* This suggests
that BsubPc derivatives are more stable as radical anions than as
radical cations and that BsubPc derivatives may be more
suitable as n-type materials (also referred to as acceptor
materials and/or electron transport materials).”***~>* Ultra-
violet photoemission spectroscopy (UPS) and inverse photo-
electron spectroscopy (IPES) are common approaches used to
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measure ionization potential and electron affinity of a thin solid
film (respectively) which have been shown to estimate frontier
orbital energy levels. The HOMO of Cl-BsubPc has been
estimated by UPS as 5.7 éV>* and 5.65 éV>° or bzr CVasS5.6eV
(LUMO 3.6 eV)*and 5.5 eV (LUMO 3.4 €V).** Other halides
such as Br-BsubPc and F-BsubPc have been shown by CV to
shift the oxidation potential by +0.05 V and —0.05 V
respectively.*® The HOMO and LUMO of other peripheral
derivatives of Cl-BsubPcs have been estimated exclusively by
CV and are summarized in Figure 5.>****" A large variation in
electrochemical redox is observed for the different peripheral

derivatives varying by ~0.7 V between Cl-tBu;BsubPc™” and
Cl—F,BsubPc.*
Calculated Molecular Energy Level (eV)
35 4.0 45 5.0 5.5 6.0
1.0 05 0.0 +05 +1.0 +15

Potential versus Ag/AgClI

Figure S. Oxidation and reduction half-wave potentials for a series of
peripheral chloro-BsubPc derivatives. Each BsubPc undergoes
irreversible oxidation and reduction events with the exception of
Cl—F,,BsubPc, which undergoes a reversible reduction.’** The exact
molecular structures of each BsubPc are described in the abbreviation
list accompanying this article. Note: each BsubPc was measured in
dichloromethane and referenced to Ag/AgCl in saturated sodium
chloride except for CI—F,BsubPc, which was reportedly measured in
THF with reference to ferrocene/ferrocenium. A rough estimate of the
molecular energy levels for these materials has been made from the
following equation: Eyopo = 44 + Ecy.'™

B BULK MATERIAL PROPERTIES

Organic electronic devices are composed of layers of thin solid
films of functional organic materials. Regardless of the
deposition method, the properties of these films are obviously
critical to their proper function in devices. The properties of the
thin solid film are dictated by the molecular properties
described above combined with the translation of the molecular
properties into the solid state wherein intermolecular
interactions can perturb each molecular property in a way
that is not entirely predictable. As such, the changes in
photophysical or electrophysical properties on moving to a bulk
film must be understood as an integral aspect of device
engineering. Additionally, molecular properties such as
solubility and thermal stability play a role in the ability to
form thin solid films in a suitable configuration for functioning
in a specific device. In this section, we will thus highlight the
properties of BsubPcs, enabling the formation of bulk thin solid
films and the resulting properties of said films.

Two routes exist for fabricating functional organic layers in
modern organic electronic devices: (1) solution deposition by
solubilizing the functional organic material in a selected solvent
and (2) deposition of the functional organic material by
sublimation under high vacuum conditions. Thus a detailed
understanding of solubility and thermal stability must be
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developed for each class (whether new or existing) of organic
electronic materials. The solubility of Cl-BsubPc has been
reported and is low (~1 X 107" M on average in a selection of
seven solvents).'® Similar solubility is observed for other halo-
BsubPcs and this low solubility has limited their application as
solution deposited films in organic electronic devices.
Exceptions are seen when solubilizing peripheral substituents
are present including R,(12) = —F,* —OCH,CF,,** R (6),; =
15-crown-5,* and RP(3)2 —OCH(CH,(CHj,),),.** The
sublimability of BsubPc materials has not been systematically
studied however a large collection of BsubPc derivatives have
been reported to form bulk films on sublimation. Halo-
BsubPcs, such as Cl-BsubPc, Cl-ClgBsubPc, Cl—F;BsubPc,
Cl-F¢BsubPc, CI-F,,BsubPc, and F—F,BsubPc, are generally
sublimable.*>3%%”

Bulk film properties have been reported for Cl-BsubPc and
two fluorinated derivatives, CI—F,,BsubPc and F—F,,BsubPc.>*
Their refractive index changes with molecular structure from a
high of 1.62 for Cl-BsubPc to a lower value for the fluorinated
derivatives (0.64 and 0.92, for F;,BsubPc and F—F;,BsubPc
respectively). A dielectric constant for Cl-BsubPc was found to
be 3.9 while a significantly lower value was measured for the
fluorinated derivatives F,BsubPc and F—F,BsubPc (2.3 — 3.3
respectively).“’45 For comparison most organic materials are
assumed to have a dielectric constant near 3.0 and is one of
their limiting factors.

The observation of submonolayer behavior of a material on a
surface can explicate molecular interactions and/or template
film growth effecting properties observed in thicker bulk
films.*® The growth of thin submonolayer films of Cl-BsubPc
has been studied by STM, SEM and LEED.*~%° On surfaces,
Cl-BsubPc displays orientation effects specific to the nature of
the underlying material. Materials studied include highly regular
surfaces of Si, Ag, Au and Cu. On Si(111) Cl-BsubPc situates
on restatoms with the Cl—B bond pointing toward the surface
(Cl-down).* Its close proximity and interaction between the
highly polar dangling Si bonds with the imine nitrogens around
the BsubPc led to the observation of decomposition of the
BsubPc macrocycle into smaller molecular fragments.** On
Ag(111) surfaces, Cl-BsubPc also points its axial chloride
toward the surface. A detailed investigation of the surface by
STM found a reorganization from a 2D lattice, to a honeycomb
pattern upon a change in surface coverage from 0.2 monolayers
to 0.5 monolayers at room temperature51 showing multiple
solid-state polymorphs that were computationally verified.**
While adsorbed, the BsubPc remains intact, and the molecules
were shown to be mobile on the surface. They were also found
to be mobile within the gas phase.”® On Au(111) surfaces, Cl-
BsubPc is also mobile resulting in the formation of well-ordered
arrangements beyond 1 monolayer of coverage. No islanding is
observed for the first monolayer and the BsubPc orients with its
chlorine atom pointing away from the surface (Cl-up) and its
three imine nitrogen atoms attached to the surface®” or with its
chlorine atom pointing toward the surface (Cl-down).>* On Au
surfaces, four different phases of surface coverage have been
reported for Cl-BsubPc: honeycomb, diamond, intermediate
and hexagonal close packed.>®> On Cu(100), similar to Au, both
the Cl-up and Cl-down orientations were observed by STM.*
Interestingly, the applied bias for STM imaging can affect the
orientation of these molecules causing them to change
orientation, although fine control of a single molecule is not
possible because of intermolecular entanglement.>*

dx.doi.org/10.1021/am3015197 | ACS Appl. Mater. Interfaces 2012, 4, 5055—5068
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Beyond the monolayer, BsubPc thin films are consistently
reported to be conformal, exhibiting low rms surface roughness
between 0.4—5.0 nm.>**>® Despite their conformal and often
amorphous appearance, long-range organization and/or crys-
tallinity in these films has been reported by X-ray crystal
diffraction.**® The combination of crystalline yet conformal
film formation is advantageous to device fabrication. The fine
texture of the films creates a larger surface area for charge
separation,®® the conformal nature prevents pinholes and
shorts, and the crystallinity should lead to high charge transport
in these films.*’”

Certain chemical species have unique interactions with
BsubPcs. In particular fluoride,*® cyanide,*® Lewis acidic
aluminum halides or phenoxides,®® Lewis acidic boron
halides,® NPB®* and C4,%® have been show to exhibit specific
interactions involving complexation or charge transfer. In some
cases these interactions have been exploited in devices, but in
other examples, the effects are not beneficial.

The high degree of variability in polymorphism, molecular
mobility, orientation, and stability seen by STM by various
researchers suggests that BsubPcs interactions with surfaces are
variable and case specific. This combined with the ability of
BsubPcs to interaction with other organic or inorganic
chemicals/compounds indicates to the authors that close
attention should thus be paid to its interactions with materials
more common to organic electronics such as ITO, Al, LiF,
MoO;, and adjacent organic materials commonly used in
devices.

The stability of BsubPcs can be and has been characterized in
terms of both photostability (photo-oxidative stability) and
thermal stability. Each of these measurements is valuable in
different aspects of our understanding of molecular stability.
Thermal stability should be taken into account when a robust
molecular structure is required for vacuum deposition
techniques to be used or for when it is to be placed in an
environment with variable temperatures, for example, in an
organic solar cell. The overall thermal stability is a reflection of
its weakest bond. For BsubPcs the rigid aromatic BsubPc
fragment is thermally stable whereas the exposed and labile
axial ligand is the weakest link. This was demonstrated by
Gonzalez-Rodriguez et al. who measured the thermal stability
of a series of different axial BsubPcs: Br-BsubPc, Cl-BsubPc,
HO-BsubPc, and PhO-BsubPc.** For each of these materials
their degradation point was above 300 °C and thus all are
thermally robust. The first degradation product is the cleavage
of the axial ligand which occurs on the order of Br < OH <
Cl~OPh. Peripheral modifications were shown to effect the
stability to a lesser extent although only singly substituted
phthalonitriles were compared (terminal substitution R,(3), =
—NO,, -1, and —OPh).

Yamasaki and Mori also compared the thermal and
photostability of peripheral and axial derivatives after a week
of simulated environmental testing.®> Similar to the report of
Gonzélez-Rodrfguez et al, they found that rigid axial bonds
where more stable (OPh < Cl < Ph). They compared aryl and
alkyl thiol peripheral substitution (terminal R,(6) = —H, —S-
isopentyl, and —SPh) and found that moderate electron-
withdrawing peripheral aryl and alkyl thiols substituents to best
impact photostability, whereas the more rigid —SPh and —H
showed the best thermal stability.

Our group has studied the photostability of a series of highly
soluble BsubPc derivatives doped into thin films of polystyrene,
under ambient conditions and natural sunlight. We compared
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the effect of axial and peripheral substitution on molecular
stability®® and found that the axial ligand has a minimal effect
on stability, whereas peripheral substitution greatly impacted
photostability. When the electron-withdrawing fluorine-group
was present around the periphery, the photostability was greatly
enhanced compared to derivatives with hydrogen- or electron-
donating substituents (phenyl ethers in this case).

Within a functional organic electronic device, a given material
will undergo trillions of oxidation or reduction events over its
lifetime. Thus, electrochemical reversibility is a third measure of
stability relevant to the application of a material in organic
electronic devices as it can indicate the stability of the reduced
or oxidized form of a material. Ferro et al. reported on the
effects of charge on the molecular structure of Cl-BsubPc.®”
They found that when negatively or positively charged the axial
B—ClI bond extends whereas the other bonds within the BsubPc
showed no significant change. This would suggest that the axial
substituent is most susceptible to cleavage when charged, and
as a corollary, the nature of the axial substituent should greatly
impact its redox stability (the stability of the radical anion or
radical cation). In a recent paper our group summarized the
general electrochemical reversibility of BsubPc derivatives
reported in literature.”> Generally most BsubPcs show
reversible reductions and irreversible oxidations (Figure $).
Indeed, there are some classes of axial substituents that impart
bipolar redox stability, namely, phth-BsubPc™ and alkynyl-
BsubPcs.®®

Other aspects of environmental stability include hydrolytic
stability. This is of a lesser concern as organic electronic devices
are generally encapsulated and thus insulated from water.
Nonetheless, the reaction of halo-BsubPcs with water is known
and well-reported.ég_71 However, replacing the axial halogen of
a halo-BsubPc with a nucleophile passivates the BsubPc
towards moisture.”!

Crystallization of BsubPcs is readily achieved using
sublimation, liquid—liquid layering and vapor diffusion
techniques.”” In the solid state, BsubPcs tend to orient based
on strong interactions between the BsubPc molecular frag-
ments however peripheral halogenation can drastically alter this
preference leading to BsubPc interactions with the axial
fragment forming ribbons or columns.***"”> There is a body
of research which correlates the crystal packing of functional
organic materials with their respective charge carrier mobility.”
For BsubPcs, this correlation has not yet been thoroughly
examined although we have shown a general correlation
between solid state packing density and charge transport for
thin films of fluorinated phenoxy-BsubPcs.*® In this paper, we
measured the electron mobility of a series three fluorinated
phenoxy-BsubPcs to be on the order of 1 X 10™* to 1 X 107°
cm? V7! 57!, with a field dependence that we correlated to the
solid state arrangement (further discussed later in this
Spotlight).* This is significantly higher than the charge
transport mobility of Cl-BsubPc measured by Pandey et al. in
thin films of single carrier devices assuming space-charge-
limited current. They found the mobility of Cl-BsubPc to be 4.5
x 107% cm® V™! s7! for hole transport and 5.2 X 107'% cm® V!
s™! for electron transport.”*

B DEVICE PROPERTIES

To date, Cl-BsubPc has been the prototypical BsubPc
incorporated into organic electronic devices. As such this
section focuses almost entirely on the body of work on this
single BsubPc derivative. Cl-BsubPc was first explored in

dx.doi.org/10.1021/am3015197 | ACS Appl. Mater. Interfaces 2012, 4, 5055—5068



ACS Applied Materials & Interfaces

Spotlight on Applications

organic thin film _/photovoltaic cells (OPVs) in 2006 by Forrest
and Thompson.>” This exploratory work tested Cl-BsubPc as a
new donor molecule with fullerene (Cq) as an acceptor in a
planar bilayer configuration. Its large band gap and deep
frontier orbital energy levels generated a high open circuit
voltage (V,.) of 0.97 V resulting in a power conversion
efficiency of 2.1% (Figure 6). Device optimization found an

1
[
1l ' R
e '
- g5 y \ N /N\
£ 3 .10. - 1 N Cd /N
S 21 2 :a: : ’ y ) N/ N
% 37 ! 1 W
- 08 04 00 04 08 12 / ’ N
Potentis ’
£, . P CuPc
]
[a]
e
5 -2+ N -\ N
© | pol
| IN N )
—— \ P
-4 ITO/CuPc(20nm)/Cgo(40nm)/BCP(10nm)/Al N
) ITO/C'I-Bsuch(13r:m)/06?(33nn'|l)/BCP(l1Onm)I/AI Cl-BsubPc
0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
Potential (V)

Figure 6. Performance from first Cl-BsubPc/Cy, device showing high
Vo and enhanced performance over CuPc. Figure taken from ref 37
and adapted to include the molecular structure of Cl-BsubPc and
CuPc. Reprinted with permission from ref 37. Copyright 2012
American Chemical Society.

optimal thickness for Cl-BsubPc to be 13 nm to obtain the
highest device performances with a corresponding Cq
thickness of 32.5 nm. Later, Gommans et al. found that
efficiencies as high as 3.0% could be achieved for 3.3 mm?
OPVs,*® which has been consistently reproduced.**”>”® Bulk
and gradient heterojunction variants of Gommans’ OPV have
also been shown to have significantly increased short circuit
currents (J,.) due to an increased donor/acceptor interfacial
area.”” Different variants on the heterojunction configuration
(bulk, gradient zero end point, and gradient nonzero end
point) produced varying results, the latter being optimal and
producing a power conversion efficiency of 4.2% with high J,_ of
114 mA/cm® An optimal thickness of 64 nm for the Cl-
BsubPc:Cq, layer was found for the heterojunction layer,
thicker than the combination of the thicknesses from the
optimal planar bilayer device. The ratio of Cl-BsubPc:Cg in the
gradients was optimal at 1:4. A two donor cascade system has
also been explored as even another variant of the Cl-BsubPc/

Cgo device incorporating Cl-BsubPc as an interface layer
between CuPc and Cg,.”® Here CuPc/Cl-BsubPc/Cg, devices
were fabricated. In this investigation, the thicknesses of CuPc
and Cl-BsubPc were varied, with optimal values of 18 and 2 nm
respectively. Despite the unique architecture these devices
performed worse than the Cl-BsubPc/Cg, standard due to a
low V¢ of 0.42 V resulting from the addition of CuPc (1.3%
PCE).”®

A critical parameter for the function of OPVs is the exciton
diffusion length within the light absorbing organic material.”’
Three independent investigations on the exciton diffusion
lengths in the Cl-BsubPc/Cg4, photovoltaic cell have been
performed using two distinctly different approaches: photo-
luminescence quenching and measured external quantum
efficiency. These methods have estimated an exciton diffusion
length of 7.7 nm,® 80 + 03 nm® and 9.5 + 0.5 nm”®
(respectively) which are in good agreement with the
experimentally determined optimal thickness found in the
above-mentioned devices (~13 nm balancing exciton diffusion
and light absorption). Unfortunately, this diffusion length is low
in comparison to other organic semiconductors (for example:
65 nm for pentacene®” and 100 nm for diindenoperylene®)
and thus limits the Cl-BsubPc active layer thickness in an OPV.
How structural variations of Cl-BsubPc might affect the
diffusion length is not currently known.

Electrical contact materials used as OPV electrodes play an
important role in the correct energy level alignment for charge
injection into its adjacent Cl-BsubPc material, which effects
overall device performance. A variety of materials have been
used including metal oxides, self-assembled monolayers,
polymers and small molecules. Of the metal oxide hole-
selective contacts MoQ3*>7%** is primarily used with CI-
BsubPc however V,0,% and AuO®™ have also been tested
although they perform worse in Cl-BsubPc/Cg, photovoltaic
cells than MoO;. In each case, the implementation of metal
oxide contact layers into Cl-BsubPc-based devices has resulted
in increased performances over their neat control devices
(Table 1). The inclusion of an additional contact within an
OPV device inherently adds an additional Ohmic resistance to
the overall devices, and thus a slight decrease in Jsc is expected
and observed in each case. The major gains from the inclusion
of these interlayers results from their ability to reduce electron
leakage currents, and increase the built in potential by
modifying the electrode work function. These enhancements
reduce the slight ‘s-kink’ observed in the J—V curve for the
control devices resulting from a mobility mismatch or a work

Table 1. Summary of the OPV Devices Fabricated with Cl-BsubPc as a Donor Layer”

HIL (nm) donor (nm) acceptor (nm)
none Cl-BsubPc (13) Cqo (33)
none Cl-BsubPc (13) Cq (33)
MoO,, (5) Cl-BsubPc (10) Cqo (33)
MoO, (10) Cl-BsubPc:Cy, 1:4 (66) nonzero point gradient

none CuPc (18)/Cl-BsubPc (2) Cqo (40)

MoOx (5) Cl-BsubPc (14) F,4CuPc (35)

MoO, (5) Cl-BsubPc (10) CI—F;BsubPc (10)
MoO, (5) Cl-BsubPc (10) CI—F¢BsubPc (10)
MoOx () Cl-BsubPc (10) Cl—Cl¢BsubPc (27)
none Cl-BsubPc (13) F—F,,BsubPc (33)
none Cl-BsubPc (13) CI—F,,BsubPc (29)

EIL (nm) V,. (V) Je (mA/cm?) FF (%) n (%) ref
BCP (10) 0.97 3.36 57 2.1 37
BCP (10) 0.92 5.42 61 3.0 -
BCP (8) 1.10 5.03 53 2.97 6
BCP (10) 42 7
BCP (8) 0.42 5.16 48 129 8
BCP (8) 0.40 2.54 55 0.56 84
BCP (8) 1.10 0.83 22 0.19 2
BCP (8) 122 1.56 43 0.80 2
BCP (8) 1.31 3.53 58 2.68 2
BCP (10) 0.94 2.1 49 0.96 34
BCP (10) 0.71 22 34 0.52 3

“The general structure of each device is ITO/HIL/donor/acceptor/EIL/Al
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function misalignrnent,87 allowing these devices to attain a high
FF and V,. Metal oxides are reported to have high work
functions,® their ability to impact hole transport is proposed to
be derived from band bending at the interface from the
alignment of Cl-BsubPc with gap states formed from oxygen
deficiencies within the layer.”® These interlayers also boast
improvements in device longevity and reproducibility for Cl-
BsubPc based devices. Although some researchers report high
performances without MoO;, those which do incorporate
MoO; produce consistently high results, whereas those without
lack consistency.

Chemical surface modification of ITO is another approach to
modify its work function and its hole collection ability such that
it can be optimized for application with Cl-BsubPc. Three
chemically modified surfaces have been prepared from
phenylsulphonylchloride, 4-chloro-phenylsulphonylchloride
and phenoxy-phosphonyldichloride on ITO.*” The resulting
work function of the ITO was modified by this process
decreasing from 4.65 eV (for native ITO) to 5.34 eV. Although
the study was not performed on an optimal device, improve-
ment was observed when compared to a reference device. Here
they found that as the work function of the electrode
approached the HOMO level of Cl-BsubPc, devices produced
Voc values closer to their maximum theoretical value. For Cl-
BsubPc, both 4-chloro-phenylsulphonylchloride and phenoxy-
phosphonyldichloride performed comparably and adequately.

Small molecule hole transport materials have also been
effective hole collection layers for Cl-BsubPc-based devices. For
example, Kulshreshtha and colleagues™ studied a series of five
small molecule hole selective contacts: 2-TNATA, TBBD,
NPB, TPD, and TAPC. These materials were evaluated for
charge carrier mobility (which ranged from 1 X 107 to 1 X
107 cm?/(V s)) and HOMO energy alignment (ranging from
5.1 to 5.5 eV) with Cl-BsubPc. The highest performance was
achieved when the HOMO alignment of the contacts was 0.2 to
0.3 eV below that of Cl-BsubPc presumably due to an elevated
built in potential caused by this energy oftset. Hole mobility
also affected OPV performance indicated by an increased V¢
— albeit its impact was minimal. Overalll, TBBD was the
preferred contact material, with a HOMO of 5.3 eV and a
mobility of 2 X 107> cm?/(V s). In a few systems, soluble
BsubPcs photovoltaic cells have been fabricated using solution
casting methods. In this case, the polymer PEDOT:PSS was
used as a solution-processed hole selective contact. In each
case, these devices performed well, with device efliciencies
above 1%; however, reference devices without PEDOT:PSS
were not compared.*!

In terms of electron selective contacts, solely bathocuproine
(BCP) and bathophenanthroline (BPhen) have been tested.
Both function as a selective contact as well as a protective layer
to safeguard the active layers during metal back contact
deposition. In cases where devices were fabricated with and
without this layer, devices did not function because of pinholes
created by the migration of the vacuum deposited metal
electrode.” Both silver and aluminum metal electrodes have
successfully been used in Cl-BsubPc-based devices. One
investigation comg)aring Al and Ag found a small advantage
in the Al contact.”’

When employed as a electron acceptor material, more
BsubPc variants other than Cl-BsubPc have been seen in the
literature; however, the examples outlined below all still have an
axial halogen atom (in other words, are still halo-BsubPcs). A
common approach to converting a donor material into an
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acceptor material is by adding halogens (commonly fluorine) to
their molecular structure.”’ To date, the following halogenated
derivatives of BsubPc have been synthesized and their
application in OPVs reported: Cl—F;BsubPc, Cl—F¢BsubPc,
Cl—F,BsubPc, F—F;,BsubPc, and CI-ClBsubPc. Thus far,
peripherally fluorinated derivatives have shown moderate to
poor performance as acceptor compounds their performance is
also highly dependent on the selection of a companion electron
donor. We would note again that the halo-BsubPcs tend to
show irreversible oxidation events'®*®*® and/or reduction
events”**>*% by cyclic voltammetry. A study by Gomman et
al.** showed that the fluorinated derivatives functioned best
when paired with Cl-BsubPc, Cl-BsubNc, and CIl-AlPc as
electron donors. In some cases, BsubPc acceptors have
performed comparably to Cg, when paired with Cl-BsubPc as
a donor such as Cl—ClBsubPc (as shown by Sullivan et al.).*
In comparison to Cgy, BsubPc acceptors produce a higher V¢
because of their large band gap and the narrow offset between
the donor and acceptor frontier orbitals (~0.3 eV offset).
Similarly a fluorinated fused BsubPc dimer has been
incorporated as an acceptor in OPVs with Cl-BsubPc as a
donor producing high power conversion efficiencies of 4%
despite a narrow 0.2 eV HOMO,-HOMO, offset.”*> Although
Cl-BsubPc is commonly known as an electron donor material, a
recently report highlights its potential as a bipolar material.
Beaumont et al. recently reported the use of Cl-BsubPc as an
electron acceptor in an organic photovoltaic when paired with
tetracene as an electron donor.*® These devices produced a
high V¢ (1.24 V) and a power conversion efficiency of 2.9%,
outperforming the comparable tetracene/Cy, device.

Most organic electronic devices utilize contact layers to block
excitons from migrating to the electrodes. A unique application
of Cl-BsubPc is its use as an exciton blocking selective layer and
as a hole transport layer in OLEDs. Chen et al. have shown that
Cl-BsubPc inserted as a hole selective contact between ITO
and NPB in OLEDs increases the OLED performance.®” Using
XPS and UPS analysis of the deposited films, Chen et al.
hypothesized that Cl-BsubPc undergoes a chemical change
when in contact with NPB by abstraction of the chlorine atom
forming cationic BsubPc" and a [CI"][NPB] complex. They
further hypothesized that these charged species form gap states
in the BsubPc material which is proposed to greatly increase
charge injection. It should be pointed out that the formation of
such a complex or the abstraction of the chloride from Cl-
BsubPc by NPB has not been observed elsewhere, nor does it
seem to be based on a known chemical reaction. However, the
presence of gap states is likely and this observation was later
exploited by utilizing CI-BsubPc as a molecular dopant in NPB
layers for OLEDs.”* In this example, charge injection was once
again increased because of the generated gap states. Optimal
performance was found at low doping concentrations of 5%.
More recently, Chen et al. explored the use of Cl-BsubPc in the
commonly used LiF electron selective contact.”® Here once
again they discovered an improvement in charge injection
associated with the generation of gap states arising from the
abstraction of the chlorine atom in Cl-BsubPc resulting from
lithium release from LiF.

BsubPcs also function in organic thin film transistors.
Although there is a general paucity of BsubPc transistor
literature, one example exists utilizing Cl-BsubPc as the
semiconductor layer.* In this study, Cl-BsubPc was deposited
on an insulating polymer, then either gold or calcium contacts
were deposited in order to operate the devices. The researchers
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Scheme 1. Synthetically Accessible Axial Derivatives of BsubPcs Derived from halo-BsubPcs and pseudohalo-BsubPcs; R = alkyl

or aryl
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discovered that Cl-BsubPc behaved as an electron transport
material when operated in a nitrogen environment with a
mobility of 5.4 X 1075 cm?/(V s); however, in air, CI-BsubPc
switched to favor hole transport, demonstrating that the
presence of oxygen in BsubPc films can change charge transport
behavior. This type of behavior is also observed for
phthalocyanines,”® suggesting that encapsulation technology
would be required for long-term device testing or commercial
application when Cl-BsubPc is employed in the device.

B BEYOND Cl-BsubPc AND AXIAL HALIDES

From the highlights above it is evident that the majority of the
study of BsubPcs in organic electronic devices has been carried
out using halo-BsubPcs and mostly the prototypical Cl-BsubPc.
Given the advances made in the chemistry of BsubPcs by
Kobyashi,97 Torres,ls’ég’%’99 and others, including recently our
group,13”18’22_24’45’60’66’71’72’100 it is therefore surprising that the
field has not moved beyond Cl-BsubPc to the more widespread
use of other BsubPc derivatives.

We begin by examining the synthetic methods available for
BsubPcs. Currently, BsubPcs are synthesized in two steps, first
by formation of the BsubPc macrocycle via condensation of
phthalonitriles in the presence of a boron trihalide forming a
halo-BsubPc (X-BsubPc, where X = fluoro, chloro, or bromo).
Subsequent displacement of the halide with a nucleophile leads
to BsubPc with additional functionalization. The two-step
chemistry provides for two opportunities to introduce structural
variation into the BsubPc molecule first fixing the physiochem-
ical character of the periphery in place then adding further
functionality or fine-tuning of its properties through
introduction of an alternative axial fragment to a halide. The
peripheral derivation of BsubPcs through the chemical
modification of the phthalonitrile is known from phthalocya-
nine chemistry.” Many methods to produce BsubPc derivatives
have been developed and have been previously reviewed.'>'%"
Briefly, their synthesis involves the condensation of phthaloni-
trile dissolved in an organic solvent at elevated temperatures in
the presence of a boron trihalide which templates the formation
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of BsubPc of which boron trifluoride,">** boron trichlor-
ide,'%1%%1%% and boron tribromide'®'®* have all been used.
Halogen exchange between axial halogens can also be
performed. Conversion of Cl-BsubPc to F-BsubPc can be
performed using boron trifluoride diethyletherate® or silver
tetrafluoroborate.'®* Conversion from Br-BsubPc to Cl-BsubPc
can be facilitated by aluminum chloride.®

More recently, pseudohalide-BsubPcs have been explored as
precursors to more complex BsubPcs. The first example was the
triflate of BsubPc (TfO-BsubPc) synthesized by Torres and
colleagues.'™* The procedure involves reaction of Cl-BsubPc in
dry toluene with 1.25 equiv of silver triflate (at 40 °C, 1-2 h)
or trimethylsilyl trifluoromethanesulfonate (at reflux, >4 h).
Concurrent with the disclosure by Torres et al, our group
reported the synthesis and isolation of a series of pseudohalide-
BsubPcs including the mesylate, tosylate, benzylate, chlosylate,
and nosylate of BsubPc (MsO-BsubPc, TsO-BsubPc, BzO-
BsubPc, ClsO-BsubPc, and NsO-BsubPc, respectively; BzO,
phenylsulfonate; ClsO, 4-chlorophenylsulfonate; NsO, 3-nitro-
phenylsulfonate). Each could also be used as precursors to
other BsubPcs, although each reacts with a different rate.”!

The axial derivation of halo-BsubPcs is being continually
bein§ expanded upon.***®?>1%* Nucleophiles such as phe-
nols,”* bisphenols,'®* alcohols,*® hydroxyl,®>7*'%>1% alky-
nylmagnesium bromides,®®1% phthalimides,23 phosphates, and
phosphonates'®”'%® have been shown to react with halo-
BsubPcs forming their respective axial derivatives. Other
nucleophiles such as silanols, anilines, thiols, and thiophenols
can also be used by activating the boron—halogen bond® or by
utilizing alternative BsubPc starting materials such as HO-
BsubPc®® or TfO-BsubPc.'® See Scheme 1, in which each of
these derivatives has been categorized for later reference.

Oxygen bearing nucleophiles (category 2A, Scheme 1) such
as phenols, bisphenols, and alcohols have been frequently used
to add chemical functionality to BsubPcs due to the plethora of
commercially available derivatives and ease of synthesis. Their
reaction typically involves the condensation with halo-BsubPcs
(or pseudohalogens) to form their respective BsubPc at reflux
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in toluene, chlorobenzene, dichlorobenzene, chloronaphtha-
lene, or other aromatic solvents over prolonged periods of
time."®*®®® This reaction is believed to be Syl in nature’
supported by the isolation and characterization of a positive
boron cation of BsubPc by Reed and co-workers."” Often, and
likely due to the challenges of keeping a reaction anhydrous for
long periods of time, HO-BsubPc is seen as a byproduct (from
hydrolysis of the halo-BsubPc) or its self-condensation product
p-oxo-(BsubPc),. i-Oxo-(BsubPc), can be easily identified in a
reaction mixture because of its unique absorption spectrum,
which is different from other BsubPc derivatives.”” Our group
has recently shown that the reaction of halo-BsubPcs with
phenols can be activated using AICl;. Once activated, the
reaction proceeds at low temperatures (<60 °C or even room
temperature) in a variety of solvents within 1—2 h.%° Although
the presence of water under these conditions can produce HO-
BsubPc, the exclusion of water over these short time periods is
facile. HO-BsubPc is, however, more challenging to obtain in
high yields (category 2B), requiring the use of KOH, sulphuric
acid or water in a mixture of polar and nonpolar solvents in
order to to codissolve water and the halo-BsubPc.®'*>!1%
Often, during the formation of HO-BsubPc, yi-oxo-(BsubPc), is
formed through self-condensation (category 3A).” HO-BsubPc
has also been shown to be an effective precursor to the
synthesis of trialkylsiloxy-BsubPcs (category 2C);**”° however,
they can also be synthesized from X-BsubPc and TfO-
BsubPc.'0%1*

The axial attachment of carbon through carbon-based
nucleophiles (category 2D, Scheme 1) can be performed
using Grignard reagents including Grignards of alkynyls,®®
linear or branched alkyls, and aryls.'”* In the synthesis of
ethynylaryl-BsubPcs, 1 equiv of Cl-BsubPc (1A, Scheme 1) and
2 equiv of the ethynylaryl Grignard are combined at 60 °C in
anhydrous THEF. The reaction requires 1—24 h, depending on
nature of the ethynylaryl and produces yields typically between
22 and 74%. No assumption has been made regarding the
mechanism of this reaction. Aryl or alkyl derivatives can be
similarly accessed starting from triflate-BsubPc (1B, Scheme 1)
by adding the Grignard reagent (2 equiv) in dry toluene and
1.25 equiv of diisopropylethylamine at 40 °C for 6 h, with
yields between 55 and 68%.'”* Carbon only axial substituents
can also be formed during the BsubPc macrocycle formation by
using an alkyl and an aryl boron (for example phenyl-
dichloroborane) in place of a boron halide. Yields are, however,
typically much lower using this methodology.*”'"

Nitrogen nucleophiles do not undergo simple reaction with
halo-BsubPcs with the exception of phthalimides (category
2E),>> which require long reaction times (4 days) at elevated
temperatures (refluxing dichlorobenzene). However, nitrogen-
based nucleophiles (category 2f) do react with TfO-BsubPc'*
or with Cl-BsubPc when activated with AICL,*° to produce their
respective BsubPc derivatives. In the case of AlCl; activation,
reaction conditions are mild (60 °C, 8 h).

Sulfur-based nucleophiles (category 2G) have also been
consistently unattainable by direct reaction of a sulfur
nucleophile with a halo-BsubPc. However, the same two
methods (TfO-BsubPc'®* and AICI, activation*®) that work for
nitrogen nucleophiles have worked with thiophenols,43 and
thiolalkyls.'**

Phosphorus-based nucleophiles (category 2H) have also
recently been used to access ghosphinoxy—Bsuchs. They were
first described in a patent,'”” and recently in the scientific
literature.'®”'%® The reaction of 2 equiv of a selected
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phosphinic acid with Cl-BsubPc in dichlorobenzene at reflux
for 5 h was sufficient to produce the desired derivatives with
yields ranging between 67 and 19%.

B MATERIAL PROPERTIES AND DEVICE
PERFORMANCE

Though some axial derivatives of BsubPcs exist, a strong
understanding of how these modifications affect performance in
organic electronic devices remains largelgr unknown. The
application of PhO-BsubPcs, Phth-BsubPcs,” and arylethynyl-
BsubPcs®®'%® have been reported with the former having been
largely developed by our laboratories at the University of
Toronto. Similar to the halo-BsubPcs, it is important to
understand their structure property relationships as they pertain
to both photophysical and electrophysical properties, including
those same while in an organic electronic device. In this section,
we highlight our work on PhO-BsubPcs and Phth-BsubPcs and
specifically outline the effect (or lack thereof) of axial
substitution on the frontier orbital energy levels, band gap,
sublimability or solubility, charge transport properties, and
organic electronics device performance.

Prior to device fabrication, we must first consider how axial
substitution of a BsubPc affects the frontier molecular energy
levels of PhO-BsubPcs. In a recent paper, we created an
experimentally validated model to predict frontier molecular
orbital variation based on the molecular structure of PhO-
BsubPcs.'> We began by constructing 106 different PhO-
BsubPc derivatives in silico, all of which in principle were
synthetically accessible. After modeling at both the semi-
empirical and DFT levels, we synthesized seven different PhO-
BsubPcs having various substituents whereby the in silico
modeling predicted the seven would span a range of HOMO
and LUMO energy levels. We then determined the positions of
the frontier orbitals (and consequently their band gaps) using a
mixture of cyclic voltametry (CV), ultraviolet photoemission
spectroscopy (UPS), and UV—visible spectroscopy. The results
were that for PhO-BsubPcs, the relative position within the
molecule of the frontier orbitals had a minimal response to
variations at both the peripheral and axial positions (Figure
7),"* whereas the energy levels of the HOMO and LUMO were
six times more sensitive to substitution on the peripheral
positions of the BsubPc as compared to substitution at the axial
position. At the extremes of the range were 3,4-diMe-PhO-

Energy (eV), calc. RM1

Axial phenolate subsitution

BsubPc peripheral subsitution

Figure 7. Predicted HOMO (red) and LUMO (blue) molecular
orbital energy levels and the band gap (green) for a series of axial and
peripheral substituted derivatives of phenoxy-BsubPc. The green
triangles indicates the band gap. Figure taken from ref 13 and adapted
to include a visualization of the orbital distributions generally observed
for phenoxy-BsubPc. Reprinted with permission from ref 13.
Copyright 2012 American Chemical Society.
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BsubPc and F,,BsubPc, spanning a HOMO range from 5.42 to
6.65 €V and a LUMO range from 3.28 to 4.54 V. Thus the
HOMO and LUMO energy levels can be varied over a
relatively large range of >1 eV. The majority of the changes in
the energy levels are attributable to peripheral substituents.

We have also estimated the frontier orbital energies of Phth-
BsubPcs using CV. As for Phth-BsubPcs, we have found that
substitution on the phthalimide axial position with perchlori-
nation changes its frontier energy levels by less than 0.1 eV.*
Substitution on the axis of arlyethynyl-BsubPcs similarly
showed little change in frontier orbitals, effecting their
electrochemical redox half-waves by >0.1 V.5

We have also studied how axial substitution of BsubPcs
affects their solubility. In the first paper of a series, we
compared Cl-BsubPc, two PhO-BsubPcs, and seven dimeric
bisphenoxy-(BsubPc),s. We observed that the solubility of the
dimers and PhO-BsubPcs were on average 1 and 2 orders of
magnitude higher than the solubility of Cl-BsubPc (respec-
tively). This led us to the conclusion that Cl-BsubPc is more
pigment-like (using terms borrowed from colorant chemistry),
as are normal phthalocyanines. Thus we set out to established
methods for producing highly soluble BsubPcs. One of the
more common methods used in organic electronic materials to
impart solubility is to introduce long chain alkyl (or branched
alkyl) molecular fragments into the molecule. Interaction of the
large hydrocarbons with solvent molecules thus imparts the
solubility. Indeed, this approach works with BsubPcs, 3-
pentadecylphenoxy-BsubPc has a solubility of >1 X 107> M
in most common solvents.®® Diaz and colleagues showed 4-tert-
butylphenoxy-BsubPc is also very soluble.''" Although the exact
solubility was not determined, they were able to successfully
dissolve these compounds and deposit them from solution as
thin films in OLED devices. More recently, we have shown that
the more atom economical derivatives 3-methylphenoxy-
BsubPc and 3,4-dimethylphenoxy-BsubPc are also highly
soluble (>1 X 107 M)."”" Peripheral modified BsubPcs can
also be used to impart solubility;*® however, using such an
approach changes both the symmetry of the BsubPc as well as
its physical and chemical properties (recalling the discussion
above regarding sensitivity to peripheral substitution'®).
Approaches to creating water-soluble BsubPcs also exist and
generally involve the formation of a water-soluble salt.'">

Sublimability is also of concern. BsubPc derivatives with axial
fluoro-, chloro-, methoxy-, and methyl- subsituents, and
derivatives containing dodecafluoro and hexachloro peripheral
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substitutents have been reported as sublimable.'****>3*37 We

have also shown that Phth-BsubPcs derivatives are stable under
sublimation conditions.”> The stability of arylethynyl-BsubPcs
under sublimation conditions is unknown. We have shown that
fluorination can be used as a strategy to reduce the sublimation
temperature of PhO-BsuPcs.**

We have also studied the basic electron mobilities of a series
of BsubPc derivatives we refer to as F;BsubPc, F,,BsubPc, and
F,,BsubPc using admittance spectroscopy (Figure 8).*° Their
electron mobilities were found to be field-dependent, following
a Poole-Frenkel type relation with zero field mobilities of 4 X
1077,2x 1075, and 1 X 107° cm?> V™! 7!, respectively. Electron
mobilities of ~1 X 107" cm® V! 57! were determined at field
strengths typical for some organic electronic devices. In each
case the electron mobility is notably higher than that of CI-
BsubPc. We also found the electric field dependence of mobility
was found to correlate to their solid-state arrangement as
determined by X-ray crystallography.

Axial derivatives of BsubPcs have been applied in OLEDs.
Diaz et al. has described the synthesis of five soluble PhO-
BsubPc derivatives and their application as electrolumiphores
(emitters) in solution deposited/fabricated OLEDs."'" These
devices incorporated the BsubPc derivative as a dopant (less
than 20% by weight) in a polyspirofluorene—arylamine
copolymer and produced OLEDs with a narrow electro-
luminescence (60—90 nm width at half of its maximum
intensity) a high turn on voltage of 10 V, low stability and
moderate current efficiencies of 0.1 cd/A (100 cd/m?). The
first vacuum fabricated OLEDs incorporating BsubPcs as
emitters were constructed in our laboratories at the University
of Toronto. The same series of fluorinated PhO-BsubPcs were
used (EBsubPc, F,,BsubPc and F ,BsubPc).** We demon-
strated that BsubPcs can be used as either or both electron
transporters and emitters. OLEDs had low turn on voltages of
3.4 V when appropriate electron selective contacts were
selected. In this case TPBi in place of the more commonly
used LiF was desirable. FsBsubPc performed best with a
maximum current efficiency of 0.03 cd/A (122 cd/m?) and an
incredibly narrow 31 nm width at half of its maximum intensity.
Interested in further enhancing performance, we later
incorporated FsBsubPc as a dopant emitter in a variety of
host materials. As a dopant, F;BsubPc produced record current
efficiencies of 1.5 cd/A for a BsubPc derivative, and improved

color purity (Figure 9).*
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Figure 9. Current efficiency as a function of luminance for OLED
devices with F;BsubPc doped in CBP at 1 to 20 wt %. The device
structure used was ITO/MoO3(1 nm)/CBP(45 nm)/CBP:F5BsubPc-
(15 nm)/TPBi(30 nm)/LiF(1 nm)/Al(100 nm). Adapted with
permission from ref 22. Copyright 2012 American Chemical Society.

As mentioned above, we also reported the synthesis of a new
class of BsubPc made by using phthalimides as nucleophiles —
the Phth-BsubPcs. We found Phth-BsubPcs to be electro-
chemically bipolar.>® Planar bilayer OLEDs with Phth-BsubPcs
incorporated into the devices as either a hole-transporter/
emitter or an electron-transporter/emitter were fabricated. In
either configuration the resulting OLEDs produced comparable
maximum current efficiencies: 0.03 cd/A (143 cd/m?) as
electron transport emitters and 0.02 cd/A (77 cd/m?) as hole
transport emitters thus demonstrating the bipolar electro-
chemical behavior translated well in the solid state of an OLED.
Although no record OLED efficiencies were achieved with
these unoptimized devices, the results do support the
conclusion that BsubPcs are a promising class of orange
emitters with a remarkably narrow emission width and excellent
electrical performance in OLEDs.

As noted above, the vast majority of publications on the
application of BsubPcs in OPVs are limited to Cl-BsubPc.
There are, however, three cases reported where other BsubPc
derivatives have been used in OPVs as donor materials (see
Table 2). Two cases utilized solution processable (soluble)
derivatives namely 2-allylphenoxy-BsubPc,*' and a series of four
axially attached thiophene-BsubPcs.”' Interestingly, both cases
produced devices with relatively high performance as indicated
by power conversion efficiencies >1%. The devices in each case
were fabricated with a PEDOT:PSS layer as a hole selective
contact overcoated with a series of vacuum deposited layers
comprising Cg,/BCP/Al as the acceptor, the electron selective
contact and the top electrode respectively. For the thiophene-
BsubPcs, the type of axial attachment used (alkynyl or

phenoxy) had less of an impact on performance than then
length of the thiophene chain itself (2 or 4 units where
studied). Derivatives with the shorter chain length performed
best because of their more conformal and amorphous film
behavior. These devices each displayed a higher Jsc relative to
Cl-BsubPc, but a lower V¢ and FF.

Very recently, we have evaluated FsBsubPc in OPVs (Table
2).!"* Here the compound was deposited by sublimation,
unlike the previous examples. This material displayed both
electron-donor and electron-acceptor behavior in separate
device configurations when paired with C4, or Cl-BsubPc and
pentacene respectively. In each device configuration V¢ of >1
V and power conversion efficiencies >1% were achieved with
unoptimized devices (Figure 10). Analysis of the interfaces in
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Figure 10. Current density versus electric potential average perform-
ance plot of OPV devices fabricated with FsBsubPc as either an
acceptor (red) or a donor material (blue).

these devices by UPS found that the Cl-BsubPc/FBsubPc
heterojunctions had small (ca. 0.1 eV) offsets in both HOMO
and LUMO energies but good rectification and photovoltaic
activity could still be achieved. The FBsubPc/Cg, hetero-
junction was more conventional with a 0.7 eV HOMO offset
while also producing good rectification and photovoltaic
activity. Incident and absorbed photon power conversion
efficiencies demonstrated the presence of a charge transfer
complex between F;BsubPc and Cg, or Cl-BsubPc. We found
that these specific interactions contribute significantly to the
performance in these devices. With its electron donor or
acceptor capabilities, strong light absorption, sublimability and
high open circuit voltages in OPVs, FsBsubPc highlights that

Table 2. Summary of All Axially Modified BsubPcs in OPV Devices”

HIL (nm) donor (nm) acceptor (nm) EIL (nm)
PEDOT:PSS A-BsubPc (20) C (32) BCP (10)
PEDOT:PSS 2Tp-SubPc Ce (32) BCP (10)
PEDOT:PSS 2Ta-SubPc Ceo (32) BCP (10)
PEDOT:PSS 4Tp-SubPc Ceo (32) BCP (10)
PEDOT:PSS 4Ta-SubPc Ceo (32) BCP (10)
MoO, (6) F.BsubPc (29) Cep (40) BCP (10)
MoO; (8) Cl-BsubPc (10) FBsubPc (40) BCP (8)

V,. (V) Jic (mA/cm?) FF (%) n (%) ref
0.74 5.03 46 1.71 41
0.73 3.72 51 1.39
0.70 3.90 50 1.39
0.63 3.30 34 0.70
0.57 4.05 45 1.04
1.05 2.96 48 1.49 113
1.06 2.06 43 0.94 113

“The general structure for each device in this table is ITO/HIL/donor/acceptor/EIL/Al or Ag.
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axial derivatives other than halides of BsubPcs if properly
designed can at the very least have competitive performance to
Cl-BsubPc in devices made by vacuum deposition.

B CLOSING REMARKS/CONCLUSIONS

Thus far, BsubPcs have made remarkable progress since their
discovery in 1972 and their first use as an organic semi-
conductor in 2006. As an organic semiconductor it possesses
many desirable properties: an intense and narrow (~30 nm)
orange fluorescence, an intense and narrow absorbance (¢ = S0
000—80000 M~' cm™), conformal yet crystalline thin films,
low sublimation temperatures, tunable solubility, tunable
electronic properties, and in some cases bipolar electro-
chemistry and charge transport.

In our opinion, the following areas need addressing in order
to progress BsubPcs as a high performance class of organic
semiconductors. Cl-BsubPc has made significant progress as a
high performance material for OPVs however the axial chlorine
does not present an obvious advantage in these devices - similar
success could be found for other axial derivatives (for example,
FBsubPc). Future efforts with axial substituted materials
should be undertaken to explore the large degree of chemical
variability available at that position and the potential to tune the
properties of the BsubPc for application in organic electronic
devices. A strong understanding of the relationship between
mobility and the solid state arrangement of BsubPcs needs to
be developed in order to aid in their molecular design and
crystal engineering to improve device performance beyond
current benchmarks, for example, to achieve higher charge
carrier mobilities. The inherent bipolar electrochemical stability
of some BsubPc derivatives is rare and should be taken
advantage of in device application. In addition, a greater
understanding of the design principles required to create
bipolar BsubPc materials should be developed. BsubPc
materials seem to be highly selective to interfaces, forming
functional heterojunctions when paired with some organic
semiconductors and not functioning with others. The cone
shape structure of these materials makes interpreting their
interfacial behavior challenging. So, finally, the interfacial
templation/alignment of BsubPc on different surfaces relevant
to organic electronics should be explored to understand how
material selection impacts device performance.
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