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1,4-Azaborine as a controller of triplet energy,
exciton distribution, and aromaticity in
[6]lcycloparaphenylenest

Jie Wu, €27 Yuhe Kan,*” Zhenhua Xue,? Jintian Huang,® Peng Chen,? Xiaofang Yu,’
Zeyu Guo® and Zhongmin Su (2 *¢

Cycloparaphenylenes (CPPs) have attracted the attention of researchers in various fields because of
their unique properties, but studies and applications on host materials in the optoelectronics field are
lacking. We undertook preliminary exploration and finally selected 1,4-azaborine and [6]CPP as the basic
building blocks to construct a series of BN-[6]CPP hybrids. BN-[6]CPPs with various triplet energies
(Er = 1.66-3.52 eV) could be the potential hosts in full-color phosphorescent organic light-emitting
diodes (OLEDs). DFT/TDA-DFT calculations showed that introduction of 1,4-azaborine rings at different
positions of the [6]CPP hoop could efficiently control delocalization (localization) of triplet excitons and
T,-state aromaticity (non-aromaticity), and thus varied with the Et. This work provides not only an
efficient strategy for realizing E1 controllability for CPP-based materials by chemical modification of CPP
frameworks, but also theoretical guidance for the design and prediction of novel hoop-shaped materials

rsc.li/materials-c

Introduction

In recent years, cycloparaphenylenes (CPPs) have attracted the
attention of researchers in various fields because of their unique
properties, such as their atomic structure (i.e., geometry, back-
bone strain, aromaticity, and quinoid character)'™ and photo-
physical properties,® " as well as selective syntheses,">™** optical
properties in experiments,">” and theoretical modeling.'®>'
Those studies have indicated that most of the properties for
CPPs are strongly dependent on the size of the CPP hoop (small,
large, odd, or even).'®?**

Small [#]CPPs (n = 5 and 6) have the obvious quinoid
character of the carbon bonds” and strong electron delocaliza-
tion over the whole hoop in the ground (S,) state, which are
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with high Et in the organic optoelectronics field.

essential for electron transfer and photo-excitation in the CPP
hoop, and thereby effective for realizing low-band gap materials.
However, small [r]CPPs have been confirmed to be unsuitable as
luminescent materials, from three main pieces of evidence. First,
due to the low band gap, the emission spectrum of small CPPs
has been predicted to be in the near-infrared region theoretically
but is absent in the visible spectral range in experiments.'®
Second, theoretical calculations have shown the lowest excited
singlet (S,) state to be optically forbidden due to high symmetry,
and that the transition density of this state is uniformly smeared
around the hoop.? Third, the fluorescence quantum yield ()
varies significantly with the size of the ring. In particular, the ® of
[6]CPPs is 0.0, indicating that the singlet excited state deactivates
by non-radiation transition rather than radiative process.”
Compared with small CPPs, large [r]CPPs (n = 9-16) have
been shown to be excellent emitters with higher @ of 0.30-0.90,
and the fluorescence maxima become strongly blue-shifted with
an increase in molecular size.>'*?® This is rationalized by the
fact that self-trapping of the lowest excited state due to electron—
phonon coupling leads to the formation of spatially localized
excitation in large CPPs within 100 fs.” This information leads us
to ask whether in the T; state there is a similar exciton localiza-
tion on a length scale of several rings in large CPPs and whether
the triplet energies increase with increasing CPP hoop size. If so,
can large CPPs with high triplet energy (Er) be used as host
materials for phosphorescent organic light-emitting diodes
(OLEDs)? Indeed, in larger [n]CPPs (n = 9-12), the triplet
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excitons were confirmed to be localized on several phenyl rings®
but the E; shows a slow increase from 1.96 to 2.10 eV, from
[9]CPP to [12]CPP.""” The ultra-low E; cannot meet the most
essential requirement of a host material because the Er of the
host must be higher than that of the phosphorescent guest to
prevent efficient back-transfer of energy from the guest to the
host.>”*° This is probably the main reason why [7]CPPs and their
derivatives have not been studied as host materials. Accordingly,
is it possible to construct a host material with high Er through
effective chemical modification of the CPP framework if the size
of the CPP is fixed? It has been confirmed that doping of nitrogen
into [8]CPP and an increase in nitrogen content has little influ-
ence on the distributions and energies of the highest occupied
molecular orbitals (HOMOs) and the lowest unoccupied mole-
cular orbitals (LUMOs). Moreover, doping donor-acceptor moieties
into the nanohoop can effectively decrease the HOMO-LUMO
energy gap.”>*" These results suggest that these doping methods
are not conducive to increasing the Er in the host material.

Based on these findings, we preliminarily conceived that a
molecule with a high Er might have T;-state localized distribution.
Besides, the Er should be sensitive to the chemical group where
the triplet excitons are localized. To meet this requirement, the
electron densities first should be asymmetrically distributed at the
CPP hoop. How effective is chemical modification of a CPP
framework in breaking the symmetry of the CPP hoop and
further realizing a wide band gap?

The substitution of one C-C unit of benzene with its
isoelectronic BN unit (BN/CC isosterism) gives rise to the three
mono-BN substituted benzenes 1,2-azaborine, 1,3-azaborine,
and 1,4-azaborine, as shown in Fig. 1. Compared with the parent
benzene, azaborines have less aromaticity in varying degrees
from 1,2-azaborine to 1,4-azaborine.’” This feature originates
from the fact that the dipolar nature of the B-N unit would
significantly alter the electronic properties and intramolecular
interactions of the benzene n system due to the different
electronegativities and bonding abilities of B and N.**** BN/CC
isosterism has emerged as an attractive strategy to expand the
chemical space of compounds relevant to biomedical research
and optoelectronic materials.>**!

This information inspired us to ascertain if the introduction
of the B-N unit into the benzene of [r]CPP can break the high
delocalization of electrons over the CPP hoop to further help
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Fig. 1 Four patterns of mono-BN substituted heterocycles.
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Fig. 2 Five substitution patterns of mono-BN-substituted [6]CPP systems.

.

localization of T; excitons at a side of the CPP hoop. When
considering that a large [1]CPP (n > 8) or odd-numbered CPP
itself may have localization of T, excitons, we selected a small
and even-numbered CPP (ie., [6]CPP) as the fixed framework
and conceived five possible BN-substitution patterns by intro-
ducing a mono B-N unit into a benzene ring (i.e., substitution of
a benzene ring with an azaborine unit) or at the bridge between
neighbouring benzenes in [6]CPP, as presented in Fig. 2. We
investigated the T;-state properties of the parent [6]CPP, and the
results showed that the E; value was 1.55 eV and the triplet
excitons were symmetrically delocalized over the [6]CPP hoop.
Then, by judging which pattern can efficiently confine triplet
excitons to a side of the [6]CPP hoop and thus improve the Er.
compared with that of [6]CPP, we screened out the most optimal
BN-substitution pattern as the starting point in our real design of
BN-substituted [6]CPPs through quantum-chemical DFT/TD-DFT
methods (Scheme 1).

Triplet Exciton Distribution

/-\
CBN f— 0?

heterocycle °
[6]CPP framework

Scheme 1 A design concept for doping mono-BN-substituted heterocycles
into the [6]CPP hoop.
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Preliminary exploration: mono-BN-
heterocycle-substituted [6]CPPs

Herein, we started our preliminary exploration. The specific
mono-BN-substituted [6]CPP systems and the related data of
the electronic properties of the triplet state are given in Table 1.
For BN(1)-[6]CPP and BN(2)-[6]CPP (1,4-azaborine-substituted
[6]CPPs), the values of Er (1.66 and 1.67 eV, respectively) were
slightly higher than that of [6]CPP. For the other three patterns,
(BN(3)-{6]CPP to BN(5)-[6]CPP), the values of Er (1.47-0.55 €V)
decreased in varying degrees compared with that of [6]CPP.
Considering the fact that Er is dominated by distribution of
the triplet wavefunction, we carried out a Mulliken population
analysis to characterize the spin density distribution of unpaired
electrons in the triplet state (i.e., distribution of the triplet
exciton). As expected (see Table 1), in all mono-BN-[6]CPP
systems, the triplet excitons were asymmetrically distributed
at a side of the hoop. The major difference was that the triplet
excitons for BN(1)-[6]CPP and BN(2)-[6]CPP (1,4-azaborine-
substituted [6]CPP) were mainly localized at the quinquephenyl
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moiety, whereas they were at the BN heterocycle and adjacent
benzene moieties for the other three patterns (BN(3)-[6]CPP to
BN(5)-[6]CPP). These results suggested that the localization of
T, excitons did not always help the increase in Er, and that the
Er largely depends on where the triplet excitons are localized.
For example, from the perspective of the distribution of triplet
excitons, BN(4)-[6]CPP and BN(5)-[6]CPP are similar to each
other, but have a great disparity in the Er.

Spin density distribution can shed light onto the final
distribution of the triplet excitons but cannot provide a detailed
description of the excited states. To ascertain the influence of
different mono-BN-substitutions at the [6]CPP on the transition
nature of the T state, we performed TD-DFT calculations for all
mono-BN substituted [6]CPP systems at optimized T; geometries.
The transition nature and main composition are collected in
Table S2 (ESIT). Based on TDA-DFT calculations, the approach of
natural transition orbitals (NTOs)** was employed to realize the
visualization of holes and electrons. Additionally, the transition
density matrix (TDM)**** was analyzed to study the spatial span
and primary sites of electron transitions. As presented in Table 1,

Table 1 Spin density (SD) distribution, £, NTOs, and TDM diagram of mono BN-[6]CPP compounds based on a TDA/LC-wPBE calculation at the
Ti-state geometry. The geometries are marked along the circle in a clockwise direction

NTO

Compounds Er; (eV) Spin density (isoval = 0.005) Hole

Electron Geometry (marked) TDM

[6]CPP 1.55

BN(1)[6]CPP  1.67

BN(2)-[6]CPP  1.66

BN(3)-[6]CPP 1.47

BN(4)[6]CPP  1.36

BN(5)}[6]CPP  0.55
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the T excitation for [6]CPP was identified as the local transition
(LT) occurring at the carbon atoms between every two neigh-
bouring benzene rings and the coherence was strong. The
transitions for BN(1)-{6]CPP and BN(2){6]CPP showed the LT to
occur within the bent quinquephenyl moiety (ring 2-6), whereas
there was little contribution from 1,4-azaborine (ring 1). However,
BN(3)-[6]CPP showed an obvious LT between 1,2-azaborine (ring 2)
and the neighbouring benzene (ring 3) near B and N atoms. The T
transition of BN(4)-[6]CPP showed that the LT mainly occurred
between 1,2-azaborine (ring 3) and the two neighbouring benzenes
(ring 2 and 4) with a weak coherence between 1,2-azaborine and
farther benzenes (ring 1 and 5). In contrast to the findings stated
above, for BN(5){6]CPP, an obvious charge-transfer (CT) character
was visualized in the T; transition, which brought about a great
decrease in the Er (0.55 eV) compared with those of all other
mono-BN [6]CPP systems. This observation could be attributed to
the fact that the large electronegativity difference between B and
N atoms of the B-N bond located at the two points of contact
between neighbouring benzene rings markedly polarized the
[6]CPP hoop into two parts (the donor: B-heterocycle moiety; the
acceptor: N-heterocycle moiety). Therefore, the BN-substitution
pattern in BN(5)-[6]CPP could not be employed in the molecular
design in the next section. The following analyses are only for the
azaborine-substituted [6]CPP systems.

To understand why different azaborine substitutions in the
fixed [6]CPP framework can bring such different influences on
the T; transition nature of azaborine-[6]CPPs, we analysed the
contribution of molecular orbitals (MOs) to NTOs of holes
and electrons. The results indicated that, for four isomeric
BN-[6]CPP systems, the contribution to the hole and electron
(pairs of NTOs) mainly arose from MO120 and MO121, respec-
tively. Then, we carried out molecular orbital correlation (MOC)
for four isomeric [6]CPP systems to ascertain the contributions of
each fragment MO to the entire MOs. Four isomeric BN-[6]CPP
systems, as depicted in Fig. S2 (ESIt), could be divided into
fragment I (azaborine heterocycle) and fragment II (bent quin-
quephenyl moiety). MOC diagrams show that the contributions
to MO120 and MO121 in BN(1)-[6]CPP and BN(2)-[6]CPP basically
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arose from the bent quinquephenyl moiety. However, for BN(3)-
[6]CPP or BN(4)-[6]CPP, the azaborine and bent quinquephenyl
moieties contributed equally to MO120 and MO121. Through the
analyses mentioned above, it can be concluded that the intro-
duction of 1,2-azaborine or 1,3-azaborine in [6]CPP caused a
strong electronic coupling between the BN-heterocycle and the
bent quinquephenyl moiety. This brought about the self-trapping
of triplet excitons within the electron-coupling moieties, and
consequently the Er was lower than that of [6]CPP. The strong
electronic coupling between the 1,2-, 1,3-azaborine and bent
quinquephenyl moiety led to a decrease in the Er value, so it
can be inferred that the E value could decrease with an increas-
ing number of 1,2- and 1,3-azaborine rings in the [6]CPP hoop.
Therefore, the BN-substitution patterns in BN(3)-[6]CPP and
BN(4)-[6]CPP also could not be employed in the molecular design
in the next sections. By contrast, introducing 1,4-azaborine into
[6]CPP could effectively hinder electron delocalization over the
whole hoop, confine the triplet excitons to the bent quinque-
phenyl moiety, and further improve the Et value compared with
that of [6]CPP. Thereby, the substitution patterns of BN(1)-
[6]CPP and BN(2)-[6]CPP could be superior to the other patterns
for improving the Er. Consequently, we selected BN(1)-[6]CPP
and BN(2)-[6]CPP as the starting points in our real search for
host materials with a high Er.

Real search

Starting from BN(1)-[6]CPP and BN(2)-[6]CPP, we constructed
two sets of BN-[6]CPP derivatives, as displayed in Fig. 3(a)
and (b), respectively. In the following sections, all related con-
tents were carried out according to the two parts. Each part was
subdivided into two categories according to the different sub-
stitution positions of 1,4-azaborine in the [6]CPP hoop. Here, “0”
and “p” represent the ortho- and para- positions of substitution
in the [6]CPP hoop, respectively. 0-nBN-[6]CPP represents the
[6]CPP derivative substituted by n 1,4-azaborines at the ortho-
positions of the [6]CPP hoop.

(b)

98

BN(2) [6]CPP framework

BN(2)-[6]CPPs

B/__—\N
p —— 4 m
. CN@BD
m=1-3
p-2mBN(2)-[6]CPP

n=1,2,4
o0-nBN(2)-[6]CPP

Fig. 3 (a) BN(1)-substituted [6]CPP compounds at the ortho- and para-position of the [6]CPP hoop, respectively. (b) BN(2)-substituted [6]CPP at the

ortho- and para-position of the [6]CPP hoop, respectively.
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Taking [6]CPP as a reference, we investigated the variation
of the E; values and the triplet excitons for BN-[6]CPP deriva-
tives with different substitution patterns and the number of
1,4-azaborine rings in [6]CPP, as displayed in Fig. 3. The results
for BN(1)-[6]CPPs and BN(2)-[6]CPPs correspond to the right
and left parts in Fig. 4, respectively. The right part shows that,
from [6]CPP to 0-nBN(1)-[6]CPP (n = 1-5), each additional
1,4-azaborine ring could bring a steady increase in the Er values
of approximately 0.07 eV. However, p-2BN(1)-[6]CPP and
p-4BN(1)-[6]CPP (1,4-azaborines lay at the para-positions of
the [6]CPP hoop) showed a marked increase in the E; values
of 0.43 and 0.77 eV, compared with their isomeric 0-2BN(1)-
[6]CPP and 0-4BN(1)-[6]CPP, respectively. 6BN(1)-[6]CPP had the
highest Er value (3.26 eV) of all BN(1)-[6]CPP derivatives.
Similar trends in the evolution of the E values were observed
for BN(2)-[6]CPP derivatives in the left part of Fig. 4. The main
difference was that the increases in the E; values for BN(2)-
[6]CPP derivatives were much more pronounced than those for
the corresponding BN(1)-[6]CPP derivatives compared with the
parent [6]CPP. Taken together, introducing 1,4-azaborines at
the para-positions of the [6]CPP hoop was more efficient than
that at the ortho-positions of [6]CPP in improving Ey. Moreover,
for p-BN-[6]CPP derivatives (1,4-azaborine substituted [6]CPPs
at the para-position of [6]CPP), the E; values ranged from
2.16 to 3.52 eV.

Visualization of triplet exciton distribution helps explain
these trends of the E; values for all BN-[6]CPP derivatives. From
Fig. 4, we find that, in 0-nBN-[6]CPPs (including 0-nBN(1)-[6]CPPs
and 0-nBN(2)-[6]CPPs), the triplet excitons were localized at the
bent phenylene unit and that the localization area gradually
shrank as the number of 1,4-azaborine rings increased. By con-
trast, the triplet excitons of p-2mBN-[6]CPP (m = 1-3) were deloca-
lized over the entire hoop, with a slight decrease in the spin
density around the 1,4-azaborine rings. Especially for p-2mBN(1)-
[6]CPP (m = 1-3), the boron atoms made little contribution to
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the distribution of triplet excitons. Moreover, the triplet exci-
tons of p-2mBN(2)-[6]CPP were dispersed over the entire hoop.
In particular, the triplet excitons of 6BN(2)-[6]CPP were evenly
delocalizated over the entire hoop. Furthermore, bond length
deviations (BLDs) between S, and T; geometries for 0-2BN-
[6]CPPs (Fig. S4, ESIt) were mainly concentrated on the bent
phenylene unit whereas 1,4-azaborine rings were nearly invari-
able. For p-2BN-[6]CPPs, however, the BLDs appeared in the
whole [6]CPP hoop.

A combination of the E; and distributions of the triplet
excitons showed that the delocalization of T, excitons over the
entire hoop could be superior to the localization of T, excitons
at the bent phenylene unit for holding a high Er in two isomeric
[6]CPPs (such as p-2BN-[6]CPP and 0-2BN-[6]CPP). To provide a
rational explanation to this finding, we performed the NTO and
TDM analysis based on TDA-DFT calculations.*

As presented in Tables 2 and 3, from [6]CPP to 0-5BN(1)-
[6]CPP (0-4BN(2)-[6]CPP), the T, transitions consistently reflected
LT within the bent phenylene unit, whereas the coadjacent
1,4-azaborine units formed a collective ‘“defect’” and almost did
not participate in the T, transition.

Therefore, as the number of 1,4-azaborine units increased,
the bent phenylene unit gradually shrank and the Ey presented
a steady and slow increase. However, for p-2mBN(1)-[6]CPP
(p-2mBN(2)-[6]CPP) (m = 1, 2), the T, transitions involved the
entire hoop and the coherence between pure benzene rings was
stronger than that between 1,4-azaborine units and other rings
in the [6]CPP hoop. This phenomenon could be because the
strong coherence between pure benzene rings in the T, state
weakened the “hindrance effect” of the 1,4-azaborine unit
itself, which brought about participation of 1,4-azaborine units
in the T, transitions to some extent. Therefore, the E values of
Pp-2mBN(1)-[6]CPPs (p-2mBN(2)-[6]CPPs) were noticeably higher
than those of 0-nBN(1){6]CPPs (0-nBN(2)-[6]CPPs) (here, n equals 2m)
due to participation of 1,4-azaborine units with high E; values
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g .
bof ‘& 3.87 eV 6BN(1)-[6]CPP
0¢
L 3 B
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Fig. 4 Triplet energies and spin density distribution for all BN-[6]CPP derivatives.
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Table 2 NTOs and TDM diagram of BN(1)-[6]CPP compounds based on TDA/LC-wPBE calculations at the T, state geometry. The geometries are

marked along the circle in a clockwise direction

NTO

Compounds Hole Electron

Geometry (marked)

0-2BN(1)-[6]CPP

0-3BN(1)-[6]CPP

0-4BN(1)-[6]CPP

0-5BN(1)-[6]CPP

p-2BN(1){6]CPP

p-ABN(1)-[6]CPP

6BN(1)-[6]CPP

(3.87 eV) in the Ty state. Moreover, the coherence of the transi-
tions in the whole hoop in p-2mBN(1)-[6]CPP was obviously
weaker than that in p-2mBN(2)-[6]CPP. This phenomenon could
be because the absence of boron atoms in the transitions
weakens the level of electron delocalization at the hoop in
p-2mBN(1)-{6]CPP. This hypothesis rationalizes the result that
p-2mBN(2)-[6]CPPs have higher triplet energies than the corres-
ponding p-2mBN(1)[6]CPP. In 6BN-[6]CPP with six 1,4-azaborine
rings, the electron-delocalization ability of 1,4-azaborine itself
is embodied due to the absence of benzene rings in the
hoop. Hence, the TDM diagram for 6BN-[6]CPP showed the
strong coherence of the T; transitions within the respective
1,4-azaborine rings. Specifically, for 6BN(1)-[6]CPP, there were
two parts of the coherences of the T, transitions, and each
coherence was related to LT between adjacent three rings, and
the boron atoms in 1,4-azaborine rings barely participated in

This journal is © The Royal Society of Chemistry 2017
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the T, transitions. However, for 6BN(2)-[6]CPP, the T, transitions
not only occurred widely between all 1,4-azaborine rings in the
whole hoop (i.e., ICT) but also corresponded to very strong LTs
occurring within the respective six 1,4-azaborine rings (i.e., self-
trapping of T, excitons). Therefore, 6BN(2)-[6]CPP had a higher
Er than 6BN(1)[6]CPP due to the full participation of 6BN(1)-
[6]CPP in T, transitions. As concluded above, NTO and TDM
analyses fully confirmed the participation of 1,4-azaborine in the
T, transitions from the viewpoint of types and primary sites of
electron transitions, and that the participation of 1,4-azaborine
could improve the E; value because 1,4-azaborine itself has
a high Er.

As is well known, sufficient delocalization of electrons at the
hoop is necessary for the aromaticity of a molecule. In turn,
a molecule with strong aromaticity must surely be a highly
delocalized system. Taubert et al. reported that [6]CPP with

J. Mater. Chem. C, 2017, 5, 9088-9097 | 9093


http://dx.doi.org/10.1039/c7tc02336g

Published on 25 July 2017. Downloaded by Xiamen University on 8/23/2018 1:37:57 PM.

Journal of Materials Chemistry C

View Article Online

Paper

Table 3 NTOs and TDM diagram of BN(2)-[6]CPP compounds based on TDA/LC-wPBE calculations at the T, state geometry. The geometries are

marked along the circle in a clockwise direction

NTO

Compounds Hole Electron

Geometry (marked) TDM

0-2BN(2)-[6]CPP

0-4BN(2){6]CPP

p-2BN(2)-[6]CPP

p-4BN(2)-{6]CPP

[6]CPP-6BN(2) m 31
g

4n 7 electrons has a slight antiaromatic character in the S, state,
with a positive nucleus-independent chemical shift (NICS) value.*®
Baird proposed that the aromaticity in the T, excited state should
be reversed from that of the S, ground state on the basis of the
molecular orbital perturbation theory (Baird’s rule).*” This
inspired us to investigate whether [6]CPP with 4n 7 electrons
has T; aromaticity and agrees well with Baird’s rule. NICS has
been widely used for characterization of the (anti)aromaticity in
the S, state or excited state.*®**2> Herein, we calculated the
NICS(1)z, values of [6]CPP and BN-substituted [6]CPPs in the T
state to investigate the aromaticity of the T, state. The NICS(1),
values and total induced current density plots are presented in
Table S2 (ESIt). For [6]CPP with 4n m-electrons, the NICS(1);,
value was positive in S, state (10.5 ppm) but negative in the T,
state (—37.7 ppm), which indicated that [6]CPP had strong
aromaticity in the T, state but antiaromaticity in the S, state,
which agrees well with Baird’s rule. As new [6]CPP isosteres,
BN-[6]CPPs have negative NICS(1), values to different degrees
in the T, state. The NICS(1),, values (—25.3 to —10.3 ppm) of
p-2mBN-{6]CPPs (m = 1-3) were much more negative than those of
0-2BN(1)}{6]CPP and 0-2BN(2)}{6]CPP (—1.99 and —4.37 ppm). The
more negative the NICS(1), value, the stronger was the aromaticity.
For four isomeric 2BN-[6]CPPs, the strength of aromaticity was esti-
mated to be in the order p-2BN(2)-[6]CPPs > p-2BN(1)-[6]CPPs >
0-2BN(2)}[6]CPP > 0-2BN(1){6]CPP. We concluded that introducing
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1,4-azaborine rings at the para-positions of the [6]CPP hoop
efficiently preserved the aromaticity of the [6]CPP hoop whereas,
at the ortho-positions of the [6]CPP hoop, the aromaticity was
weakened or vanished. According to the strength of aromaticity,
we could judge the relative degree of participation of 1,4-azaborine
rings in the electron delocalization and the current pathway in
the hoop in the T, state, which directly influenced Er values for
different BN-[6]CPPs. Hence, for isomeric BN-[6]CPPs including
the same number of 1,4-azaborine units, the stronger the
aromaticity, the higher was the Er value. In addition, as the
number of 1,4-azaborine units increased, the E; value increased
and the aromaticity weakened due to the reduction in the
number of benzene rings. These trends were well reproduced
by a correlation diagram between the aromaticity and Er value
of different BN-[6]CPPs (Fig. 5).

Evaluation of host performance in
phosphorescent OLEDs

A higher T energy than that of the phosphorescent guest, as one
of the most essential requirements of an ideal host material, can
efficiently prevent back-transfer of energy from the guest to the
host. For a series of 1,4-azaborine substituted [6]CPPs, the Er
values varied from 1.66 to 3.52 eV with changes in the number of

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Correlation diagram between the NICS(1)zz and E+ values in [6]CPP
and BN-substituted [6]CPPs. The NICS(1),» values are calculated at 1 A
above the hoop center of the [6]CPP hoop using UPBE1PBE/6-31G* at the
T, geometry.

1,4-azaborine and 1,4-azaborine-substituted positions at the
[6]CPP hoop. From the viewpoint of the match of the E; levels
between host and guest, 0-nBN-[6]CPPs with E; values around
2.0 eV as hosts may be more suitable for near-infrared emitting
phosphorescent OLEDs. Excitingly, p-2mBN-[6]CPP (m = 1-3)
with the Ey values of 2.16-3.52 eV could be the potential hosts
in full-color phosphorescent OLEDs.

In addition, a good host material is required to have high
HOMO and low LUMO levels for reducing charge injection
barriers from neighboring layers and electrodes, thus lowering
the driving voltage of the device. As displayed in Fig. S3 (ESIt),
the LUMO levels (from —1.11 to —1.79 eV) of p-2mBN-[6]CPPs
were lower than that of Alg3 (—1.09 eV) with excellent electron-
transporting property. Simultaneously, except for 6BN(1)-[6]CPP,
the HOMOs (from —5.33 to —5.67 eV) of the other selected
systems were obviously higher than that of mCP (—5.90 eV) with
only hole-transporting properties. These features showed that
p-2mBN-[6]CPPs (m = 1-3) could be expected to present reduced
energy barriers for hole- and electron-injection properties, thus
lowering the driving voltage of the device.

Conclusions

This work was carried out progressively according to the principal
aim of pursuing high Er CPP-based materials based on quantum-
chemical DFT/TD-DFT calculations. The design process was
divided into two stages: preliminary exploration and real search
for CPP-based materials with a high E;. A large amount of
preliminary exploration showed that the introduction of only
1,4-azaborine among all mono-BN-heterocycles into a [6]CPP
framework could improve the Er value. In the real search, we
designed a series of 1,4-azaborine-substituted [6]CPPs (BN-[6]CPPs).
Excitingly, the Er values varied significantly from 1.66 to 3.52 eV,
suggesting that BN-[6]CPPs could be the potential hosts in full-color
phosphorescent OLEDs.
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We gave an in-depth analysis on the various Er values for
different BN-[6]CPPs, particularly o-BN-[6]|CPPs and p-BN-[6]CPPs,
from many aspects, such as triplet exciton distribution, triplet
transition nature, and T; state aromaticity, by employing NTO,
TDM, and NICS approaches. Analyses of NTOs and TDM showed
that the adjacent 1,4-azaborine rings in 0-BN-[6]CPPs presented a
collective hindrance effect on electron transitions in the [6]CPP
hoop, which led to localization of the triplet excitons at the bent
phenylene unit. However, in p-BN-[6]CPPs, the strong coherence
between pure benzene rings in the T; transitions weakened the
hindrance effect of the separated 1,4-azaborine units, which led
to the delocalization of triplet excitons over the entire [6]CPP
hoop. Distribution of T; excitons at 1,4-azaborine units was
responsible for the obvious increase in Er values of p-BN-[6]CPPs
compared with parent [6]CPP because 1,4-azaborine itself has a
high E;. Moreover, the NICS values showed [6]CPP and p-BN-
[6]CPPs to be isosteres with 4n m-electrons having strong
aromaticity in the T, state but antiaromaticity in the S, state,
which followed Baird’s rule. Moreover, the strength of T,
aromaticity, which was applied as an indicator of the relative
degree of participation of 1,4-azaborine rings in the delocalization
of T, excitons, rationalized the various Ep values for different
BN-[6]CPPs from another perspective.

The present study provides not only an efficient strategy of
realizing Ey controllability for CPP-based material by chemical
modification of a CPP framework, but also theoretical guidance
for the design and prediction of novel hoop-shaped materials
with a high Er in the organic optoelectronics field.

Computational methods

We used density functional theory (DFT) with PBEO functional™
and 6-31G* basis sets to optimize ground state (S,) structures for
all molecules that we investigated. The adiabatic E; values were
calculated by means of the ASCF method based on the optimized
geometries for T; and S, states. To select a reliable method for
calculating the Er values, in ASCF calculations, the stable geo-
metries of S, and T, states were optimized via DFT and unrest-
ricted DFT methods with a varying fraction of HF exchange,
respectively. For comparison, the vertical T; energies were calcu-
lated based on TDA/LC-wPBE calculations at the S, state geome-
try (note: TDA/LC-wPBE is described in detail below). All test
results for the seven systems by five methods are presented in
Fig. S1a (ESIY). The results indicated that, except for CAM-B3LYP,
the other four methods could produce similar evolutional
tendencies. The results calculated by the CAM-B3LYP method
showed that the E; for [6]CPP was higher than that of [8]CPP,
which was obviously unreasonable. To further verify the
reliability of the DFT methods, we estimated the Ey of [n]CPPs
(n = 8, 10, 12) by PBEO and unrestricted PBEO functional. We
concluded from Fig. S1b (ESIY) that, although the PBEO dis-
played a slight overestimation of the E; (about 0.1 eV), the
overall trend at PBEO was similar to that in the experiment. This
suggests that the PBEO method could be used to estimate
the relative Ey for CPP-based molecules in our work. Hence,
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the spin-unrestricted PBEO (UPBEO) was adopted to evaluate the
stable structures of T; states and to calculate the E; values for
all CPP-based systems. A Mulliken population analysis was
carried out to characterize the spin density distributions of
unpaired electrons in the triplet state to realize visualization of
the distribution of the triplet excitons. Based on optimized T
geometries, we performed TDA-DFT*>*%%® calculations using
non-empirically tuned range-separated (RS) functionals
(LC-wPBE*) for all systems. For the optimization of the RS
parameter , all the single-point calculations were carried out
for the N and N =+ 1 systems using the default SCF convergence
criteria. Therefore, each studied molecule corresponded to a
value of o (see Table S1, ESIt). Based on TDA-DFT calculations,
we used the approach of NTOs to realize the visualization of
holes and electrons of the T, state and plotted the TDM to study
the spatial span and primary sites of electron transitions. MOC
for representative molecules was analyzed using the Multiwfn
program.®® The NICS(1),, values were calculated at 1 A above
the center of the [6]CPP hoop using the UPBE1PBE/6-31G*
at the T; geometry. All calculations on the molecules under
investigation in this work were performed using the Gaussian 09
program.>”
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