Open Access Article. Published on 06 August 2018. Downloaded on 3/31/2026 2:36:45 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

Theoretical investigation of the effects of various
substituents on the large energy gap between
triplet excited-states of anthracenet

i '.) Check for updates ‘

Cite this: RSC Adv., 2018, 8, 27979

Yu Dawei,? Zhang Xiaojuan,® Wang Zhiming,© Yang Bing, ©2° Ma Yuguang @ ¢©
and Pan Yuyu (&*2

The utilization of excitons is key to the effectiveness of organic electroluminescent materials. Recently,
HLCT state materials were shown to use triplet excitons to achieve ultra-high electroluminescence
efficiency. The large energy gap between triplet states (AEt 1) is key for these materials. In the current
computational work, we used the anthracene structure with its large AEt _t, as a template, and to this
skeleton we connected various substituents at different sites to explore the effects of these substituents
on the excited states of the full molecule. We focused on the change of the AE7 1, Based on our
analysis, we concluded the strongly electron-withdrawing substituents and those groups containing
oxygen atoms to have the greater influence on the excited state, and to yield anthracene derivatives no
longer having the large triplet energy difference characteristic of the unsubstituted anthracene molecule.
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Introduction

In electroluminescence processes, electrons and holes are
injected into an emitting layer with random spin orientations
from a cathode and anode, respectively. Driven by an electric
field, the electrons and holes then migrate through the emitting
layer, becoming captured quickly by each other to generate
singlet and triplet excitons or polaron pairs. However, most
organic materials can only use the 25% of the excitons that are
singlet excitons, and the remaining excitons, ie., the triplet
excitons, are wasted as a result of the internal conversion (IC)
rate being much higher than the intersystem crossing (ISC)
rate."® In this process, the use of triplet excitons is the most
effective way to improve the luminous efficiency of organic
electroluminescent materials.”** Recently, the laboratory of
Professor Ma found a new way to increase the utilization rate of
triplet excitons, with this new way involving reverse intersystem
crossing (RISC) through a specific exciton channel to the singlet
state. However, to ensure that this channel is clearly open, there
should be a large energy gap in the triplet state (AEr t,), which
blocks the relaxation of triplet excitons.”*?° Of the molecules
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with very large values of AEy _r,, anthracene is most represen-
tative and is widely used in blue luminescent and charge-
conductive materials.**** In our previous work, we systemati-
cally studied what leads to large AEy, g, values in a series of
acene molecules.”®

In the current work, we instead used the anthracene mole-
cule and carried out a theoretical study of its triplet energy level.
Specifically, the molecular configurations and excited state
properties of anthracene derivatives were investigated. We

focussed on deriving the effects of substituents and
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Scheme 1 Representations of anthracene and its derivatives investi-
gated herein.
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Fig.1 The important bond lengths and dihedral angle of anthracene and its derivatives in the ground-state geometries.

substitution sites on the triplet energy level. The purpose of this
study was to attain an in-depth understanding of the factors
influencing the triplet energy level of these anthracene deriva-
tives. We expect the results of this study to provide experimental
researchers with much useful information for designing and
synthesizing new efficient OLED materials.

Methodology and computational
details
Density-functional theory (DFT) is widely used in the study of

the ground and excited states of small molecules, and the
accuracy of the energy levels of these states as determined using

27980 | RSC Adv., 2018, 8, 27979-27987 This journal is © The Royal Society of Chemistry 2018
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Fig. 2 The highest

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) energy (eV) levels of the

substituents and AN molecules calculated using DFT//wB97X/6-31+G(d.p).

DFT has been widely recognized.>*> In our previous work, we
showed that the description of the ground-state configuration
hardly depended at all on which method or functionals were
used. In order to accurately describe the excited-state mole-
cules, we used the EOM-CCSD and TD-DFT method with 11
functionals, including 2 local functionals (SVWN and PBE), 7
hybrid functionals (BLYP, B3LYP, PBEO, BMK, BH and HLYP,
MO06-2X, MO6HF), and 2 long-range-corrected functionals (CAM-
B3LYP and wB97X), with these 11 functionals used in combi-
nation with the 6-31+G(d,p) basis sets.**** The anthracene and
its derivatives, which geometries and emission maxima used as
fluorescent materials in OLED have been compared to the
available experimental data. Of these methods, those using the
RSH functionals TD-DFT/wB97X provided the results closest to
the corresponding data from EOM-CCSD and the experimental
values. All quantum chemical calculations were carried out
using the Gaussian 09 (version D.01) package on a PowerLeader
cluster.®* Multiwfn software was used to calculate the centroids
of the charges for the excited state and the transition density
matrix for the quantitative composition of the HLCT state.*?

If the character of the triplet excited state can be accurately
described by means of theoretical calculations, and the

This journal is © The Royal Society of Chemistry 2018

influences on the triplet energy gap can be ascertained on this
basis, the molecular design can be targeted and the molecules
synthesized more accurately.

Results and discussions

All compounds in the present work are displayed in Scheme 1.
For this anthracene (AN) series, the methylene (-CHj), aldehyde
(-CHO), cyano (-CN), nitro (-NO,), methoxy (-OCH3), hydroxyl
(-OH) and bromine (-Br) functional groups, each attached to
the AN core through a single bond, served as electron-
withdrawing and electron-donating groups. In the current
work, we investigated two single-site substitutions, specifically
of sites 2 and 9, as well as two double-site substitutions,
specifically of 2,6 and 9,10. These substitutions were chosen to
investigate the influence of peripheral groups (acceptors and
donors) and substitution sites on the optical properties of the
molecule.

Molecular geometries

The molecular structures of our investigated AN system are
shown in Scheme 1. We optimized ground (S,)-state structures

RSC Adv., 2018, 8, 27979-27987 | 27981
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Fig. 3 The dominant "hole”—"particle” contributions of the NTOs of the first excited state of anthracene and its derivatives determined using

DFT//wB97X/6-31+G(d,p).

of these compounds, and the vibrational frequencies were
computed to verify whether these structures are the stationary
points on their potential energy surfaces by checking the
imaginary frequency with the lower-energy structures. The
frequency calculations of the ground state of each of the above
AN molecules showed no imaginary frequency. Selected
important bond lengths and the dihedral angle of each of these
molecules in the S, states, including those of the anthracene
molecule, are shown in Fig. 1 and Table S1.}
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First, we analyzed the relevant bond length and dihedral
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tionship between the change in bond length and the distance of
the substituents. The closer the substituents, the greater the
influence on the bond length changes they would be expected to
have. To more clearly observe, we measured the lengths of the

60
(b) AN Singlets
ssk 3
— —_
sof p— —_— _— ]
ey a 3
Saf —___ —_—— ]
3 e —
=
Bask — ES _—
= — s T 2 —JF F
30F s X - & - & & E
v & v ¥ & 0§
b S & b 3
o ¢ & S ~
25F & F F & E
o -»;‘ v
20 F o 3
15
60
( d) - Singlets
ssk 3
— —_—
— ——
sof —_— — 3
ask —_— E
Sa0fp — — e —— — ]
3 -
% — _
g asp — - - 3
“ 30 5 T = F & F 3
0 g v X x 3
p— A b J
e{' F T F 8 F &
& i <& & 9 3
25F . S s ~ S E
&~ ~ S N ~ & o
NS g S S
E & W o7 3
20 &
K
15

Fig. 4 The vertical transition energy of the singlet excited states of anthracene and its derivatives.
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C1-C2, C2-C3, C9-C12 and C10-C11 bonds, i.e., those relatively
close to the 2,6,9 and 10 substituents, respectively (see Fig. 1). As
shown in Fig. 1(b) and (c), the C1-C2, C2-C3, C9-C12 and
C10-C11 bonds are farther from the substituents, so the bond
lengths are almost unchanged. The differences between the
results shown in Fig. 1(a) and (d) are greater, with the C9-C12 of
9,~-CHO-AN bond lengths being most prominent, lengthening
to about 3 A. At the same time, the results showed the mono-

This journal is © The Royal Society of Chemistry 2018

substitution and double-substitution to have no effect on the
corresponding bond lengths.

In addition, we compared the related dihedral angles. The
substituents were found to not have much influence on the
dihedral angle, and this lack of dependence was attributed to
the high rigidity of the anthracene molecule. The single-site
substitution at site 2 and the double-site substitution at 2,6
showed especially little effect on the dihedral angle, but the

RSC Adlv., 2018, 8, 27979-27987 | 27983
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Fig. 6 The vertical transition energy levels of the triplet excited states of anthracene and its derivatives.

substitutions of positions 9 and 9,10 resulted in some differ-
ences. As shown in the Fig. 1(f), substituting a -CHO group at
position 9 was calculated to result in the plane becoming bent
by nearly 2°. Increasing the number of substitutions, specifi-
cally having both positions 9 and 10 substituted at the same
time, resulted in a nearly 4° change in the dihedral angle.

Frontier molecular orbitals (FMO)

We also expected to find it useful to examine the highest occu-
pied molecular orbital (HOMO) and lowest unoccupied molec-
ular orbital LUMO levels of the studied molecules.**?** The
relative ordering of the occupied and virtual orbitals provides
a reasonable qualitative indication of the excitation properties of
the anthracene and its derivatives and the ability of these
molecular to inject electrons and holes into the light-emitting
layer. Since the first dipole-allowed electron transitions and the
strongest electron transitions with largest oscillator strength
usually correspond almost exclusively to the promotion of an
electron from the HOMO to LUMO, the HOMO and LUMO
energies of AEy_y, were calculated by using the wB97X functional;
these energies are listed in Table S1.7 To more clearly understand
the dependence of the energies on the HOMO and LUMO, we
plotted this relationship, as shown in Fig. 2. The electronic
density contours of FMOs are plotted in Fig. S2.7

The substituents were found to have a great influence on the
energy levels of the molecules. In general, electron-withdrawing
groups reduce energy, while electron-withdrawing groups cause
energy to rise. First, from the perspective of the type of
substituents, the substitutions of -NO,, -CN-CHO caused in
each case the energy of the frontier orbital to decrease, and the
substitutions in each case of -OCH;, -CH; and -OH increased
the frontier orbital energy of the molecule. The -Br substituent
showed the least influence on the energy. Second, from the
perspective of the number of substituents, the magnitude of the
increase and decrease of the frontier orbital energies were

27984 | RSC Adv., 2018, 8, 27979-27987

calculated to become greater as the number of substituents was
increased.

Properties of the excited state

In theory, the transition properties of the excited states are
usually determined by the magnitude of the transition dipole
moment, the distribution of the electron cloud of NTOs and the
transition density matrix. First, we illustrated the dominant
“hole”-“particle” contributions of the NTOs of the first excited
state in anthracene and its derivatives, as shown in Fig. 3.%”

From the transition electron cloud distribution of the S;
state, whether an electron-withdrawing or electron-donating
group was connected, the main transition was determined to
occur uniformly in the entire skeleton of the molecule. The
substitution position and number showed little effect on the
transition. As shown in Fig. 4, the singlet state of each of the
substituted anthracenes showed a higher energy than did that
of anthracene. Except for the -CH; and -Br groups, introducing
substituents at position 2 or 2,6 did not result in any noticeable
change in the energy, and the other groups caused the vertical
excitation energy to decrease, but by an insignificant amount
(<0.3 eV). Introducing a substituent at position 9 or substituents
at the 9,10 positions resulted in an overall decrease in the
vertical excitation energy. This decrease was most prominent
for -NO, and -CHO, and especially so for -CHO at positions 9
and 10 and for which the vertical excitation energy decreased by
about 0.7 eV. Therefore, as a whole, the 9- and 10-position
substitutions were calculated to have a greater influence on the
excited-state energy, and the effect increased as the number of
substitutions was increased.

In order to observe the influence of different substituents on
the anthracene molecule in the excited state more intuitively,
we used the Multiwfn software version 3.3.9 to calculate the
wave function of electron-hole pairs of the S; state from the
transition density matrix, and plot the transition density matrix

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 The dominant "hole"—"particle” contributions of the NTOs of the T, and T, excited states in anthracene and its derivatives determined

using DFT//wB97X/6-31+G(d,p).

of the S, state in the anthracene and its derivatives in a two-
dimensional (2D) color-coded map, as shown in the Fig. 5.
The transition density matrix could quantify the composition of
the excited state and from this map we can understand which
atoms are mainly affected by the electron transition and which
atom pairs are strongly coherent when an electron transits. A
stronger effect during the transition is represented by a brighter
value in the map. The diagonal part represents the locally-
excited (LE) state component, while the off-diagonal region

This journal is © The Royal Society of Chemistry 2018

denotes the charge-transfer (CT) state component. As shown in
Fig. 4, the highlights are mainly concentrated in the diagonal
direction, so the local state is predominant. However, when an
electron-withdrawing group was substituted on the anthracene
molecular skeleton, transitions of electrons were determined to
occur mainly on the atoms attached to the electron-withdrawing
group, while when an electron-donating group was substituted
instead, a wide range of electronic transitions were found
throughout the anthracene molecular skeleton.

RSC Adlv., 2018, 8, 27979-27987 | 27985
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For the triplet state, the anthracene molecule displays
a remarkable feature: its T; and T, states have a very large energy
gap AEp,_1, (about 1.5 eV). This feature allows for anthracene to
find use in many fields requiring electroluminescence. The focus
of the current work involved determining the influence of the
substituents on the triplet energy level of anthracene. We first
analyzed the energy level distribution of its triplet. As shown in
Fig. 6, our analyses indicated the position and number of
substituents on anthracene to have little effect on the energy of
the T, state, but to have an effect on AEr_r . Inspection of the
energy level diagram clearly showed the large AEr _r, of the
derivatives of anthracene molecules to still be maintained, except
for the -NO, and -CHO substituents, which were broken by other
energy levels. In order to more clearly analyze the nature of the
triplet transitions, we further developed the NTO diagram for this
series of molecules, as shown in Fig. 7. It can be seen that there
are certain differences between the T; and T, transitions in
molecules with energy gaps and those without energy gaps. For
the molecules substituted with -NO, and -CHO, and regardless
of the position and number of substitutions, we found the Ty
state transitions to occur throughout the molecule, but the T,
state transitions to be localized in the substituents. This feature
results in the intercalation of the energy levels of the substituents
into the region of the energy level of the anthracene molecule. As
a result, the large range of energy levels no longer occurs, and the
T; and T, transitions of other molecules both occur on the
anthracene molecular skeleton, so the large energy difference
unique to anthracene molecules is maintained.

Conclusions

The large AEr _r, is a special property of anthracenes, and can
prevent the rapid internal conversion of the triplet excitons to
the T, state during the electroluminescence process, thereby
utilizing the exciton channel to reverse intersystem crossing to
the singlet state. This feature increases the utilization of exci-
tons. In the current work, anthracene structures were used as
templates to connect to different substituents at different sites,
and then the influences of such substitutions on their excited
states and large triplet energy ranges were explored. By studying
the configuration, frontier molecular orbitals, and NTOs of the
singlet and triplet excited states, and the transition matrix of
this series of molecules, we found the substituent sites to have
little effect on the excited state, especially the single-line excited
state. However, as the number of substituents was increased,
the excited state energy level decreased. Regarding the triplet
energy level, we found that electron-withdrawing and oxygen-
containing substituents may generate energy levels in the
middle of a large triplet energy gap, thereby eliminating the
large energy gaps. We expect this finding to provide an
approach for the design of molecules with adjustable energy
levels and to provide a reference for the application of energy
levels of triplet excited states.
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