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Abstract Phosphole-based systems due to the unique
electronic and optical properties have recently been paid
much attention as optoelectronic materials. In this work,
the relationship among the electronic structure, charge
injection, and transport was investigated for five deriva-
tives of dithieno[3,2-b:2',3'-d]phosphole (systems 1-5).
The structures of systems 1-5 in the ground (Sy) and the
lowest singlet excited (S;) states were optimized at the HF/
6-31G* and CIS/6-31G* levels of theory, respectively.
Based on these structures, electronic spectra were calcu-
lated by time-dependent density functional theory. The
simulated emission peaks of five phosphole derivatives
locating at the blue—green region (448-516 nm), are in
good agreement with the experimental data. Compared
with tris-(8-quinolinolate) aluminum (IIT) (Alqgs), normally
used as an excellent electron transporter, systems 1-5 show
a significant improvement in electron affinity (EA) due to
o*—n* hyperconjugation, which can effectively promote
ability of electron injection. The small differences between
An and 4, for systems 1-5 (0.06-0.14 eV) facilitate charge
transfer balance, which suggests systems 1-5 can act as
potential ambipolar materials. Owing to good rigidity, low-
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lying LUMO levels, delocalized frontier molecular orbi-
tals, and the small reorganization energies, the five deriv-
atives of dithieno[3,2-b:2',3'-d]phosphole are expected to
be high-efficiency blue materials in single-layer OLEDs.

Keywords Phosphole - Electron spectrum -
g*—n* Hyperconjugation - Electron injection -
Reorganization energy - Density functional theory

1 Introduction

The use of organic semiconducting materials for applica-
tions in optoelectronic devices such as field effect transis-
tors (FETs) [1-5], organic light emitting diodes (OLEDs)
[6-11], photovoltaics (PVs) [12—14], and sensors [15, 16]
has brought forth plenty of remarkable discoveries and
continues to hold the limelight in scientific community.
OLEDs are currently the subject of an intense research
effort due to their promise as devices for full-color display
applications [7, 10, 14, 17, 18]. The three primary colors
(red, green, and blue) are needed to achieve full-color flat-
panel display. While red and green emitters for OLEDs
have become readily available by now, efficient and stable
organic blue emitters are still rare, since the larger band
gap energy of the emission material often inhibits the
injection of carriers [18-20]. This has limited the devel-
opment of the blue electroluminescent materials to some
extent, thus constraining the development of organic full-
color displays. Furthermore, the performance of OLEDs
also depends on charge injection and transport, and charge
carrier balance. Highly fluorescent or phosphorescent
organic materials of interest in OLEDs tend to have either
hole transport (P-type) or electron transport (N-type)
characteristics [9, 10, 21]. However, very often P-type
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behavior has been found to be dominating. Scarce of
materials with both P-type and N-type (ambipolar)
behaviors leading to charge transfer imbalance severely
influences the development of OLEDs in a certain extent
[9, 22]. It is vital time to develop and study high-efficiency
blue materials with ambipolar semiconductor behavior.

For decades, among the wide range of charge trans-
porting materials reported in the literature, m-conjugated
oligomers and polymers based on heteropentacenes con-
taining pyrrole, thiophene, and silole have been widely
exploited and used [5, 6, 23, 24] in optoelectronic devices.
Phospholes, described in 1959 for the first time [25], are
now regarded as promising frameworks for the construction
of new classes of m-conjugated organic materials. Phosp-
hole-based systems have recently been paid much attention
as optoelectronic materials due to the presence of low-lying
lowest unoccupied molecular orbital (LUMO), easy acces-
sibility, and tunableness by chemical modifications at
phosphorus center [17, 26-32]. Réau and Baumgartner et al.
had put in a lot of efforts in enhancing electronic and optical
properties via extending m-conjugated framework over five
ring and modifying simply at either the phosphorus center
by oxidation (E = O, S), complexation with main group
centers (E = BH;, CH; ™) or transition metals (E = AuCl),
or by variation of the substitution pattern (R on the central
phosphorus atom) [27-35].

Understanding the relationship between molecular
structure and optical properties of materials is a key point
for providing guideline for device design, and a great the-
oretical research effort is currently being made in this
regard [36—43]. However, few blue materials with ambi-
polar semiconductor behavior have been designed in theory.
In this paper we thoroughly investigate the electronic
structure of phosphole and systematically report a study of
five dithieno[3,2-b:2,3'-d]phosphole derivatives, i.e., sys-
tem 1 (E = lone pair), 2 (E = S),3(E = S), 4 (E = AuCl),
and 5 (E = BHj;) as theoretically studied chemical models
(see Fig. 3). We selected this kind of compounds based on
that (1) their experimental emission A, is concentrated at
the blue—green region (440-483 nm) [34],and (2) it has
previously been reported that systems 1-5 may be excellent
candidates for ambipolar semiconductors due to low-lying
LUMO levels. The purpose of present work is to investigate
the relationship among the electronic structure, electronic
spectra, charge injection and transport, and hopefully lay a
foundation for designing new ideal high-efficiency blue
materials with ambipolar semiconductor behavior.

2 Computational details

All calculations on these phospholes under investigation in
this work have been performed using Gaussian 03 program
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package [44]. The structures of five phosphole derivatives
in the ground (Sy) and the lowest singlet excited (S;) states
were optimized at the HF/6-31G* and CIS/6-31G* level of
theory, respectively. Based on the ground and excited state
structures, absorption and emission spectra were calculated
by time-dependent density functional theory (TD-DFT).
Fragment orbital correlation has been analyzed by using
AOMix.

In the ionization energy (IP) and electron affinity (EA)
calculation, the geometric structures of neutral and ions
were obtained with B3LYP/6-31G* method. IP can be
defined as the variations of energy extracting an electron
from a chemical system. EA can be viewed as the vari-
ations of energy adding an electron to a chemical system
[45, 46]. They are used for evaluating charge injection
and transport properties in OLEDs. The charge transport
rate (k) is a determining factor for the development of
new organic optoelectronic materials and devices. There
are two widely used theories for treating carrier motion in
organic material, namely the band theory [47, 48] and
hopping model [49-55]. The hopping model is suitable
for our case, because the intermolecular interactions
are weak for the most thin-film amorphous materials in
OLEDs [42]. The charge transport mechanism can be
described as a self-exchange transfer process, in which an
electron or hole transfer occurs from one charged mole-
cule to an adjacent neutral molecule. It can be described
asM™ +M =M + M~. According to the semiclassical
Marcus theory [56, 57], the electron-transfer rate, kg7, can
be described to a good approximation as

k _4r ! V2 ex { 4 } (1)
B AT P\ 4keT

where 1 is the reorganization energy, V is the electronic
coupling element (transfer integral) between neighboring
molecules, 4 is Planck’s constant, kg is the Boltzmann
constant, and 7T 1is the temperature. The two key
parameters that dominate the electron-transfer rate are the
reorganization energy (4) and the electronic coupling element
(V). The 4 and V values must be minimized and maximized,
respectively, to ensure high the electron-transfer rate. In this
work, we mainly investigate the influence of different
substituents on electronic and optical properties of single
molecule, thus preliminary predicted charge transport
properties by effect of the 4 on carriers transfer rates. The 4
is the sum of two energetic terms: the intramolecular
reorganization energy of the molecule (the inner A) and the
reorganization energy of surrounding medium (the outer 2).
The latter is due to the electronic and nuclear polarization
of the surrounding medium. In solution, solvent
reorganization (the outer A) is often the dominant
contributor [58-60] and affected by the solvent with
different dielectric constant [61]. For most practical
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purposes, organic electronic materials can be considered to
be solid-state systems in which the phonon-like modes of
environment are sufficiently stiff and the medium contribution
to the relaxation energy ought to be small [62-64]. As to the
model system discussed here, which is used as organic
electronic materials in the optoelectronic devices, only the
inner reorganization energy has been explicitly considered.
Furthermore, considering the fact that A value strongly
depends on the theoretical method chosen [65-67],
we tested the conventional DFT-based methods with
different exchange—correlation functional and confirmed
that the B3LYP/6-31G* level is reliable to calculate
the intramolecular reorganization energy for predicting
charge transport properties in our adopted systems. The
intramolecular reorganization energy can be expressed as and
be calculated as following Fig. 1 and Eq. 2:

ho = Jo+ - = [E~(M) — E~(M")] + [E(M~) — E(M)]
— EEP — EAy (2)

where E(M) and E~ (M) represent the energy of the neutral
and anion with the geometry of the neutral; while E(M™)
and E~ (M) represent the energy of the neutral and anion
with the geometry of the anion. EEP represents the energy
difference between the neutral and anion with the geometry
of the anion.

3 Results and discussion
3.1 Electronic structure of phosphole
Heretofore, phospholes are the most investigated P-deriva-

tives for the design of m-conjugated materials due to their
unique electronic and optical properties. Compared with

Nuclear configuration

Fig. 1 Sketch of the potential energy surfaces for neutral and anion,
showing the vertical transitions (dash lines), and the neutral (1o) and
anion (A_) relaxation energies

planar pyrrole and thiophene, the orbital interaction of the
phosphorus lone pair with the conjugated system for
phosphole is inhibited because of the pyramidal environ-
ment of the tricoordinated phosphorus center [34]. Calcu-
lations at B3LYP/6-31G* level of theory have shown that the
LUMO level of phosphole is lowest in energy but the highest
occupied molecular orbital (HOMO) levels are close to each
other in three heterocyclopentadienes (see Fig. 2). Phosp-
hole has a lobe on phosphorus in-phase with lobes on the
adjacent ring carbons in the LUMO, while pyrrole and thi-
ophene have no such a lobe on carbon but a butadiene-like
LUMO only. The difference in their LUMO levels is due to
the peculiar orbital interaction in the phosphole ring, as
shown in Fig. 3. The molecular orbital for phosphole is
illustrated by the orbital interaction of a butadiene moiety
and a methylphosphine moiety. It is obviously seen that the
low-lying LUMO (—0.97 V) in phosphole mainly origi-
nates from interaction between the n* orbital of the butadi-
ene moiety and the o* orbital of the exocyclic P-C bond, i.e.,
o*—n* hyperconjugation, whereas the LUMO in pyrrole no
such interaction. The similar situation of the lowered LUMO
level induced by the o*-m* hyperconjugation in silole,
clearly illustrated in 1996 [68], has been successfully
introduced to explain the unique electronic properties of
silole-based systems [69—71]. This sets the stage for the
following study of five dithieno[3,2-b:2’,3'-d]phosphole
derivatives, and constructing new ¢- and n-conjugated sys-
tems having low-lying LUMO level in future work.

3.2 Geometry structure and electronic spectra
The geometrical structures of five derivatives of dithie-

no[3,2-b:2',3'-d]phosphole (systems 1-5) and relative sys-
tems were optimized without symmetry constraints by
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Fig. 2 The HOMOs and LUMOs (B3LYP/6-31G*) for three
heterocyclopentadienes
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Fig. 3 Molecular orbital correlation diagram for phosphole and pyrrole, calculated at B3LYP/6-31G* level of theory

Fig. 4 Geometric structures of
systems 1-5 and reference
system DBT
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System 1-5

Front view of system 1

HF/6-31G* level of theory. Systems 1-5 all have a Cs
symmetry with phenyl ring as the symmetry plane which
bisects CPC angle of dithienophosphole moiety (see front
view) in Fig. 4. The geometrical structures of systems 1-5
in the ground (So) (HF/6-31G*) and the lowest singlet
excited (S;) (CIS/6-31G*) states are listed in Table 1.
Among them, the folding angle w is defined as an angle
between the mean plane of dithienophosphole moiety and
the P-C bond (see side view) Fig. 5.

It can be seen from Table 1 that the introduction of four
kinds of substituents at P-position has a certain effect on
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Side view of system 1

the folding angle and the phosphole ring moiety, whereas
having little effect on the remote benzothiophene ring
fragment outside the phosphole ring moiety. To evaluate
the relaxation of bond length upon substitution as a whole,
we employ the concept of the difference between the
average length of the “single” and “double” bonds. The
degree of bond length alternation (BLA) has been used as a
structural parameter in interpreting electronic spectra of
many classes of conjugated molecules [38, 72, 73],
strongly depending on the theoretical method chosen. In
this paper, BLA is defined as follows:
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Fig. 5 Frontier molecular
orbital diagrams by B3LYP/
6-31G* calculation

LUMO

HOMO

Table 2 Absorption and emission energies (nm), main transition contribution and oscillator strengths (f) at the TDDFT B3LYP/6-31G* level
compared with experimental Data

Molecule Absorption spectra Emission spectra

Almm (f) Main transition Exp.* Anm (f) Main transition Exp.?
1 357 (0.47) H-L 385 448 (0.36) H-L 440
2 390 (0.26) H-L 435 508 (0.17) H-L 473
3 387 (0.33) H-L 424 516 (0.25) H-L 483
4 390 (0.28) H-L 398 498 (0.24) H-L 471
5 368 (0.41) H-L 407 469 (0.32) H-L 461

% Measured in CH,Cl, [34]

promotion from the HOMO to the LUMO. So the relaxa-
tion of the structures between Sy and S; can also be
determined from the character of the frontier molecule
orbital involved in the excited transition. The HOMO is
bonding across the d, h, i, and j bonds, whereas the LUMO
has a node plane in the regions. On the contrary, the
HOMO has nodes across the e and g bonds, but the LUMO
is bonding. According to molecular orbital (MO) nodal
patterns theory [74], one would expect that d, h, i, and j
bonds are lengthened, whereas the ¢ and g bonds are
shortened from Sy to S;. The data in Table 1 just confirm
the anticipated changes of these bonds. Furthermore, the
distribution of frontier molecular orbital in systems 1-5 is
basically similar and the HOMO and LUMO are evenly
delocalized throughout the conjugated fragments. These
features are favorable to transport both hole and electron.

3.3 Electron injection and transport properties

A good device performance of OLED is attributed to charge
injection, transport, and the comparable balance between
the holes and electrons [9, 24]. The ionization potential (IP)
and the electron affinity (EA) are usually main factors in
evaluating the efficiency of charge injection in different
OLED materials. EA or reduction potential and IP or oxi-
dation potential corresponds to the LUMO and HOMO
energy levels of a molecule, respectively [24]. In experi-
ment, the LUMO energy level is usually estimated from the
ionization potential and the optical band gap. In theory, we
can directly figure out EA or LUMO energy level and IP or

@ Springer

HOMO energy level which can be used to evaluate abilities
of charge injection. Figure 6 is a schematic diagram of a
single-layer OLED. It is well known that the larger EA
value of material, the easier an electron from the cathode
will cross the barrier (AE,) for electron injection from the
electrode such as the Al and Ca. Likewise, the smaller IP
value of material, the easier a hole transfers from the anode
(ITO) to the adjacent hole transport layer in OLEDs.
Compared with Alq; (EA, = 0.83 eV at B3LYP/6-31G*
level) [75], which is well-known as an excellent electron
transporter [10, 76, 77], systems 2-5 show a significant
improvement in EA, which can effectively promote ability
of electron injection. It is noteworthy that systems 2-5
exhibit considerably lower LUMO energy levels, a decrease
of about 0.4-0.8 eV versus that of system 1, suggesting that

Vacuum Level

(=

EA

A

5 Dc=-4.3eV

®a=-47¢V @ |
~ ol

Anode
ITO)

Cathode(Al,Ca)

P

vV

Fig. 6 Energy-level diagrams of a single-layer OLED
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Fig. 7 Relative HOMO and LUMO energy level for systems 1-5 by
B3LYP/6-31G* calculation, and work function of ITO and Al, Ca

introducing different substituents at P-position remarkably
affects the LUMO energy levels Fig. 7.

For more in-depth analysis of the influence of different
substituents at P-position on the o*-m* conjugation, we
carried out fragment orbital calculations for system 4 with
lowest LUMO level (—2.46 eV) and system 1 (—1.69 eV)
at the B3LYP/6-31G* level. We divided systems 1 and 4
into fragment I possessing the endocyclic 7 system and
fragment II having the exocyclic P-C bond (see Fig. 8).
The results show system 4 (E = AuCl) has a much lower-
lying LUMO by about 0.77 eV and a little lower-lying
HOMO by about 0.63 eV than system 1 (E = LP). This
can be rationalized by the fact that the LUMOs of systems
1 and 4 arise from mixture of the o* orbital of fragment II
with the n* orbital of fragment I, while the HOMOs of
systems 1 and 4 almost come from the HOMOs of frag-
ment 1. Additionally, ¢* orbital level of fragment II in

o*
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s P
S
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system 4 (—0.2 eV) is much lower than that in system 1
(1.21 eV), whereas n* orbital level (—1.70 eV) of frag-
ment [ in system 4 is close to that (—1.75 eV) in system 1.
This suggests the introduction of —AuCl group at P-posi-
tion enhances the o*-m* hyperconjugation and further
lowers LUMO level of the complex, with the effect on the
o* orbital level of fragment II being much more pro-
nounced than that on n* orbital level. Our calculations
may lay a theoretical foundation for constructing new o
and m-conjugated materials having low-lying LUMO level.

Reorganization energy (4) is generally used as the main
aspect to assess the charge transport rate. In 4 calculations,
considering the fact that A value strongly depends on the
theoretical method chosen [63-65], we tested the conven-
tional DFT-based methods with different exchange—corre-
lation functional on systems 1-3. The results show a
general trend exists that the more the percentage of HF
exchange in different DFT-based methods, the larger the
Awe values are (Fig. S3 of Supporting information). It is
worth noting that the differences between 1, and 4. (A;,)
for each system with different DFT-based methods are
similar. For example, different DFT-based methods give
Alpe = 0.05-0.06, 0.11-0.14, 0.11-0.14 eV for systems
1-3, respectively (Table S2). This shows that selecting
different DFT-based methods has little influence on the
final conclusion that systems 1-3 can act as potential am-
bipolar materials. Thus, the B3LYP hybrid density func-
tional can be used as a reliable method to calculate inner
reorganization energies in our adopted systems. In the case,
the 4;, and A, for systems 4-5 were calculated with the
B3LYP functional and the 6-31G* basis set (Table 3).
Similarly, although the A, for systems 4-5 (0.38 eV) are
slightly larger than 4, for them (0.29-0.31 eV), the dif-
ferences between A, and A, for them (0.07-0.09 eV) are

n* //__:—'::"— '
L+1 e 82.9%
-1.70eV
@ H-L—__ 959% : A
- © o S3eV Tl T ‘
: 597V T

q o 0% L
7.08eV
= ol
S
= D

Fig. 8 Orbital interaction diagram for systems 1 and 4 which is formed by two fragments (IandII) at the B3LYP/6-31G* level of theory
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Table 3 HOMO-LUMO gap, vertical ionization potential (IP,),
vertical electron affinity (EA,), extraction potential and intramolec-
ular reorganization energy (4;,) by B3LYP/6-31G* calculation (All
units in eV)

Molecules Ay 1P, EA, HEP EEP e

1 3.69 6.67 035 640 0.68 027 033
2 347 691 084 6.64 125 027 041
3 3.49 693 0.77 6.63 1.18 030 0.40
4 3.50 726 120 6.95 1.58 031 0.38
5 3.60 697 075 6.68 1.13 029 0.38

small, which facilitates charge transfer balance and the
formation of the exciton. Thus, systems 1-5 can act as
high-efficiency emitting materials with ambipolar semi-
conductor behavior.

4 Conclusions

In this paper, we investigated the influence of different
substituents (E=LP, E=0, E=S, E = AuC],
E = BH;) at P-position on geometrical and electronic
structures as well as corresponding consequences on elec-
tron injection, transport properties, and luminescent prop-
erties by quantum chemistry methods. The introduction of
different substituents at P-position (E =LP, E = O,
E =S, E = AuCl, E = BHj3) has little influence on the
geometry framework of dithieno[3,2-b:2’,3’-d]phosphole
and the distribution of frontier molecular orbitals for sys-
tems 1-5. Meanwhile it increases the o*—n* hyperconju-
gation, which leads to low-lying LUMO level, thus
enhancing the ability of electron injection by varying
degrees. System 4 with the lowest LUMO energy levels
may be most favorable for the injection of electron into the
electron transport material. Furthermore, the main absorp-
tion peaks for systems 1-5 all arise from the promotion of
one electron from S to S;. The Sg — S, for them is mainly
HOMO — LUMO (rn — =w*) transition. However, the
influence on oscillator strengths of different substituents is
relatively large, which will further effect on the emission
efficiency. The emission peaks of systems 1-5 are con-
centrated approximately at the blue-green ray region (448—
516 nm), which means our studied systems may be used as
blue-emitting material. Calculated reorganization energies
(2) show that five derivatives of dithieno[3,2-b:2',3'-
d]phosphole can act as high-efficiency emitting materials
with ambipolar semiconductor behavior in single-layer
OLED:s.
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