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Tuning the Aggregation Behaviour of BN-Coronene Diimides with
the Imide Substituents and their Performance in Devices (OLED,
OFET)

a,b,c

Jonas Hoffmann, Bernard Geffroy,d Emmanuel Jaques,® Muriel Hissler*“ and Anne Staubitz*™®

Compared to perylene diimides (PDIs), the coronene diimides (CDIs), which can be viewed as a lateral core extension,
show undesired effects for optoelectronic devices such as the decrease of the absorption and a hypsochromic shift. Here,
we demonstrate that if the core is extended with two BN units as opposed to two CC units, the opposite is true: Large
bathochromic shifts can be achieved, together with higher molar extinction coefficients and beneficial luminescence
properties, e.g. a small Stokes shift and high quantum yields (D, >94%). These effects can be explained by the influence
of the BN-unit onto the frontier molecular orbitals of the BNCDI. Different substitution motifs at the imide-position,
cylcohexyl and 2,6-diisopropylphenyl, although they had no influence on the optical properties on a single molecule level,
influenced the aggregation substantially so that the optical properties in the solid-state and the performance in organic
devices (OLED and OFET) differed considerably. In combination with host matrices devices with EQE up to 1.5% and white
light emission (0.317; 0.346) were obtained. The developed synthetic route starting from a regioisomeric pure 1,7-

substituted PDI leads to BNCDIs

Introduction

Polycyclic aromatic hydrocarbons (PAHs) have a leading role as
active components in organic electronics due to their excellent
electronic and optoelectronic properties.l'5 The molecular
engineering of PAHs allows tuning the gap between the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) respectively.® This
promoted the application of PAHs in organic electronics such
as in organic solar cells (OSC), organic field-effect transistors
(OFET), and organic light-emitting devices (OLED).7'11 However,
the variety of PAH-based m-conjugated non-fullerene electron
acceptors remains limited. The most popular class of these
compounds are rylene diimides, which are polycyclic aromatic
chromophores based on two, side-on fused naphthalene units
that are capped with two imide groups. These PAHs are widely

13, 14

used in the dye industry,12 fluorescence labelling, and

foremost in organic semiconducting devices.” In particular,
perylene diimides (PDIs) and naphthalene diimides (NDIs) are
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in good yields,

which makes this class of compounds very promising.

the most prominent rylene diimides because of their

outstanding photochemical and thermal stability.16 Extending
rylene diimides in their long molecular axis narrows the
HOMO-LUMO gap, while the extension of the short molecular
axis widens the HOMO-LUMO gap.”’ '8 |n the case of PDI and
coronene diimide (CDI), this leads to a blueshift of the
absorption maximum from 525 nm (in PDIs) to 494 nm (in
CDIs), a threefold decrease of the extinction coefficient, and a
hypsochromic effect on the maximum of emission (532 nm to
500 nm) (Fig. 1). Moreover, a reduction of the fluorescence
(Pm=0.98 to 0.69)
detrimental for many devices.” The main reason for such

quantum vyield occurs, which is
photophysical changes can be found in the organization of the
frontier orbitals. While the bay-extension from PDI to CDI
leaves the LUMO unchanged, it influences the orientation of
the HOMO level: In PDIs the HOMO level is located along the
molecular axis, but in CDIs it is oriented along the short
molecular axis leading to a reduced orbital coefficient in the
HOMO-LUMO.”® ** An alternative to the extension of the n-
system of the carbon scaffold is the integration of
heteroatoms (B, N, Si, P) which effectively modifies the HOMO-
LUMO gap.22 In addition, the combination of two
heteroelements represents a versatile tool to influence the
frontier orbitals of a PAH, but is less likely to distort the flat
geometry of the molecule. In particular, the isoelectronic
substitution of a C=C unit with a B=N unit (BN/CC isosterism)
became a prominent design principle in recent years.
isoelectronic substitution can alter the frontier-orbital
energies, stabilize the HOMO,ZM2 and significantly alter the
orbital distribution of the resulting BN-PAH compared to the
corresponding carbonaceous congeners.33' *In fact, it was
found that as a general rule, BN-substitution provides a
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bathochromic shifted absorption, higher fluorescence
quantum yield and high hole mobility maintaining high thermal
and photochemical stability.
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Fig. 1 The bay extension from perylene diimide (PDI)* via benzannulated perylene diimide (benzPDI)* to coronene diimide (CDI)** led to a hypsochromic shift of the
absorption. contrarily, the bay extension from perylene diimide (PDI), via BNPDI to the BN-coronene diimide (BNCDI) (this work) resulted in a red-shifted absorption.

In fact, a boron/nitrogen-mono-substituted PDI (BNPDI) has
already been reported, which had a substantial bathochromic
shift (61 nm) compared to the respective all-carbon benzPDI. ™
“ The integration of the cyclohexyl-substituted BNPDIY in
OLED devices, revealed aggregation-caused quenching (ACQ)
effects which reduced the overall performance in OLED
devices. Such an aggregation phenomenon is well investigated
in PAHs,44 especially rylene diimides, as they have a strong
tendency to undergo intermolecular m-m stacking.45 While
these aggregates are desirable for charge transport,“’ ad they
result in adverse photophysical properties of the rylene
diimides when aggregated, e.g. ACQ, and further hamper their
device processing. To prevent aggregation of rylene diimides,
the functionalization of the bay—area,“’ 4 4% the ortho-
positions,so’ *1 or the imide positions“’ %253 hecame common.
The latter method has the advantage that it leaves the rylene
core unaffected as the imide substituent is electronically
decoupled from the rylene core.”*

The effect of a BN-substitution of coronene diimide (CDI) to
give the BN-analog BNCDI and the resulting optoelectronic
properties were studied. This should provide a deeper insight
into how BN-substitution alters the HOMO/LUMO levels of
PAHs. Furthermore, two different imide substituents and their

effect on the solid-state properties of the BNCDIs was
investigated.

As examples, the structures of the thienyl-substituted BNCDIs
with prominent cyclohexyl (Cy) or diisopropylphenyl (Dip)
substituents'® at the imide’s nitrogen were chosen (Fig. 2).

Results and Discussion
Synthesis of the BNCDIs

Starting from the regioisomerically pure 1,7-brominated PDlIs
(1,7-DB-PDI®/®P), generated via bromination of perylene
tetraesters,55 we implemented the nhexylamino moiety by an
aromatic nucleophilic substitution (Scheme 1). Although
several protocols for the reaction of neat primary alkylamines
and 1,7-brominated PDIs at high temperatures were
published,ss'58 the yields and high formation of side products
(monosubstitution and dehalogenation forming the 1-
alkylamino-PDl) were unsatisfactory. To prevent the
dehalogenation of the intermediary 1-alkyl-7-bromo-PDI (1,7-
DB-PDI®’®P), we lowered the reaction temperature to 60 °C
with a concomitant extension of the reaction time to 3d.
Using this protocol, we
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Scheme 1 Synthesis of BN-substituted BNCDIs through amination of 1,7-DB-PDI and ring annulation reaction of 1,7-DHA-PDI with TphBCl,. Tph: Thiophenyl. Details
can be found in the ESI.
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Fig. 2 Molecular structures of BNCDIY and BNCDI® which only differ in their
imide functionality.

could obtain both 1,7-di(nhexylamino)-PDIs (1,7-DHA-PDI®Y/"?)
in a moderate vyield of 51% after intense column
chromatography. In a final step, the BNCDIs were formed by
the reaction of 1,7-DHA-PDI®Y/®® with 2-thienyldichloroborane
(TphBCl,) and triethylamine as a base in high yields (97%/83%).
The resulting purple/red amorphous powders showed good
solubility in halogenated solvents, toluene, and THF.
Furthermore, BNCDIs showed stability against moisture,
strongly acidic and basic conditions. We fully characterized the
BNCDIs by *H/*'B/*3C NMR-, and FTIR spectroscopies and high-
resolution mass spectrometry. Since the aromatic perylene
protons gave rise to only two proton signals and the carbon
atoms located at the imide position gave rise to also only two
signals, both BNCDIs were of C,-symmetry and were therefore
regioisomerically pure (see also the ESI for detailed
experimental conditions and full characterization of all
compounds). Attempts to grow crystals failed throughout
using different techniques as only aggregates were observed.
Optical properties of the BNCDIs in solution

To evaluate the effect of the BN-substitution on the CDI
scaffold, the optical properties of the BNCDIs were analyzed by
UV/Vis absorption and fluorescence spectroscopy in DCM.

The absorption spectra of both BNCDIs were characterized by
their intense maxima at 535/538 nm (BNCDI®/BNCDI®?) and
high extinction coefficients (¢ = 70794-74131 Mt cm'l) (Fig. 3,
Table 1). The absorption bands exhibited well-resolved typical
vibronic fine structures with the strongest transition (Sg>S;) at
535/538 nm with further transitions at 498/501 nm and
466/470 nm from the 0-0, 0-1 and 0-2 vibronic bands. The
higher energetic transitions (S¢>S,) occurred at 425/426 nm
and 401/401 nm for the respective 0-0 and O0-1 vibronic
transitions.>® ° Moreover, a distinct absorption band is found
between 300-350 nm. As expected, the effect of the imide
sub-

Table 1 Overview of photophysical properties of both BNCDlIs.

E Nems. AVstokes:
Compound | Aas /NM Lg(e)® o ems”/ stokes Diym®
/eV nm /cm
BNCDIY 535 4.74 2.24 544 310 0.95
BNCDI® 538 4.85 2.23 546 272 0.94
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Fig. 3 Absorption and emission spectra of compounds BNCDI® and BNCDI®.
Photographic images of both BNCDIs at ambient light (left) and with irradiation
of light (365 nm) exhibiting green luminescence (right).
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solution.

x } optical properties was marginal in
Both BNCD} g ed a strong luminescence
(®1.m(BNCDI®/BNCDI”™) = 0.94/0.95) and small Stokes shifts
(AVstokes(BNCDIY/BNCDI®®) = 310/272 cm™) in DCM solution
indicating a high rigidity of the molecule in the ground state
and the excited state. As expected for such a system, the
bands were mirror images of the absorbance spectra including
the vibronic fine structure with bands at 545/546 nm,
585/588 nm and 634/638 nm. This was attributed to the S;>5,
transitions and the respective vibronic bands.®"
In general, the absorption maxima of the here presented
BNCDIs were red-shifted compared to their CC-analog cpI°®
(Raps = 494 nm), ** the PDIY (A, = 525 nm),*" the CN-isoster
diaza-CDI (A, = 488 nm)63 and previously reported BN-
monosubstituted BNPDI®Y (Aaps = 529 nm)43. Compared to all
carbon PDI?? (@, = 0.98)*! and cDI®® (®,,, = 0.69)°* similar
or higher quantum yields were observed. However, the R-C=N-
isosteric compound CN-CDI (D, = 0.25)63 was less emissive.
Overall, the bathochromic shift of the absorption maxima
Aabs(BNCDI) = 535/538 nm) of the BNCDIs compared to the all-
carbon CDI (A,,,(CDI) = 494 nm)62 was distinct. This effect was
attributed to the decrease of the HOMO-LUMO gap due to the
BN units, an increased dipole moment but foremost to the
orientation of the frontier orbitals (see below).

stituents (Cy ol

If one compares the characteristics of the absorption spectra
of BNCDIs and CDI, systematic differences are found. In fact,
the absorption spectra of both BNCDIs resembled more closely
the absorption spectrum of a PDI than a CDI. Therefore, it was
concluded that upon adding two BN units to a perylene core
and extending the m-conjugated system in a lateral fashion, the
absorption properties of the perylene core persist. This is not
the case for the respective CDI. However, the absorption
bands of BNCDIs at 350 nm and 425 nm are both absent in the
absorption spectrum of PDI but are found in the absorption
spectrum of the reported CDI unit.”® &2 Therefore, it could be
assumed that the absorption of a PDI-like (A, = 530 nm) and
the CDI-like systems (A, =425 nm) are both present in the



absorption of the BNCDIs. More details on this hypothesis will
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be discussed below.

Fig. 4 Display of the frontier orbitals of BNCDI and CDI® calculated with B3LYP
6-31G* at an isovalue of 0.02. The transitions calculated via TD-DFT are
indicated.

Theoretical Calculations

To understand the optoelectronic properties of BNCDIs in
comparison with their C=C CDI, theoretical
calculations using density functional theory (DFT) and time-
dependent DFT (TD-DFT) were conducted. The ground state-
geometry was optimized, and the respective frontier orbitals

congener

and energies were extracted to investigate the effect of the BN
units on the coronene core (Fig. 4). The electronic effect of the
BN-substitution of the coronene core was clearly visible by
comparing the LUMO/HOMO energy levels of BNCDI and CDI.
It became evident that an isoelectronic substitution of two
C=C-units by two BN units stabilized the LUMO level (-3.06 eV
vs. -2.91 eV) and destabilized the HOMO level (-5.69 eV vs. -
5.97 eV) resulting in a smaller HOMO-LUMO gap (2.63 eV vs.
3.06 eV).

To explain the absorption spectra of CDI and BNCDI, the
frontier orbitals of both motifs were considered and TD-DFT
calculations were performed. Initially, in both cases, the imide
substituents displayed a node located at the imide’s nitrogen
which underlined the fact that imide substituents are barely
interacting with the electronical features of these systems,
which is in perfect agreement with the observed optical
properties (Fig. 3).

The topology of the LUMO in both structures was similar to the
one in rylene diimides® and therefore barely affected by the
BN-substitution. In contrast, the nature of the HOMO changed
drastically: The all-carbon coronene core of CDI exhibited a
coronene-like organization of the HOMO whereas the HOMO

of the BNCDI was more related to the typical HOMO of PDIs*.
In fact, the coronene-like topology in CDIs is the reason for a
hypsochromic shifted absorption in contrast to common
PDIs.”° The respective coronene-like HOMO of the BNCDI was
found in the HOMO-4 whereas the perylene-like HOMO of the
CDI is displayed in the HOMO-1. Additionally, the present
Sp>S, transition (420 nm, Fig. 3), which might occur from the
HOMO-4 to the LUMO level, and was similarily described for a
more general CDI motif.”* These findings were in agreement
with the performed TD-DFT calculations which support the
discrepancy between a coronene-like HOMO and a perylene-
like LUMO indicated by the reduced oscillator strength (Fig. 4).
Finally, this highlights how BN-units can shift the photophysical
properties of PAHs by influencing the alignment of the frontier
orbitals in addition to merely influencing the dipole moment.
This could also explain the drastic bathochromic shifted
absorption from benzPDI to its BN-congener BNPDI*.
Furthermore, nuclear independent chemical shift (NICS)
calculations for both BNCDI and CDI were conducted. They
revealed that the aromaticity of the annulated rings decreased
for the BN-derivatives: The azaborine ring had a NICS(0) = -
3.25 ppm and NICS(1) =-6.01 ppm whereas the same ring in
the CDI showed a NICS(0)=-8.68 ppm and NICS(1)=-
11.09 ppm. The reduced aromaticity of the BN-structure is a
result of the more localized m-electrons on the B-N bond. A
detailed NICS analysis of all rings for both BNCDIs and CDIs is
shown in the ESI.

Electrochemistry

To further estimate the influence of the BN unit on the CDI
motif, the redox properties of BNCDI® and BNCDI®® were
investigated using cyclic voltammetry experiments. Both
BNCDIs exhibited two fully reversible distinctive reductive
waves which is typical for rylene diimide systems54 as both
imides are reduced (Fig. 5). The onset potentials for the first
reductive wave were E.q onset == 1.10/-1.05V and therefore
the energy level of the LUMO (E ymo = -3.69/-3.75 eV) could be
stimated (Table 2). The electrochemical oxidation of both
BNCDIs led to irreversible processes (Eqyonset =0.74/0.82 V)
giving rise to the respective HOMO levels (Epyomo = -5.54/-
5.62 eV). Evidently, only a marginal effect of the imide substit-

65-67

Table 2 Overview of electronic and thermal properties of both BNCDIs.

a Ereq,ons’ | Euumo” /| Evomo’ /
Compound | Egyons /€V ' AleV |Te'/°C
p 0x,0ns / /eV eV eV / 95 /
BNCDIY 0.74 -1.10c | -3.69 -5.54 1.85 396
BNCDI® 0.82 -1.05c | -3.75 -5.62 1.87 391

? In DCM with nBuyNPFg (0.2 M), a scan rate of 200 mV/s and ferrocene/ferrocenium as
reference. For further details see ESI. ° Derived from ELumo= -4.8 eV- Ereq ons and Enomo= -
4.8¢eV - nglons.68c See also footnotet.Temperature where 95% of the mass was still
present at 10 K/min and 20 mL/min nitrogen flow.

Fig. 5 Cyclic voltammogram of BNCDIY (red) and BNCDI®® (black) in DCM with
nBusNPFg (0.2 M) as conducting salt using platinum working electrodes at
200mV/s sweep rate.
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tuents on the oxidation/reduction was found since the HOMO-
LUMO gap was constant (AE = 1.85/1.87 eV). In comparison
with the conventional CDlIs, the LUMO level (E ymo = -3.69 eV)
was unchanged.42 But since CDIs optical gap (Eqp = 2.46 ev)™”
was larger than for the BNCDIs (E,, =~2.23eV), it can be
concluded that the BNCDIs have a destabilized HOMO and
therefore lower the HOMO-LUMO gap. This was in good
agreement with the calculation presented above.

The same trend was observed for the CN-isoster of the
BNCDIs, the diaza-CDI, LUMO
(ELumo = — 3.69 eV) and larger optical gap (Eqp = 2.47 eV) were
reported.63 These electronic effects of the BN-substitution on
the CDI were in great agreement with the above-mentioned
theoretical investigations.

Optical Properties of the BNCDIs in Aggregated State

where a similar level

Expecting increased luminescence response of the novel
BNCDIs at a lower temperature than at ambient conditions, we
analyzed BNCDIs using isopentane, which forms a glassy state
when frozen, as solvent. Surprisingly, we observed complete
luminescence quenching of the BNCDIs at 150K, where
isopentane is still in a liquid state. Detailed temperature
resolved investigation showed that the luminescence intensity
decreases according to temperature but no appearance of
other emission bands supporting an aggregation-caused
quenching (ACQ)* 7 process due to the reduced solubility of
the BNCDIs was found. Further investigation showed that this
quenching effect correlated with the nature of the imide
group. The BNCDIY quenched its luminescence way faster
than the BNCDI®® upon cooling down (see ESI, Fig. SI137). The
result that emerges from these experiments was that the
cyclohexyl substituent prevents less effectively the formation
of aggregates than the diisopropylphenyl group and was an
indication for the application in devices, where morphology
effects are harder to predict. The initial observations on this
ACQ behavior brought us to the idea to generate high
luminescence solid-state materials by dispersing the BNCDIs in
poly(methylmethacrylate) (PMMA) matrix. The blending
experiments were performed with dopant ratios of 0.75%,
1.5%, 4.8%, 9.0% and 50%). The emission properties of
BNCDI® and BNCDI®® in wavelength and intensities of the
emitted light were visible to the naked eye (Fig. 6). In fact, the
luminescence of the BNCDI® changed from yellow-greenish to
a deep red while the luminescence of the BNCDI® was barely
visible and underlined the aggregation-caused quenching in
this BNCDI derivative. Compared to the optical properties
observed in solution, a low amount of BNCDI® (0.75%) in
PMMA resulted in

Fig. 6 Image of the PMMA films with different weight ratios (from left to right:
0.75%, 1.5%, 4.8%, 9.0% and 50%) of both BNCDIs under irradiation of UV light
(365 nm) (top row: BNCDI®, bottom row: BNCDI™®).
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Fig. 7 Emission spectra of the PMMA blends of BNCDIY (top) and BNCDI
(bottom) with different dopant ratios.

a red-shifted emission with a broad signal around 605 nm
(Fig. 7, top). This represented a shift of approximately 80 nm
towards the signal observed in DCM solution (Fig. 3) and might
arise from aggregates emission.”* Upon increasing the dopant
rate, bathochromic shifts and broadening of the signals
towards the NIR region were noticed. Using an equal amount
of BNCDI® and PMMA a new band could be observed at
750 nm covering the whole emission spectra from 600 nm to
800 nm whilst the fluorescence was barely visible because of
ACQ effects.

Repeating the experiment but changing the imide substituent
from cyclohexyl to diisopropylphenyl moiety, drastic changes
in the solid-state emission were observed. In the marginal
dopant rate of 0.75%, the emission spectrum of BNCDI®® was
only slightly red-shifted (Fig. 7, bottom) and exhibited the
same characteristics as in solution (Fig. 3). Since the vibrionic
transitions were clearly observable, it was assumed that only
monomeric emission occurred. Doubling of the BNCDI®®
dopant rate (1.5%) resulted in a small bathochromic shift of
the first emission band and an increase of the 0-1 transition.
However, when such monomers begin to aggregate, the 0-1
transition commonly increases as it was for similar aggregated
PDIs.”” ”® Moreover, a new broad band arose (610-800 nm)
with a maximum around 705 nm. With increasing the dopant
rate an emission signal in the dark red region (690-730 nm)
was visible which was, again, indicative for the aggregates
emission.”



Comparing the experimental results for BNCDI¥ and BNCDI®®
several conclusions were drawn. For the same dopant ratios
(0.75% and 1.5%) monomeric emission for BNCDI®® was
detected but not for BNCDI®. This led to the conclusion that
the diisopropylphenyl substituent of BNCDI® was more

efficient to prevent aggregation than the cyclohexyl-
substituent of BNCDI®. This observation was in good
agreement with knowledge obtained from the PDI

derivatives.”*

The difference between the BNCDI and BNCDI®® in the
PMMA films was also investigated by optical microscopy. In
the BNCDIY/PMMA blend needle-like agglomerates75 were
observed whereas nano—spheres76 in the BNCDIDip/PMMA
blend could be detected (see ESI, Fig. SI36).

From the luminescence experiments at low temperature and
in PMMA blends, the conclusion could be drawn that the imide
substituents had a strong influence on the aggregation in the
solid-state resulting in tuning the luminescence properties.
These preliminary experiments were good indicators for the
performance of both BNCDIs in organic light-emitting diodes
(OLEDs).

Thermal properties

The thermal properties of both BNCDIs were investigated to
evaluate their stability towards evaporation for organic
devices. For both BNCDIs decomposition occurred at
temperatures higher than 390 °C, indicated by 5% mass loss
which are comparable to the respective PDI°® and PDI? (see
ESI, Fig. Sl44). This analysis underlines the concept of
condensing labile azaborine units with thermally stable PAH
structures and suggested sufficient stability for thermal
evaporation processes. Additionally, in a dynamic scanning
calorimetry (DSC) experiment, no glass-transition temperature
(Tg) in the range of -80 °C to 300 °C could be measured (see
ESI, Fig. SI45 and SI46). Due to their amorphous characteristics,
their morphological stability during the fabrication processing
of OLEDs was therefore envisaged.

Organic Field Effect Transistor (OFET)

To study the charge transport ability of BNCDIs, the material
that was shown to aggregate more, BNCDI® was integrated
into a bottom-gate bottom-contact n-type OFET device. The
characteristics of the OFET were measured in linear and
saturated regime (i.e. Vps =20 V and Vps = 50 V).

The linear field-effect mobility was estimated to be
Mee = 1.02 x 10® cm?® V' s while in the saturated regime, field-
effect mobility was pge =4.34 x 108 cm? V' s The classical
electrical parameters of OFET were defined by its low
conductivity (Me =3.42 x 10%em? V' s, low on/off-current
ratio (lon/loff = 36) and high threshold voltage (Vi, = 21 V). The
OFET device was also annealed at 150°C to induce

reorganization of the semiconducting layer. At this
temperature, the linear field-effect mobility was slightly
increased to g =2.68 X 10® cm? V' s and the threshold
voltage was shifted (Vg =16 V) due to a decreased defect
density in the device. This result showed that the BNCDIs in
general are capable of electron transportation in organic
devices.

Organic Light Emitting Diode (OLED)

After the preliminary evaluation of the solid-state
luminescence in the PMMA matrix had revealed promising
optoelectronic and thermal properties, we used both BNCDIs
in multilayer organic light-emitting devices (OLEDs). Because
no oxidation was recorded, the use of a host matrix with
matching HOMO-LUMO levels was necessary; moreover; this
was expected to prevent ACQ effects. Therefore, 4,4’-bis(N-
carbazolyl)-1,1’-biphenyl (CBP) or 4,4'-bis(2,2-diphenylvinyl)-
1,1'-biphenyl (DPVBi) were used as host and the respective
BNCDIs as guest.

The general set-up for the OLEDs was ITO/CuPc (10 nm)/a-NPB
(40 nm)/ TCTA (10 nm)/EML (20 nm)/ TPBi (50 nm)/LiF
(1.2 nm)/Al (100 nm) (see ESI). We co-sublimed the BNCDIs
with two different blue-matrices defining the weight-ratio by
adjusting the partial pressure of the respective substrates.

The first OLED devices (A-B) with doping ratios of 1.5% and 3%
BNCDI® were constructed with CBP as a matrix to a draw
direct conclusion to the reported BNPDIY OLED®. The
observed electroluminescence spectra revealed two main
emission bands at 400 nm, arising from the host, and a
broader emission at 550 nm from the BNCDI® (Fig. 8, left). The
occurrence of the host’s emission indicated insufficient charge
transfer or aggregation in the device. However, the increase of
the doping ratio (device A/B) decreased the performance of
the OLED. The luminance (442/317 cd/m’) and the EQE
(0.7/0.6%) of both devices were at a low level compared to the
reported BNPDI® OLED (EQE values up to 1.5% and luminance
(>1000 cd/m?)).**

Since these devices’ performances were insufficient, another
host (DPVBIi) was used as a matrix and with a dopant rate from
1.1% to 9.3% BNCDI® (devices C-E, Fig.8, middle). The
observed electroluminescence for device C showed two
significant bands at 450 nm, from the host, and 540 nm, from
BNCDICV, resulting in a turquoise light (x =0.252, y =0.344).
Device C exhibited an EQE of 1.4%, a brightness of 1001 cd m'z,
low turn-on voltage (V,, = 4.2 V) and a power efficiency of
1.3 Im W™, The raise of the dopant rate to 9.3% (device E)
decreased the overall performance of the device (Table 3).
Presumably, with a higher dopant ratio of BNCDICV, ACQ
processes are favoured which was
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Fig. 8 Electroluminescence spectra of devices A-B (left) with BNCDI® and CBP matrix, devices C-E (middle) with BNCDI® and DPVBi matrix, devices G-J (right) with

different dopant rate of BNCDI®”? in DPVBi matrix.

Table 3 Electroluminescent performance of devices A-J. The best parameters are highlighted bold.

Host Doping ratio (%) EQE® (%) cd/A? Im/wW? Vo," (V) |Luminance® (cd/m?)|  CIE (x; y)
CBP: 15A 0.7 1.5 0.5 5.0 442 0.309; 0.415
BNCDI® 3.0B 0.6 13 0.4 6.0 371 0.308; 0.417
. 1.1C 1.4 3.3 1.3 4.2 1001 0.374;0.431
DPVBI(:Y 14D 1.4 2.7 1.1 4.3 842 0.327;0.416
BNCD! 9.3E 0.3 0.4 0.1 4.8 117 0.298; 0.339
0.6 F 1.5 2.7 1.3 3.7 800 0.317; 0.346
. 1.1G 13 1.8 0.9 3.7 530 0.347; 0.336
DPVB::ip 1.2H 1.1 1.6 0.7 3.6 480 0.357;0.336
BNCD! 2.11 0.9 13 0.6 3.7 380 0.376; 0.342
3.0J 0.8 1.0 0.5 4.0 275 0.375;0.324

2Recorded at 10 mA/cm?.® Recorded at luminance of 0.1 cd/m? (£ 0.2 V). “Recorded at 30 mA/cm?.

expected from the experiments in the PMMA blend and as
well in the OLED consisting of BNPDIV.*® Since the best
matrix/dopant interaction was obtained with DPVBi in the
previous devices, devices F-J with BNCDI?? were fabricated
with the same matrix. Since the only difference between
BNCDIY BNCDI?® their supramolecular

arrangement and not their optoelectronic properties, a direct

and was in
conclusion towards the effect of the imide bands can be
drawn. Interestingly, device F exhibited also two main bands
located at 460 nm and with slightly higher intensity at 560 nm
resulting from the matrix and the BNCDI® (Fig. 8, right). The
latter band showed a small shoulder which might be related to
the vibronic structure of the BNCDI core. The CIE coordinates
(device F: x=0.317; y=0.346) are close to white light
(x =0.330; y = 0.330). Moreover, device F exhibited an EQE of
1.5%, a brightness of 800 cd m?, and a power efficiency of 1.3
Im W™ Upon increasing the amount of BNCDI® (devices G-J)
the overall intensity decreased whereas a new band at 690 nm

occurred. This might be related to aggregation processes since
Dip

a similar band was observed in the blend of BNCDI"™™ with
PMMA (Fig. 7). By increasing the dopant ratio, the
performance of these devices decreased significantly.

Interestingly, devices G-J showed light emission at the region

of white light (all CIE charts are to be in the ESI, Fig. SI52 and
SI53).
Discussion of the device performances

The observed smaller HOMO-LUMO gap induced by the lateral
BN-expansion of a PDI to a BNCDI and enhanced photophysical
properties compared to the CDI motif could be transferred to
several organic light-emitting devices using a host-guest set-
up. We observed, however, that the integration of two hexyl
chains on the BN-motif could not overcome the general
problem of aggregation which is common in rylene diimides
due to strong m-m interactions. This diminished the
performance of the OLED devices with increasing doping rate
of BNCDI. This is in line with the poor electron mobility
(Me = 10% cm? v s'l) of the neat material in an OFET device
which is most likely due to morphological disadvantages.
Furthermore, this is also supported by the fact that an
improved performance after the reorganization of the film via
annealing was observed (see ESI). To obtain higher electron
mobility, appropriate (fluorinated) alkyl chains could be

introduced to the nitrogen atom of the BN-motif or on the
imide position of the BNCDI. While this is likely to increase
OFET performance, a decrease in the performance in an OLED
device due to a dense packing of the cores is to be expected.




Despite advantages in fluorescence quantum vyields and
excitation energy gap reduction, a planar BN-coronene core in
itself seems insufficient to increase the electron mobility; the
values obtained by us are similar to a structurally similar
thiophene-substituted PDI (p, = 10°ecm® V' s7) to cDI
(Me = 10*em?vish) 7.

However, in combination with matrices, better OLED
performance properties could be accessed (EQE up to 1.5%)
compared to common PDIs (EQE up to 0.638%)"® or
heteroatom bay-annulated PDI (EQE up to 0.06%).”°

Conclusions

In summary, we present the synthesis of regioisomerically
pure BNCDIs via a BN-annulation reaction starting from PDI
precursors. Initially, the optoelectronic properties BNCDIs
were investigated and compared to its all-carbon coronene
diimides: A large bathochromic shift (40 nm) and a higher
e compared to their carbonaceous congeners were observed.
In fact, it was found that the BN-extension overcame the
inferior photophysical properties which were observed for the
CC-extension from PDI to CDI. DFT calculations showed that
the BN-substitution stabilized a perylene-like HOMO whereas a
CC-substitution leads to a coronene-like HOMO. This concept
might be extendable to all cases where lateral m-extension of
PAHs leads to inferior optical properties.

Moreover, the effect of the imide substituents (cyclohexyl or
diisopropylphenyl) for the BNCDIs was investigated in solution
(ambient and low temperature) and solid-state matrices
(OLEDs and PMMA): It was found that the cyclohexyl motif was
less effective in preventing aggregation-caused quenching
(ACQ) than the diisopropylphenyl substituent.

In addition to the examination of their redox properties,
thermal stability (Tq5 >390 °C), the charge transfer behaviour
was investigated in a n-type OFET (W, = 10% cm? v s'l). The
rich chemistry for postfunctionalization of rylene diimides®
should allow further modification for this n-type organic
semiconductor to access lower lying LUMOs by stabilizing it
with cyano groups81 or halides.®

Both BNCDIs were deployed in host matrices in a multi-stack
OLED setup. Apart from being non-luminescent in the
aggregated state, by blending the BNCDIs with a blue-emitting
matrix it was demonstrated that white light emission in a
multi-layered OLED device (x=0.317; y=0.346) could be
achieved. Overall, the OLED performance was characterized
with a maximum EQE of 1.5%, low turn-on voltage (V,, = 3.6 V)
and a luminance up to 1001 cd/mz. However, to further
increase the efficiency of BNCDIs in OFETs/OLEDs,
modification of the imide function, e.g. by sterically
demanding terphenyl imide substituents,sz’ 8 can be directly
implemented.
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Footnote

" Electronic supplementary information (ESI) available. See DOI:
10.1039/x0xx00000x
Although this is often referred to as the LUMO, and Table 2 is
resented as E o, We wish to point out that actually the LUMO
cannot be measured in this way, as it is not defined
electrochemically.




