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Time-dependent density functional theory (TDDFT) method was performed to investigate the excited state
electronic structures and photochemistry of a variety of heterocyclic annulated perylene (HAP) materials.
The calculated electronic structures and photochemical properties of the newly synthesized S-, Se-, and
N-heterocyclic annulated perylenes were in good agreement with the experimental results. Moreover, the O-,
C-, Si-, and B-heterocyclic annulated perylenes were also theoretically designed and investigated by using
the same computational methods in this work. As a result, we found that the electronic structures and
photochemical properties of S-, Se-, N-, O-, and C-heterocyclic annulated perylenes are similar to each other.
The energy levels of the LUMO orbital for the S-, Se-, N-, O-, and C-heterocyclic annulated perylenes become
higher than those of unsubstituted perylene. At the same time, the energy gaps between LUMO and HOMO
for these heterocyclic annulated perylenes are also increased in comparison with those of unsubstituted perylene.
Hence, both absorption and fluorescence spectra of S-, Se-, N-, O-, and C-heterocyclic annulated perylenes
are correspondingly blue-shifted relative to those of unsubstituted perylene. In addition, two bonds formed
by heteroatoms with perylene are lengthened in the electronic excited state of S-, Se-, N-, O-, and C-heterocyclic
annulated perylenes. On the contrary, these bonds formed by heteroatoms with perylene are shortened in the
electronic excited state of Si- and B-heterocyclic annulated perylenes. Furthermore, energy levels of the LUMO
orbital for Si- and B-heterocyclic annulated perylenes become significantly lowered in comparison with that
of unsubstituted perylene. At the same time, energy gaps between LUMO and HOMO for Si- and B-heterocyclic
annulated perylenes become decreased relative to those of unsubstituted perylene. Thus, both absorption and
fluorescence spectra of Si- and B-heterocyclic annulated perylenes are significantly red-shifted in comparison
with those of unsubstituted perylene. The differences of electronic structures and photochemistry of these
heterocyclic annulated perylene materials can be ascribed to the electron delocalization of LUMO orbital
from heteroatom into the perylene skeleton for Si- and B-heterocyclic annulated perylenes, because the electron
of the LUMO orbital for S-, Se-, N-, O-, and C-heterocyclic annulated perylenes is localized on the heteroatoms.

1. Introduction

Perylenes as pigments and fluorescent dyes have found wide
ranging applications in very diverse fields of current research.'~"!
These range from uses as laser dyes,' photochemical sensitizers,>
and absorbers for sunlight collectors®™ to applications in liquid-
crystalline phases® and organic semiconductors.” Recently, De
Schryver and co-workers have used a facile method to synthesize
a series of polyphenylene—dendronized perylenes and investi-
gate their physical and mesoscopic properties.® ' The func-
tionalization of perylenes with polyphenylene dendrons allows
the preparation of films by spin-coating. Gade and co-workers
have synthesized a New Class of tetra-N-substituted perylenes.>™#
At the same time, they have shown that their chosen synthetic
approach to the tetra-N-substituted derivatives opens up the
possibility of a wide range of further modifications of the
chromophores, in particular their use in extended functional
supramolecular arrays based on well-defined building principles,
such as nanoscopic rods. It is known that perylene diimide-
based organic semiconductor materials have been the subject
of investigation due to their advantageous photophysical and
photochemical properties. Driving these studies are potential
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applications of perylene diimide derivatives in organic photo-
refractive media for optical signal processing,'> electron-
transporting components in organic light-emitting diodes,'
semiconducting materials for electrophotography,'” n-type pho-
tovoltaic materials for solar energy conversion,'®™? and fluo-
rescent and near-infrared (NIR) dyes.?' 3! Belfield et al. have
investigated the steady state linear photophysical properties, two-
photon absorption (2PA) spectra, and optical limiting behavior
of fluorenylperylene diimide-based derivatives.’>3* In addition,
perylene and its derivatives, especially perylene-3,4,9,-10-
tetracarboxdiimides, are well-known for their versatility as dyes
for dye-sensitized solar cells (DSSCs) because of their high
photostability and chemical stability.>~%° Unsubstituted perylene
shows strong fluorescence and is a key chromophore in fields
such as dye lasers and light emitting diodes (LEDs).%!
However, the poor solubility of unsubstituted perylene in organic
solvents and the low fluorescence quantum yield in the solid
state, attributable to its aggregation, limit the applications of
perylene. Efforts have been made to attach solubilizing and
shielding side chains to the molecules, thereby improving their
performances.>?™’

Heterocyclic annulated perylenes (HAPs), which contain
chalcogen, nitrogen, etc. in fused aromatic rings, are the subjects
of considerable current research interest due to their fundamental
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optoelectronic properties and their potential applications such
as organic field-effect transistors (OFETs), light emitting diodes
(LEDs), photovoltaic devices, and other organic optoelectronic
devices. 7! Incorprating heteroatoms into the perylene skeleton
is an intriguing target because the introduction of heteroatoms
can dramatically change the electronic structures and photo-
chemical properties of these heterocyclic annulated perylenes.
Furthermore, it would also induce a variety of intermolecular
interactions, such as van der Waals interactions and heteroatom—
heteroatom interactions, which is essential to achieve highly
ordered supramolecular self-assembled structure and eventually
excellent device performance.®®"!

Very recently, Jiang et al. have developed a practical synthetic
procedure for the synthesis of a series of heterocyclic annulated
perylenes (HAPs) in good yields.®® All the S-, Se-, and
N-heterocyclic annulated perylenes (here denoted as S-Perylene,
Se-Perylene, and N-Perylene, respectively) are prepared from
the readily available 1-nitroperylene.®® Moreover, the detailed
investigations of photochemical properties of these heterocyclic
annulated perylenes have been presented to fully explore the
influence of different heteroatoms on the inherent electronic
structures. All these heterocyclic annulated perylenes exhibit
well-defined vibronic 7—x* transition absorption bands from
the UV—vis absorption spectra with the longest maximum
absorption at 412.0, 416.5, and 425.0 nm for S-Perylene, Se-
Perylene, and N-Perylene, respectively.® It is distinct that the
absorption spectra of all of these heterocyclic annulated
perylenes are blue-shifted in comparison with those of unsub-
stituted perylene (Ao, = 438.5 nm). In addition, the fluorescence
spectra of Perylene, S-Perylene, Se-Perylene, and N-Perylene
have also been given in the experimental works.% It can be
found that the vibrationally structured fluorescence spectra
mirror the well-defined vibronic m—s* absorption bands.
Moreover, the fluorescence spectra of S-Perylene, Se-Perylene,
and N-Perylene are also blue-shifted relative to that of Perylene.
Therefore, both the absorption and fluorescence spectra of the
S-, Se-, and N-heterocyclic annulated perylenes are blue-shifted
in comparison with those of unsubstituted perylenes. This means
that the energy gap between the electronic excited state and
the ground state of perylene can be tuned to increase by
introduction of the S, Se, and N heteroatoms into the perylene
skeleton.

At the same time, the energy levels of the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) for heterocyclic annulated perylenes (HAPs)
molecular materials can also be tuned by incorporating het-
eroatoms into the perylene skeleton. In the previous works, Jiang
et al. found that cyclic voltammetry of these heterocyclic
annulated perylenes shows a reversible oxidation wave.% The
oxidation peaks (E'? values) of Perylene, S-Perylene, Se-
Perylene, and N-Perylene are found at 1.05, 1.12, 1.08, and 0.89
V vs Ag/AgCl, respectively. Given the silver wire as a
quasireference electrode and the ferrocene/ferrocenium (Fc/Fc™)
couple as the internal potential standard, HOMO levels for
Perylene, S-Perylene, Se-Perylene, and N-Perylene can be
estimated by oxidation onset at —5.38, —5.42, —5.39, and —5.18
eV, respectively.®® However, the LUMO energy levels of these
heterocyclic annulated perylene materials have not been given
in their studies. It is well-known that the energy gaps between
LUMO and HOMO orbitals are of fundamental importance for
the photochemistry of molecular materials. Hence, energy levels
of LUMO orbitals for all the heterocyclic annulated perylenes
are also very important data for these molecular materials. As
a result, the quantum chemistry computations on the electronic
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structures are very useful and helpful for understanding the
electronic structures and photochemical properties of the
heterocyclic annulated perylene materials.

It should be mentioned that the ground state electronic
structures for these types of molecular materials can be
conveniently obtained by using various quantum chemistry
computation methods. However, it is difficult to calculate the
electronic structures of the electronic excited state for complex
molecular materials. Nowadays, the configuration interactions
with single substitute (CIS),”>”® complete active space self-
consistent field (CASSCF),”*7 etc. methods are very popular
excited state computational methods. It is noted that the
CAASCF method can give very accurate results but is quite
expensive for the large molecular materials. On the contrary,
the CIS method is less expensive but gives less accurate results.
And then, the time-dependent density functional theory (TD-
DFT) method becomes a good candidate for computing the
electronic excited states of complex molecular materials systems
due to its moderate efficiency and accuracy. We have done a
variety of work about the theoretical studies on the excited state
electronic structures and photochemistry of complex molecular
systems using the TDDFT method.?*~?

Although some information on electronic structures and
photochemical properties of S-, Se-, and N-heterocyclic annu-
lated perylenes has been experimentally obtained in the previous
studies, we can further obtain more detailed information on the
excited state electronic structures and photochemical properties
of these heterocyclic annulated perylenes by the quantum
chemistry methods. Furthermore, the electronic structures and
photochemical properties of some newly designed heterocyclic
annulated perylene materials by incorporating other heteroatoms
into the perylene skeleton are also theoretically studied. In this
work, some other heteroatoms, such as O, C, Si, and B, are
also introduced into the perylene skeleton. Herein, they are
denoted as O-Perylene, C-Perylene, Si-Perylene, and B-Perylene,
respectively. The density functional theory (DFT) and time-
dependent density functional theory (TDDFT) methods are
performed to investigate the ground state and electronic excited
state of the unsubstituted perylene and all the S-, Se-, N-, O-,
C-, Si-, and B-heterocyclic annulated perylenes, respectively.
As a result, we found that our theoretical results for Perylene,
S-Perylene, Se-Perylene, and N-Perylene are in good agreement
with experimental results in the previous works. Moreover, the
electronic structures and photochemical properties of O-Perylene
and C-Perylene are similar to those of S-, Se-, and N-
heterocyclic annulated perylenes. Both the absorption and
fluorescence spectra of the S-, Se-, N-, O-, and C-heterocyclic
annulated perylenes are blue-shifted in comparison with that
of the unsubstituted perylene. However, it is very interesting
that both the absorption and fluorescence spectra of Si-Perylene
and B-Perylene are shifted to the red relative to that of the
unsubstituted perylene.

2. Theoretical Methods

All the quantum chemistry calculations are carried out using
the TURBOMOLE program suite.”*"% The ground state geom-
etry optimizations of the unsubstituted perylene and various
heterocyclic annulated perylenes (HAPs) are performed by using
density functional theory (DFT) with Becke’s three-parameter
hybrid exchange function with the Lee—Yang—Parr gradient-
corrected correlation functional (B3-LYP functional).”®”” The
triple-§ valence quality with one set of polarization functions
(def-TZVP) is chosen as the basis set throughout.”® The time-
dependent density functional theory (TD-DFT) method with B3-
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Figure 1. Optimized ground state geometric conformations of unsubstituted perylene and S-, Se-, N-, O-, C-, Si-, and B-heterocyclic annulated
perylenes. Some important atoms are labeled.

TABLE 1: Computed Bond Lengths L (in A) and Bond Angles A (in deg) for the Ground State Geometric Conformations of
Unsubstituted Perylene and Heterocyclic Annulated Perylenes®

Perylene S-Perylene Se-Perylene N-Perylene O-Perylene C-Perylene Si-Perylene B-Perylene
Lei—ca 2.952 2.551 2.646 2.297 2.241 2.409 2.732 2.516
Ler-c3 1.475 1.407 1.418 1.383 1.381 1.412 1.457 1.443
Leo-c7 1.475 1.485 1.482 1.496 1.501 1.494 1.481 1.493
Les—cs 2.952 3.062 3.036 3.135 3.156 3.091 3.003 3.060
Leix 1.781 1.915 1.407 1.404 1.537 1.894 1.589
Leax 1.781 1.915 1.407 1.404 1.537 1.895 1.588
Acicacs 122.2 114.4 116.3 109.3 108.3 111.2 117.2 112.7
Acacsca 122.2 114.4 116.3 109.3 108.3 111.2 117.2 112.7
Acscoct 122.2 124.6 124.0 126.1 126.5 125.2 123.3 124.6
Acscics 122.2 124.5 124.0 126.1 126.6 125.2 123.3 124.6
Acixcs 91.49 87.40 109.4 105.9 103.1 92.26 104.8

@ X refers to the heteroatom in various heterocyclic annulated perylenes.

TABLE 2: Computed Energy Levels E (in eV) of the LUMO and HOMO Orbitals As Well As the Energy Gap AE (in eV)
between LUMO and HOMO for the Unsubstituted Perylene and All the Heterocyclic Annulated Perylenes

Perylene S-Perylene Se-Perylene N-Perylene O-Perylene C-Perylene Si-Perylene B-Perylene
Erumo —2.16 —2.08 —2.09 —1.81 —2.09 —2.03 —2.28 —2.99
Enomo —=5.18 —5.34 —5.32 —5.07 —5.31 —5.09 —5.23 —5.18
AE; _y 3.02 3.26 3.23 3.26 3.22 3.06 2.95 2.19

LYP hybrid functional and the def-TZVP basis set is used to
investigate the excited state electronic structures. All the
electronic excited state geometric conformations are fully
optimized by using the TDDFT method. Fine quadrature grids
4 were also employed.”>® The convergence thresholds for both

the ground state and excited state optimization were set to be
107°.

3. Results and Discussion

Optimized ground state geometric conformations of unsub-
stituted perylene and S-, Se-, N-, O-, C-, Si-, and B-heterocyclic
annulated perylenes are shown in Figure 1. In addition, some
important atoms are labeled in Figure 1. It is distinct that all
molecules are of planar conformations. Some bond lengths and
bond angles for the optimized geometric conformations of
unsubstituted perylene and heterocyclic annulated perylenes are
listed in Table 1. From the listed bond lengths and bond angles
for Perylene, one can find that perylene is of good symmetry.
The two naphthalene moieties of perylene are completely the

same. It is noted that the introduction of heteroatom into the
perylene skeleton breaks down the original symmetry of
Perylene. The original conformation of the perylene skeleton
is changed due to the introduction of heteroatoms. One can find
that the distance between C; and C, atoms and the bond length
of C,—C; for all the heterocyclic annulated perylenes are
decreased in comparison with those of unsubstituted perylene.
On the contrary, the distance between the Cs and Cg atom and
the bond length of C¢—C; are distinctly increased. At the same
time, the angles formed by C,C,C; and C,C;C4 for all the
heterocyclic annulated perylenes are decreased in comparison
with those of unsubstituted perylene. Moreover, the angles
formed by CsC¢C; and C¢C;Cg are correspondingly increased
for all the heterocyclic annulated perylenes. Moreover, it is noted
that the C,C,C; and CsC¢C; angles for all the heterocyclic
annulated perylenes are the same as the C,C3C4 and C¢C;Cs
angles, respectively. The bond lengths of C;—X and C,—X (X
refers heteroatoms) are also the same for each.
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Figure 2. The calculated energy levels of LUMO and HOMO orbitals
for unsubstituted perylene and S-, Se-, N-, O-, C-, Si-, and B-
heterocyclic annulated perylenes.

Table 2 lists the computed energy levels of the lowest
unoccupied molecular orbital (LUMO) and the highest occupied
molecular orbital (HOMO) as well as their energy gap between
LUMO and HOMO orbitals. The calculated energy level of the
HOMO orbital for the unsubstituted perylene is at —5.18 eV,
which is in good agreement with the experimental value of
—5.38 eV.% Furthermore, the energy level of the LUMO orbital
for perylene is calculated to be at —2.16 eV. Hence, the
calculated energy gap between LUMO and HOMO is 3.02 eV.
One can find that the energy levels of HOMO and LUMO
orbitals as well as their energy gap can be tuned by heteroatoms.
The energy levels of the HOMO orbital for S-Perylene, Se-
Perylene, O-Perylene, and Si-Perylene are lowered relative to
that of unsubstituted perylene, while the HOMO energy level
of N-Perylene and C-Perylene is highered slightly. In addition,
the energy level of the HOMO orbital for B-Perylene is nearly
unchanged. Our calculated energy level of the HOMO orbital
for S-Perylene, Se-Perylene, and N-Perylene is —5.34, —5.32,
and —5.07 eV, respectively. Therefore, they are in good
agreement with the experimental values of —5.42, —5.39, and
—5.18 eV, respectively.® Moreover, it should be noted that the
introduction of S, Se, N, O, and C heteroatoms can raise the
energy level of the LUMO orbital. However, the energy levels
of the LUMO orbital for Si-Perylene and B-Perylene are lowered
in comparison with that of unsubstituted perylene. Especially,
the LUMO energy level of B-Perylene is lowered significantly
from —2.16 to —2.99 eV.

The calculated energy levels of LUMO and HOMO orbitals
for unsubstituted perylene and S-, Se-, N-, O-, C-, Si-, and
B-heterocyclic annulated perylenes are also shown in Figure 2.
One can clearly find that the energy gap between LUMO and
HOMO is enlarged for S-Perylene, Se-Perylene, N-Perylene,
O-Perylene, and C-Perylene. This is consistent with the blue-
shift of the electronic spectra for these heterocyclic annulated
perylenes in comparison with that of unsubstituent perylene.®
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It is very interesting that the energy gap between LUMO and
HOMO orbitals of Si-Perylene and B-Perylene is significantly
decreased in comparison with that of unsubstituted perylene.
Especially, the energy gap between LUMO and HOMO orbitals
of B-Perylene is decreased drastically from 3.02 to 2.19 eV.
Therefore, it can be expected that the electronic spectra of Si-
and B-heterocyclic annulated perylenes would be red-shifted
relative to that of the unsubstituted perylene.

The calculated electronic excitation energies and the corre-
sponding oscillator strengths of Perylene, S-Perylene, Se-
Perylene, N-Perylene, O-Perylene, C-Perylene, Si-Perylene, and
B-Perylene are shown in Table 3. The calculated S; state
absorption wavelengths with the maximum oscillator strength
are at 440, 409, 414, and 411 nm for Perylene, S-Perylene, Se-
Perylene, and N-Perylene, respectively. It is noted that our
calculated S, state absorption wavelengths are in good agreement
with experimental results (438.5, 412.0, 416.5, and 425.0 nm
for Perylene, S-Perylene, Se-Perylene, and N-Perylene, respec-
tively).% So our calculated electronic spectra of these hetero-
cyclic annulated perylenes (HAPs) materials can be demon-
strated to be reliable. In addition, the S; state absorption
wavelengths of O-Perylene and C-Perylene are calculated to
be at 413 and 438 nm, respectively. Thus, it can be predicted
that the electronic absorption spectrum of C-Perylene is very
similar to that of perylene. The electronic absorption spectrum
of O-Perylene is similar to that of S-Perylene and Se-Perylene.
As the calculated energy gap between LUMO and HOMO
orbitals suggested, the S; state absorption wavelengths of all
the S-, Se-, N-, O-, and C-heterocyclic annulated perylenes are
blue-shifted in comparison with those of unsubstituted perylene.
On the contrary, the calculated S; state absorption with the
maximum oscillator strength is red-shifted to 465 nm for the
Si-heterocyclic annulated perylene. The S; state absorption
wavelength for B-Perylene is also drastically red-shifted to 799
nm from 440 nm for perylene. These indicate that the introduc-
tion of the B atom into the Perylene skeleton can significantly
change the photochemistry of heterocyclic annulated perylenes.
However, the Si-, and B-heterocyclic annulated perylenes with
red-shifted electronic absorption spectra have not been synthe-
sized and observed in experiments to our best knowledge. On
the other hand, experimental chemists can be inspired from our
theoretical results to obtain electronic spectral red-shifted
heterocyclic annulated perylenes (HAPs) molecular materials
by introduction of Si and B heteroatoms into the molecular
skeleton.

The molecular orbital transition contributions for the S, state
of unsubstituted perylene and the S-, Se-, N-, O-, C-, Si-, and
B-heterocyclic annulated perylenes are also listed in Table 3.
It is distinct that the S states of all the molecular materials are
dominatively contributed by the orbital transition from HOMO
to LUMO. Therefore, the S; state electronic absorption spectra
for these molecular materials are dominated by the energy gap

TABLE 3: Calculated Electronic Excitation Energies (in nm) and Corresponding Oscillator Strengths of the Unsubstituted
Perylene As Well As S-, Se-, N-, O-, C-, Si-, and B-Heterocyclic Annulated Perylenes®

Perylene S-Perylene Se-Perylene N-Perylene O-Perylene C-Perylene Si-Perylene B-Perylene

S 440 (0.351) 409 (0.294) 414 (0.287) 411 (0.295) 413 (0.317) 438 (0.301) 465 (0.244) 799 (0.030)
H—198.0% H—L19%.8% H—19%9% H—19%.2% H—19%9% H—1974% H—L197.0% H—197.3%

S, 343 (0.000) 350 (0.057) 361 (0.078) 352 (0.042) 330 (0.023) 347 (0.005) 359 (0.020) 419 (0.022)
S; 314 (0.000) 325 (0.001) 329 (0.000) 320 (0.000) 322 (0.000) 315 (0.007) 315 (0.012) 369 (0.095)
S4 309 (0.006) 298 (0.000) 302 (0.000) 293 (0.002) 295 (0.000) 305 (0.006) 314 (0.009) 356 (0.000)
Ss 306 (0.000) 291 (0.010) 301 (0.000) 290 (0.001) 290 (0.000) 300 (0.020) 310 (0.002) 355 (0.238)
Se¢ 295 (0.000) 286 (0.001) 294 (0.004) 283 (0.029) 287 (0.036) 295 (0.001) 299 (0.000) 330 (0.057)

¢ H and L refer to HOMO and LUMO.
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TABLE 4: The Lowest Unoccupied Molecular Orbital (LUMO) and Highest Occupied Molecular Orbital (HOMO) of the
Unsubstituted Perylene as well as the S-, Se-, N-, O-, C-, Si-, and B-Heterocyclic Annulated Perylenes

Perylene S-Perylene Se-l’erylene N-Perylene O-Perylene C-Perylene Si-Perylene B-Perylene
LUMO a
R SR R
Q’bf’. ® o 0 %

o 233 32% ‘3 % 3@\% gga ea\g 3 g gggg

TABLE 5: Computed Bond Lengths L (in f&) and Bond Angles A (in deg) for the Excited State Geometric Conformations of
Unsubstituted Perylene and Heterocyclic Annulated Perylenes®

Perylene S-Perylene Se-Perylene N-Perylene O-Perylene C-Perylene Si-Perylene B-Perylene
Lei—ca 2.940 2.562 2.658 2.305 2.247 2.399 2.697 2.462
Ler—c3 1.440 1.388 1.397 1.368 1.365 1.391 1.422 1.398
Lco—cr 1.440 1.450 1.447 1.460 1.464 1.453 1.445 1.463
Les—cs 2.940 3.047 3.018 3.120 3.152 3.096 3.011 3.068
Lei—x 1.794 1.928 1.411 1.408 1.539 1.887 1.569
Acicacs 121.8 114.6 116.4 109.4 108.4 111.0 116.4 111.8
Acscect 121.8 124.1 123.5 125.7 126.4 125.3 1235 124.8
Acixcs 91.13 87.13 109.5 105.8 102.5 91.22 103.4

“ X refers to the heteroatom in various heterocyclic annulated perylenes.

TABLE 6: Calculated Ground State and Excited State Dipole Moments u (in D) As Well As the Calculated Fluorescence
Wavelengths A, (in nm) for Perylene, S-Perylene, Se-Perylene, N-Perylene, O-Perylene, C-Perylene, Si-Perylene, and

B-Perylene
Perylene S-Perylene Se-Perylene N-Perylene O-Perylene C-Perylene Si-Perylene B-Perylene
Ugs (D) 0.0112 0.7391 0.5273 2.1519 1.0065 0.5670 0.7407 1.6611
ugs (D) 0.0033 0.0556 0.0463 3.6044 0.4724 1.9935 1.2125 4.1997
Apu(nm) 499 457 463 454 459 495 541 1112

between LUMO and HOMO. By comparing the S; state
electronic absorption spectra in Table 3 with the energy gap
between LUMO and HOMO listed in Table 2, the S; state
electronic absorption spectra are very consistent with the energy
gaps between LUMO and HOMO for Perylene, S-Perylene, Se-
Perylene, N-Perylene, O-Perylene, C-Perylene, Si-Perylene, and
B-Perylene.

Table 4 shows the lowest unoccupied molecular orbital
(LUMO) and the highest occupied molecular orbital (HOMO)
of the unsubstituted perylene as well as the S-, Se-, N-, O-, C-,
Si-, and B-heterocyclic annulated perylenes. One can note that
all the HOMO orbitals of S-Perylene, Se-Perylene, N-Perylene,
O-Perylene, C-Perylene, Si-Perylene, and B-Perylene are nearly
the same as the HOMO orbital of Perylene. However, the
LUMO orbitals of S-, Se-, N-, O-, C-, Si-, and B-heterocyclic
annulated perylenes are different from that of perylene. The most
important difference is the populated electron densities on
heteroatoms. This also suggests that the photochemistry of
heterocyclic annulated perylenes (HAPs) materials certainly can
be influenced by the introduction of heteroatoms into the
perylene skeleton. Furthermore, one can find that the electron
densities of the LUMO orbital in the heteroatom sites for
S-Perylene, Se-Perylene, N-Perylene, O-Perylene, and C-
Perylene are localized on the heteroatoms. However, it should
be noted that the electron densities of LUMO orbitals in the
heteroatom sites for Si-Perylene and B-Perylene are delocalized
from heteroatom to the perylene skeleton. This may be used to
explain the energy level down-shift of the LUMO orbital for
Si-Perylene and B-Perylene in comparison with that of perylene.
And then, the S; state electronic absorptions of Si-Perylene and
B-Perylene are also red-shifted by introduction of Si and B
heteroatoms into the perylene skeleton.

The excited state geometric conformations of the unsubsti-
tuted perylene as well as the S-, Se-, N-, O-, C-, Si-, and
B-heterocyclic annulated perylenes are fully optimized by using
the TDDFT method and some geometric informations are listed
in Table 5. Herein, the bond lengths of C4—X as well as the
angles formed by C,C;C, and C¢C;Cg are not shown due to the
symmetry of all the heterocyclic annulated perylenes. In the S,
state, Perylene, S-Perylene, Se-Perylene, N-Perylene, O-
Perylene, C-Perylene, Si-Perylene, and B-Perylene remain in
their planar geometric conformations. It is noted that the bond
length of C;—X in the electronic excited state of S-Perylene,
Se-Perylene, N-Perylene, O-Perylene, and C-Perylene is length-
ened in comparison with that in the ground state. So the C,C,C;
bond angles for these molecular materials are slightly increased
in the S; state. At the same time, the CsC¢C; bond angles are
correspondingly decreased in the electronic excited state.
However, for Si-Perylene and B-Perylene, one can note that
the C;—X bond length is shortened in the S; state. This may be
related to the delocalized LUMO orbital from heteroatom to
perylene for Si-Perylene and B-Perylene. In addition, the C;C,C;
bond angles of Si-Perylene and B-Perylene in the S; state
become smaller than that in the ground state. At the same time,
the CsC¢C; bond angles become larger in the excited state of
Si-Perylene and B-Perylene.

Table 6 shows the calculated ground state and excited state
dipole moments as well as the absorption and fluorescence
spectral values for all the molecular materials. We can find that
the dipole moment of unsubstituted perylene in the ground state
is very small. In the electronic excited state of unsubstituted
perylene, the dipole moment becomes smaller and gets close
to zero. By introduction of heteroatoms into the perylene
skeleton, the ground state dipole moments of heterocyclic
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annulated perylenes would become larger. In the electronic
excited state, the dipole moments of S-Perylene, Se-Perylene,
and O-Perylene are dramatically decreased. Moreover, the
excited state dipole moments of N-Perylene, C-Perylene, Si-
Perylene, and B-Perylene become larger than that in the ground
state.

From Table 6, one can also find that the calculated fluores-
cence wavelength of unsubstituted perylene is at 499 nm. The
fluorescence spectra of S-Perylene, Se-Perylene, N-Perylene,
O-Perylene, and C-Perylene are blue-shifted to 457, 463, 454,
459, and 495 nm, respectively. The change tendency of
fluorescence spectra for these heterocyclic annulated perylenes
is consistent with that of the absorption spectra and the energy
gap between LUMO and HOMO. Furthermore, the calculated
fluorescence spectra are in agreement with the experimental
fluorescence spectra at the longest wavelength without vibra-
tional excitations. However, the fluorescence spectra of Si-
Perylene are red-shifted to 541 nm from 499 nm for the
unsubstituted perylene. It is evident that introduction of Si
heteroatom into the heterocyclic annulated perylene materials
can markedly red-shift the fluorescence spectra. Photochemists
may be inspired from this to synthesize red-shifted fluorescent
molecular materials by introduction of Si heteroatom into the
original molecular skeleton. Moreover, we also find that the
fluorescence wavelength of B-perylene is drastically red-shifted
to 1112 nm, which is located in the near-infrared (NIR)
region.?! 3! Thus, the B-heterocyclic annulated perylenes may
be potential NIR fluorescent materials.

4. Conclusion

In this work, the ground state and excited state electronic
structures as well as the photochemical properties of unsubsti-
tuted perylene and a variety of heterocyclic annulated perylenes
have been investigated by using the density functional theory
(DFT) and time-dependent density functional theory (TDDFT)
methods. The ground state and excited state geometric confor-
mations for the unsubstituted perylene and various heterocyclic
annulated perylenes are fully optimized by using the B3LYP/
def-TZVP and the TD-B3LYP/def-TZVP methods, respectively.
By incorporating heteroatoms into the perylene skeleton, the
heteroatom and the perylene skeleton can form a five-membered
ring. The formation of the five-membered ring induces the two
naphthalene moieties to get close to each other in the site of
the five-membered ring, while the two naphthalene moieties get
far away in the site of the open ring. In the electronic excited
state, we have noted that two bonds formed by heteroatom with
perylene skeleton are lengthened in comparison with that in the
ground state for S-, Se-, N-, O-, and C-heterocyclic annulated
perylenes. So the five-membered rings in S-Perylene, Se-
Perylene, N-Perylene, O-Perylene, and C-Perylene are enlarged
in the electronic excited state. At the same time, the open rings
of these heterocyclic annulated perylenes are correspondingly
reduced in the electronic excited state. Moreover, the electronic
structures of all the heterocyclic annulated perylenes are changed
due to the introduction of the heteroatoms into the perylene
skeleton. Especially, the LUMO energy level of the S-Perylene,
Se-Perylene, N-Perylene, O-Perylene, and C-Perylene become
higher than that of unsubstituted perylene. At the same time,
the energy gaps between LUMO and HOMO for these hetero-
cyclic annulated perylenes are also increased in comparison with
that of the unsubstituted perylene. Hence, the absorption and
fluorescence spectra of the S-Perylene, Se-Perylene, N-Perylene,
O-Perylene, and C-Perylene are correspondingly blue-shifted
relative to that of the unsubstituted perylene. Furthermore, all
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the theoretical results on the newly synthesized S-Perylene, Se-
Perylene, and N-Perylene are in good agreement with the
experimental results in the previous studies. We also find that
the electronic structures and photochemistry of our theoretically
designed heterocyclic annulated perylenes, O-Perylene and
C-Perylene, are similar to that of the synthesized S-Perylene,
Se-Perylene, and N-Perylene.

Moreover, the Si- and B-heterocyclic annulated perylenes
have also been theoretically designed in the present work. The
ground state and excited state electronic structures of Si-Perylene
and B-Perylene materials are also investigated by using the same
methods as discussed above. We have found that the two bonds
formed by heteroatom with the perylene skeleton for Si-Perylene
and B-Perylene are shortened in the electronic excited state in
comparison with those in the ground state. As a result, the five-
membered rings of Si-Perylene and B-Perylene are correspond-
ingly reduced in the electronic excited state. This is tightly
associated with the electronic structures of Si-Perylene and
B-Perylene, which are different from those of S-Perylene, Se-
Perylene, N-Perylene, O-Perylene, and C-Perylene. The electron
densities of LUMO orbitals in the heteroatom sites for S-
Perylene, Se-Perylene, N-Perylene, O-Perylene, and C-Perylene
are localized on the heteroatoms. However, the electron densities
of LUMO orbitals are delocalized from heteroatom into the
perylene skeleton for Si-Perylene and B-Perylene. This electron
delocalization of the LUMO orbital from heteroatom into the
perylene skeleton can contribute to the conformational changes
in the electronic excited state. In addition, the energy levels of
the LUMO orbital for Si-Perylene and B-Perylene are signifi-
cantly lowered relative to that of the unsubstituted perylene.
At the same time, the energy gaps between LUMO and HOMO
for Si-Perylene and B-Perylene are correspondingly decreased
in comparison with that of the unsubstituted perylene. Therefore,
the absorption and fluorescence spectra of Si-Perylene and
B-Perylene are dramatically red-shifted by introduction of Si
and B heteroatoms into the perylene skeleton. These interesting
electronic structures and photochemical properties of Si-Perylene
and B-Perylene can also be ascribed to the electron delocaliza-
tion of the LUMO orbital from heteroatoms into the perylene
skeleton. Our studies have theoretically proposed a variety of
heterocyclic annulated perylenes (HAPs) materials with red-
shifted fluorescence by incorporating Si or B heteroatoms into
the perylene skeleton. Especially, the B-heterocyclic annulated
perylenes may be potential near-infrared (NIR) fluorescent
materials. The synthesis and photochemical investigations of
these potential Si- and B-heterocyclic annulated perylene
materials with red-shifted fluorescence are expected in the future.
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