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Abstract The photophysical properties of five blue light-
emitting polymers based on spirobifluorene applied in poly-
mer light-emitting diodes (PLED) materials have been stud-
ied by quantum chemistry. In order to understand the
intrinsic reasons for the different performances displayed
by the polymers, we carried out density functional theory
(DFT) and Marcus theory investigations on their oligomers
in terms of structure and properties stability, absorption and
emission properties, and carrier injection and transport prop-
erties. Especially, some important parameters which had not
been reported to our knowledge were given in this contri-
bution, such as the ionization potentials (IPs), electron af-
finities (EAs), reorganization energies (), k./k; (the ratio
between the electron transfer rate (k.) and hole transfer rate
(k1)), and the radiative lifetimes (7). The main results indi-
cate that the co-oligomers of PCC-1, PCC-2, and PCC-3
with push-pull interactions produced by the existing D-A
segments have better carrier injection and transport proper-
ties than the oligomers of PSF and PCF. Especially PCC-2
co-oligomer, its large radiation lifetime (7.46 ns) and well
balanced and adequate carrier transport guarantee its cham-
pion performance for PLED. The calculated results coincide
with the experimental ones. Besides, PNF structurally sim-
ilar to PCC-2 has similar photoelectric properties to PCC-2
in theory, and the fluorescence emission of PNF co-
oligomer is superior to PCC-2 co-oligomer. Therefore, we
predict that PNF is a promising candidate for PLED.
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Introduction

Polymer light-emitting diodes (PLEDs) as a branch in
OLEDs have attracted extensive interest due to their full-
color, low voltage, self-luminous, fabricating ultrathin,
large-area display, fast response, and simple process [1, 2].
High performance blue, green, red, and white light-emitting
polymers are required to realize PLED-based displays,
whereas only a few blue light-emitting polymers show good
performance in comparison with other light-emitting poly-
mers. The simplest PLED consists of anode, cathode, and
emissive layer. Under the action of driving voltage, elec-
trons are injected from the cathode into the lowest unoccu-
pied molecular orbital (LUMO) of the adjacent organic
layer, while the anode injects holes into the highest occupied
orbital (HOMO) of the organic material. Then, the electrons
and holes move through the organic layer and recombine
under the formation of an “exciton” capable of relaxing its
excited state to the ground state by emission of light [3].
In order to promote deeper understanding of the connec-
tion between chemical structures and the optical and elec-
tronic properties of the emissive layer, and rational design of
new functional materials, theoretical calculations play an
important role. From the viewpoint of electronic structure,
the materials used in the emissive layer should match the
energy level for charge injection and should desirably pos-
sess a bipolar character, that is have both electron-
transporting (ET) and hole-transporting (HT) properties, to
permit the formation of both stable cation and anion radicals
[4]. Quantum chemical calculations on emissive layer mate-
rials can provide important information about these proper-
ties, especially of some parameters, such as the ionization
potential (IP), electron affinity (EA), and reorganization
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energies (A). These parameters can be used to evaluate the
carrier injection and transport properties, and they are diffi-
cult to be obtained from experiments. In order to be man-
ageable, in these calculations the complex issues of a
realistic condensed phase environment of the polymers are
usually neglected. In order to evaluate such calculations,
some key results have to be compared with experiment.

So far, polyfluorenes (PFs), polyphenylene, and polyphe-
nylacetylene derivatives have been used as blue light-
emitting materials, especially PFs are considered as promis-
ing candidates owing to their excellent thermal and chemical
stability, and high photoluminescence efficiency [5-7]. In
the family of PFs, spirobifluorene (SF) shows good thermal
and optical stabilities due to its unusual rigid three-
dimensional structure [8, 9]. In the past few years, many
researchers have developed a number of PLEDs based SF
via attaching different functional groups onto either fluorene
unit [10, 11].

Recently, on the basis of SF, Lin et al. reported three
copolymers PCC-1, PCC-2, and PCC-3 via Suzuki coupling
reaction with three comonomers: 2’,7'-dibromo-2,7-bis(4'-
cyanophenyl)-9,9-spirobifluorene (M1), 4-(9H-carbazol-9-
yl)-4',4"-dibromotriphenylamine (M2), and 9,9-dihexyl-
fluorene-2,7-bis(trimethyleneborate) (M3) [12]. According
to the different ratios of M1 and M2, copolymers PCC-1,
PCC-2, and PCC-3 were gained, and two reference homo-
polymers PSF and PCF were also prepared for comparison,
as shown in Scheme 1. In the PLED devices [12], the five
polymers were fabricated as emissive layers, respectively.
However, the PLED performances are obviously different
(the maximum luminance for PSF, PCC-1, PCC-2, PCC-3,
and PCF are 1505, 2108, 3024, 1717, and 1427 cd/m?,
respectively [12]). Why did the copolymers show better
performance than homopolymers, and why was PCC-2 the
champion polymer for PLED performance? In order to
locate the intrinsic reasons, we carried out density functional
theory (DFT) calculations on the oligomeric electronic
structures, absorption and emission spectra, frontier molec-
ular orbital energies (FMOs), energy gaps (E,), IPs, EAs, A,
k./k;, (the ratio between the electron transfer rate (k,) and

Scheme 1 Detailed polymeric
manner for polymers
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hole transfer rate (k;,)), and the radiative lifetimes (7).
Through the above parameters of oligomers, we analyzed
some determined properties of polymers for PLED in detail,
such as the structure and properties stability, absorption and
emission properties, carrier injection and transport proper-
ties which have not been reported to our knowledge (Marcus
theory [13] was employed to describe the dynamics of
charge transfer properties). In addition, we replaced 9,9-
dihexyl-9H-fluorene wiht 9-butyl-9H-carbazole in PCC-2
to design a new polymer PNF (which has not been synthe-
sized yet), and then theoretically investigated the potential
of PNF as emissive layer through comparing the oligomeric
properties with PCC-2.

This paper is organized as follows. In Sect. II, we de-
scribed the computational methods to obtain the geometries
and density topological analyses. The basic theory used in
the calculation carrier mobilities was also discussed. In Sect.
III, we reported the structural and properties stability, ab-
sorption and emission spectra, carrier injection abilities and
carrier transport properties as well as the experimental
observations. Concluding remarks were given in Sect. IV.

Calculation methods

In this paper, density functional theory (DFT) and time-
dependent DFT (TD-DFT) [14] are used to obtain the qual-
itative features of all the compounds at B3LYP/6-31G (d)
level [15, 16]. All the optimized structures have no imagi-
nary frequencies at the present level, which suggests that all
the optimized structures are the global minima on the po-
tential energy surface. The absorption spectra of all the
oligomers were computed by TD-B3LYP/6-31G (d) meth-
od, whereas, the emission spectra are computed at TD-
B3LYP/6-31G level due to the large amount of atoms. All
the calculations are carried out by Gaussian 09 package
[17]. In addition, atom in molecule (AIM) [18] theory is
employed to examine the density topological analyses of the
oligomers, and the nucleus-independent chemical shift
(NICS) [19] is also calculated at the B3LYP/6-31G (d)
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level. The NICS method possesses the merit that it allows
the evaluation of aromaticity, antiaromaticity, and nonaro-
maticity of single-ring systems and individual rings in poly-
cyclic systems (local aromaticities) [20]. In this work, NICS
is defined as the negative of the magnetic shielding at a ring
critical point (RCP) which is gained from the AIM analyses.
Furthermore, the bonding characteristics are investigated by
natural bond orbital (NBO) theory [21-24]. The density of
state (DOS) and projected density of state (PDOS) are
performed and their graphs are obtained from GaussSum
1.0 [25, 26]. The charge transfer rate (K) can be described
by Marcus theory [27-29] via the following equation when
the charge transfer is a self-exchange transfer process:

K = (V2/%)(x/2ksT)'"* exp(—2/4ksT) (1)

Here, T is the temperature, k3 is the Boltzmann constant,
A represents the reorganization energy due to geometry
relaxation accompanying charge transfer, and V is the elec-
tronic coupling matrix element (transfer integral) between
the two adjacent species dictated largely by orbital overlap.
It can be seen from Eq. 1 that there are two major parameters
that determine the charge transfer rate: (i) ¥, which needs to
be maximized, and (ii) A, which needs to be small for
significant transport. In order to investigate ¥, crystal data
in general are required [30—33]. However, the studied poly-
mers may be noncrystal, and the electronic coupling matrix
element value is very limited [34-36]. Thus, we focus on
their reorganization energies to investigate their charge
transport properties. Generally, the reorganization energy is
determined by the fast change of the molecular geometry
when a charge is added or removed from a molecule (the
internal organization energy A;,;) and represents the varia-
tions in the surrounding medium due to the polarization of
effects (the external reorganization energy A.,,) [37]. Since
the studied polymers are used as emissive polymers in the
solid film, the dielectric constant of the medium for the
polymers is low. Therefore, we only focus on the discussion
of the A; (reflects the geometric changes in the molecules
when going from the neutral to the ionized state and vice
versa) of the isolated active organic 7t-conjugated systems
due to ignoring any environmental relaxation and changes in
this paper. Hence, the electron reorganization energy (A.)
and hole reorganization energy (A;,) values can be calculated
by Eqgs. 2 and 3 [38]:

Ae = (Ena - Enn) + (Ean - Eaa) (2)

//Lh = (Ecn - Ecc) + (Enc - Enn) (3)

Here, E., (E,,) is the energy of cation (anion) calculated
with the optimized structure of the neutral molecule. Simi-
larly, E.. (E,,) is the energy of the cation (anion) calculated

with the optimized cation (anion) structure and E,,. (E,,) is
the energy of the neutral molecule calculated at the cationic
(anionic) state. Finally, E,, is the energy of the neutral
molecule at the ground state. When neglecting the effect
of V, the ratio between the electron transfer rate (k,) and hole
transfer rate (k;,) can be obtained according to Eq. 4:

k, 2\ 2 Ao — A

Here, A4 is a prefactor.

Results and discussion

The sketch maps of the studied polymers are depicted in
Scheme 1. With regard to PNF co-oligomer, we replaced n-
hexyl with n-butyl to decrease calculation cost without
affecting the results [39]. The optimized structures of stud-
ied oligomers are plotted in Scheme 2.

Figure 1 showed the total density of states (DOS) and
projected density of states (PDOS) to more easily and
vividly observe the varieties of the highest occupied
molecular orbitals (HOMOs) and the lowest virtual mo-
lecular orbitals (LUMOs), and energy gaps. As shown in
Fig. 1, in the co-oligomers (the oligomers of PCC-1,
PCC-2, PCC-3, and PNF), the HOMOs are mainly con-
sisted of PSF unit (solid line), whereas the LUMOs are
mainly contributed by PCF unit (dash line). In other
words, PCF unit is mainly the acceptor (A) segment,
and PSF unit is mainly the donor (D) segment. There-
fore, PCC-1, PCC-2, PCC-3, and PNF can be simply
expressed as the following forms: D-A-A, D-A, D-D-A,
and D-A. Further, the HOMO and LUMO orbital dia-
grams in Fig. 2 can show the specifical locations of the
electronic cloud distribution of FMOs. It can be seen
from Fig. 2, the electronic loud distribution of LUMO
in all the co-oligomers localizes on the side chain (cya-
no-phenyl-fluorene), while that of HOMO localizes near
the carbazol-triphenylamines, namely, the acceptors are
mainly contributed by cyano-phenyl-fluorene groups,
and the donors are mainly contributed by carbazol-
triphenylamines.

Structure and properties stability

Stability is the prerequisite of material. First, we investi-
gate the structure stability of studied oligomers. The
dihedral angles in Table 1S in supporting information
are smaller than 37 °C, which suggests that the twist of
all the studied oligomers is small. Hence, the planarity of
PCC-2 is the best in all studied polymers due to the
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smallest dihedral angle of its co-oligomer. The central
bond is as a bridge linking the donor and acceptor as
shown the bonds signed with E in Fig. 1S (in supporting
information), and its properties can reflect and influence
the properties of the polymers. Herein, some properties
of the central bonds were listed in Table 1S. The data of
bond lengths, Wiberg bond indexs (WBIs), and config-
urations for bonding orbitals of central bonds manifest
that central bonds contain 7t bond components.

Since NICS can distinctly and simply monitor the
condition of ring currents, it is widely used to express
the aromaticity of molecules. Systems with significantly
negative NICS values are aromatic and systems with
strongly positive NICS values are anti-aromatic, and
non-aromatic cyclic systems should therefore have NICS
values close to zero [19, 40-42]. Generally, NICS is
computed at a ring center, namely in the position of
RCP. The NICS values of the studied polymers are
calculated at B3LYP/6-31G (d) level and given in
Table 2S in supporting information, and the positions of
all the rings in the molecular system are shown in
Fig. 1S. From Table 2S, we can see that all the studied
rings (along the polymeric axis) have large ring current

@ Springer

due to the negative NICS. However, all the ring currents
of calculated benzene rings in the work are smaller than
that of single benzene ring (NICS, -9.7 at B3LYP/6-31G
(d) level), which results from the electrons delocalizing
to the whole studied molecules and decreases the local
ring current, namely, the studied oligomers are conjugat-
ed systems. Moreover, the b3, b4, ¢3, c4 rings in PNF
co-oligomer are close to the electron-rich nitrogen atom,
so their ring currents are more negative in comparison
with the single benzene ring. Further, the electronic cloud
distribution of FMOs in Fig. 2 indicates that all the
studied polymers are favorable 7m-conjugated systems.
Therefore, the studied oligomers are systems with favor-
able structural stability.

In the work, we analyzed the antioxidation properties and
thermal stability to investigate the properties stability. Gen-
erally, high HOMO energy level easily results in electron
escaping, and effective antioxidant property requires lower
HOMO energy level than -5.27 eV (below the air oxidation
threshold, ca. -5.27 eV) [43]. The HOMO and LUMO
energies were calculated at B3LYP/6-31G (d) level in this
study. The calculated HOMO and LUMO energies, and
energy gaps as well as the experimental values are listed in
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Table 1. From Table 1, we can see that the change trend in
orbital energies matches well with the experimental results,
and all the HOMO energy levels of experimental polymers
are around the air oxidation threshold, especially PSF has
the strongest antioxidation properties among the studied
polymers due to the lowest experimental HOMO energy
level. It is noteworthy that the calculated energy gaps of
co-oligomers agree with the experimental ones, which sug-
gests that the co-oligomers are already sufficient for the
polymers to perform representative calculations. In order
to obtain the thermal stabilities, we investigate the bond
dissociation energy (BDE) of central bonds in oligomers,
as summarized in Table 1S. BDE is considered as the en-
thalpy changes in the reaction 4 — B — 4 e +B e at 298 K

5 a2 0
Energy (eV)

and 1.013x10° Pa. The data in Table 1S indicate that most
of the BDE values are larger than 317 kJ mol ™', and the
values obviously increase with the increased ratios of SF,
which are consistent with the experimental thermal proper-
ties evaluated by thermo gravimetric analysis (TGA) [12].

We conclude that all the studied oligomers are stable in
structures and environment, especially the co-oligomers
containing a larger proportion of SF, which coincides with
the experimental results. As to the designed polymer, PNF,
its oligomer has the same structural and properties stability
as PCC-2 oligomer due to the same planarity, conjugation,
FMO energy levels, energy gaps and BDE of central bond.
Thus, PNF is a candidate for material with structural and
properties stability as PCC-2.
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Fig. 2 HOMO and LUMO o
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Absorption spectra and emission spectra

The simulated absorption spectra of studied oligomers by TD-
DFT/B3LYP functional with 6-31G (d) basis set are given in
Fig. 3b. The effect of the solvent (toluene) within polarizable
continuum model (PCM) [44] is taken into account during the
calculation. The experimental absorption spectra in toluene
solution of the experimental polymers are shown in Fig. 3a
for comparison. From Fig. 3b, we can see that the absorption

Table 1 Frontier molecular orbital energy levels, and energy gaps
(Eg), as well as experimental data. All energies are in eV

Polymer HOMO LUMO Eg
exp” exp” exp”

PSF -5.71 —5.42 —2.94 —2.08 2.71 3.34
PCC-1 —5.27 —4.93 —2.40 —2.12 2.87 2.81
PCC-2 —5.26 —4.92 —2.40 —2.09 2.86 2.83
PCC-3 —5.26 —4.87 —2.39 —2.09 2.87 2.78
PCF —5.26 —4.91 —2.38 -1.30 2.88 3.61
PNF - -4.9 - —2.08 - 2.82

?The data are from [12]*
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bands of the co-oligomers of PCC-1, PCC-2, and PCC-3 are
red-shifted with the increasing ratio of carbazole-
triphenylamines (PCC-1: 390, PCC-2: 417, PCC-3: 420), which
is consistent with the experimental results (PCC-1: 360, PCC-2:
366, PCC-3: 371) in spite of that the calculated maximized
absorption wavelengths (A% ) are larger than the measured
ones. An important factor that the calculated data deviate
from the experimental values could be ascribed to the
different frequencies between experiment and calculation.
From PCC-1 unit to PCC-3 unit, the increased ratios of
electron-rich triphenylamine enlarge the 7t systems and reduce
the energy level spacing, and then result in the above-
mentioned changes in the electronic spectra. The transition
energies, oscillator strengths, and configurations relevant to
the singlet excited states in each molecule are listed in
Table 3S, accompanied by the experimental results. The elec-
tron transitions of some main excited states are depicted in
Fig. 4. As shown in Table 3S and Fig. 4, the main config-
urations with the maximum wavelength in co-oligomers be-
long to single electron transitions mainly assigned to 7t — 70*
transition. In Fig. 4, the charge transfer of PSF unit occurs in
the fluorene units along the main chain in 370 nm, while the
charges transfer from carbazol-triphenylamines to fluorene
unit in PCF unit. In the co-oligomers, the charge transfer
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Fig. 3 (a) Experimental
absorption spectra of polymers
in toluene solution [12] and (b)
simulated absorption spectra of
oligomers (including PNF) in
toluene solution
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occurs from carbazol-triphenylamines (donor segment) to the
SFs (acceptor segment) along the main chains. Nevertheless,
the side chains as the main contributor to LUMO, cyano-
phenyl-fluorene, hardly participate in the electron transition
in the maximized absorption.

As shown in Fig. 3b, we also simulated the absorption
spectrum of PNF oligomer in toluene solution by TD-DFT/
B3LYP functional with 6-31G (d) basis set for comparison
with PCC-2. The transition energies, oscillator strengths, and
configurations relevant to the singlet excited states in each
molecule are also listed in Table 3S, accompanied by the
electron transitions of A% depicted in Fig. 4. As shown in
Table 38, the A7, of PNF oligomers (411 nm) is close to that
of PCC-2 oligomer (417 nm), and the oscillator strengths and
main configurations at the lowest excited states are similar. In
comparison with the charge difference densities in Fig. 4, we
find that the charge transfer in PNF oligomer occurs from
carbazol-triphenylamine to SF, whereas the carbazole in PCC-
2 hardly participates in charge transfer. Through comparing
the electronic spectra between PNF and PCC-2 oligomers, we
predict that the A7, of polymer PNF is between 359-366 nm,
and they have the same absorption properties.

In order to obtain the emission spectra properties, we cal-
culated the emission spectra in toluene solution of all the
studied oligomers at TD-B3LYP/6-31G level. Analogous cal-
culations for emission spectra based on hybrid DFT functions
have been implemented [45-47]. Unfortunately, we were only
able to obtain the emission spectra properties of the oligomers
of PSF, PCC-2, PCF, and PNF. As shown in Table 2, it can be
seen that the emission peaks with large oscillator strength are
all assigned to 7 — 7" character arising from HOMO —
LUMO transition. The calculated values of the vertical fluo-
rescence wavelength for PSF, PCC-2, and PCF oligomers are
located at 455, 442, 469 nm, respectively, thereinto, only the
theoretical fluorescence wavelength of PCC-2 is analogous to
the experimental one.

The Stokes shifts of PSF, PCC-2, and PCF measured by
experiment are 55, 83, and 47 nm [12], it may be explained
that these polymers have large change of the structures in

400

ground and excited states, however, the theoretical Stokes
shifts for their oligomers are 85, 25, and 78 nm due to the
deviations of the calculated A% and A, values. Further, the
radiative lifetimes have been computed for spontaneous
emission using the Einstein transition probabilities accord-

ing to the formula (in au) [48, 49]:

3

2(Er)’f

Here, c is the velocity of light, £, is the excitation energy,
and f'is the oscillator strength (in Table 2). The calculated
lifetimes 7 for the oligomers of PSF, PCC-2, and PCF are 3.06,
7.22, 4.28 ns, respectively, PCC-2 oligomer has the largest 7,
which is in accordance with the largest experimental Stokes
shift of PCC-2. From ground to excited states, PCC-2 has
larger change of structures than PSF and PCF, and the changed
structure of PCC-2 has smaller energy level spacing relative to
the former structure, which results in smaller excitation energy
for PCC-2. In accordance with Eq. 5, the smaller excitation
energy and f, the larger 7. Therefore, the largest radiative
lifetime of PCC-2 oligomer should be responsible for the
better luminance of its polymer.

As to PNF co-oligomer, combining Table 2 and Table 3S, we
can see that the theoretical Stokes shift of PNF co-oligomer is
22 nm, which is the same as the theoretical Stokes shift of PCC-
2 co-oligomer. The 7 value (vertical fluorescence) of PNF co-
oligomer is 7.67 ns that is 0.45 ns larger than PCC-2 co-
oligomer due to the small /" of PNF co-oligomer, though the
excitation energy of PNF co-oligomer is 0.05 eV larger than that
of PCC-2 co-oligomer. The large 7 of PNF co-oligomer is bound
to benefit the photoelectric properties of its polymer.

T =

(5)

Carrier injection

The IP and EA are well-defined properties that can be calcu-
lated by DFT to estimate the energy barrier for the injection of
carrier (hole and electron) into the emissive layer. The calcu-
lated IPs, EAs, both vertical (V; at the geometry of the neutral
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Fig. 4 Charge difference 2
densities of the main electronic
excited states of each molecule,
where the green and red colors
stand for the hole and electron,
respectively

PNF(411nm)

molecule) and adiabatic (A; optimized structure for both the
neutral and charged molecule), and the extraction potentials
(HEP and EEP for the hole and electron, respectively) that
refer to the geometry of the ions [50, 51].

One general challenge for the application of molecules in
OLEDs is achievement of high EA molecules for improving
the electron injection/transport and low IP molecules for
better hole injection/transport. In the work, the studied pol-
ymers are emissive layers, the balance of electron/hole in-
jection/transport through the device is critical, besides, it is
better that the studied polymers have small IPs and large
EAs in the meantime. Also, it has been experimentally
proved that Mes,B[p-4,4'-biphenyl-NPh(1-naphthyl)]
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(BNPB) is a good trifunctional molecule [52]. The calculat-
ed IPs and EAs of studied oligomers are given in Table 3.
From Table 3, it is can be seen that the IPs of the oligomers
of PCC-1, PCC-2, PCC-3, and PCF, are smaller than that of
BNPB (6.09 V) at the same level [53], which suggests that
the above molecules have smaller barriers than BNPB in the
losing electrons process. Obviously, the oligomers of PSF,
PCC-1, PCC-2, and PCC-3 are easier to accept an electron
than BNPB due to their larger EAs than BNPB (0.74 eV)
[54] at the same level, which indicates that the above
oligomers obtain electrons more easily than BNPB. In sum-
mary, the co-oligomers, PCC-1, PCC-2, and PCC-3 have
bipolar characters, whereas the oligomers of PSF and PCF

Table 2 Emission spectra obtained by TD-DFT method for studied oligomers at the B3LYP/6-31G optimized geometries

Electronic state Aem Ay f T Excitation energies Main configuration and coefficient
change (nm) (nm) (ns) (eV)
PSF S¢ — So 455 414 247  3.06 2.72 HOMO — LUMO + 1 0.99
PCC- S3—> S, 442 449 098 722 2.81 HOMO — LUMO + 2 0.89
2
PCF S, — S 469 425 1.87 4.28 2.64 HOMO — LUMO 0.98
PNF S4— S 433 - 089  7.67 2.86 HOMO — LUMO 0.69 HOMO — LUMO + 2

0.89

P Measured in toluene [12]
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Table 3 Ionization potentials,
electron affinities, extraction Polymer AIP VIP HEP AEA VEA EEP i Ae kelky,
potentials, reorganization ener-
gies, and the ratios between the PSF 6.27 6.37 6.16 1.22 1.07 1.38 0.21 0.31 3.16
electron transfer rate (k) and PCC-1 5.60 5.66 5.55 1.54 1.45 1.63 0.11 0.18 2.40
hole transfer rate (k;) for each PCC-2 5.65 5.74 5.59 1.28 1.17 1.50 0.15 0.22 2.40
molecules. All energies are in eV
PCC-3 5.44 5.49 5.39 1.33 1.23 1.53 0.10 0.20 3.43
PCF 5.73 5.83 5.64 0.49 0.31 0.85 0.19 0.36 7.60
PNF 5.63 5.71 5.55 1.25 1.13 1.50 0.16 0.25 3.05

only have single polar property. Therefore, the co-oligomers
are suitable as the emissive layer, since they are easily
injected into electrons and holes, which is one factor of their
better performances than the homopolymers.

As to the co-oligomer of PNF, from Table 3, we can see that
the IP and EA values of PNF unit (AIP: 5.63, VIP: 5.71, AEA:
1.25, VEA: 1.13 eV) are slightly smaller than those of PCC-2
unit (AIP: 5.65, VIP: 5.74, AEA: 1.28, VEA: 1.17 eV). The
above-mentioned results indicate that PNF co-oligomer has the
same carrier injection properties as PCC-2 co-oligomer, and
PNF is a promising candidate for a bipolar character material.

Charge transfer properties

Understanding the relationship between the molecular struc-
ture and the charge transport property of a material is a key
point in rationalizing the experimentally observed properties
of known materials and providing good candidates for the
design of photoelectric materials. Herein, the reorganization
energy was just the inner reorganization energy of the iso-
lated active organic 7t-conjugated systems due to ignoring
any environmental relaxation and changes. The calculated
results of ., A\, and the ratio between the electron transfer
rate and hole transfer rate (k./k;) values for the investigated
molecules were summarized in Table 3.

The A, values of the co-oligomers of PCC-1, PCC-2, and
PCC-3 (0.18-0.22 eV) are smaller than that of tris(8-
hydroxyquinolinato)aluminum(IIl) (Alg3) (A, =0.276 eV),
a typical electron transport material [55], which results from
the former with smaller barriers in structure changing due to
gaining electrons. The above results indicate that their elec-
tron transfer rates may be higher than that of Alq3. On the
other hand, because of smaller barriers of vibration struc-
tures of the co-oligomers in electron losing process, their A,
values (0.10-0.15 eV) are smaller than that of N, N’-
diphenyl-N, N’-bis(3-methlphenyl)-(1,1’-biphenyl)-4,4'-di-
amine (TPD) (A,=0.290 e¢V), which is a typical hole trans-
port material [56], implying that their hole transfer rates may
be higher than that of TPD. Whereas, the oligomers of PSF
and PCF are inferior to Alq3 due to their large A\, moreover,
their )\, and ), are larger than other molecules, which results
in their inferiorly balanced transport properties to other

studied molecules. It is noteworthy that the push-pull inter-
actions due to D-A are formed in the co-oligomers of PCC-
1, PCC-2, and PCC-3, and the interactions can improve
charge transfer, which is one of the important reasons for
their superiority to PSF and PCF oligomers in carrier trans-
port properties. Obviously, the k./k;, values in Table 3 indi-
cate that PCC-1 and PCC-2 oligomers have well balanced
transport properties due to their small k/k;, values (2.40).
Therefore, well balanced and adequate transport of both
injected electrons and holes are also the conditions of poly-
mer PCC-2 obtaining good performance.

In comparison with PCC-2 oligomer, the carrier transport
rates of PNF oligomer are inferior to PCC-2 oligomer at
both the size and balance. However, the differences are
slight, such as the )\, of PCC-2 and PNF oligomers are
0.15 and 0.16 eV, respectively, and the A, are 0.22 and
0.25 eV, respectively. Hence, we conclude that the carrier
transport property of PNF is similar to that of PCC-2.

In the oligomers of PSF, PCC-1, PCC-2, PCC-3, and PCF,
the PCC-2 co-oligomer has well structure and properties sta-
bility, relatively small carrier injected barriers due to its small
IP and EA values, larger Stokes shift (83 nm) and radiative
lifetime (7.22 ns), and well balanced and adequate carrier
transport due to its smaller \,, A, and k./k;. The above good
structural and photoelectric properties of PCC-2 co-oligomer
should be responsible for the favorable performance of its
polymer in PLED, while the poor carrier injection and trans-
port properties of PSF and PCF oligomers should be respon-
sible for the poor luminance of their polymers.

As to PNF co-oligomer, its structure and properties sta-
bility, absorption and emission spectra, and carrier transport
properties are similar to those of PCC-2 co-oligomer. More-
over, PNF co-oligomer is superior to PCC-2 co-oligomer in
fluorescence emission due to larger radiation lifetime (7.67
ns). Therefore, we predict that polymer PNF is a promising
candidate for PLED.

Conclusions
In this contribution, density functional theory (DFT) and

Marcus theory have been employed to model a series of
spirofluorene derivatives, PSF, PCC-1, PCC-2, PCC-3, and
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PCF, to investigate the intrinsic reasons for their different
photoelectric properties in PLED. In order to design a prom-
ising candidate for PLED, we designed a new polymer PNF
according to PCC-2 which had the best performance in the
above five polymers, and theoretically predicted its potential
as PLED material. The investigations refer to their electronic
structures, absorption and emission spectra, frontier molecular
orbital energies (FMOs), energy gaps (E,), IPs, EAs, A, k./k;,
and the radiative lifetimes (7) of their oligomers. Through the
above parameters, we analyzed some determined properties of
the polymers for PLED in detail, such as the structure and
properties stability, absorption and emission properties, carrier
injection and transport properties.

The studies show the co-oligomers of PCC-1, PCC-2,
and PCC-3 have better carrier injection and transport
properties due to push-pull interactions produced by the
existing D-A segments, and the bipolar characters of the
co-oligomer guarantee their better performances than the
oligomers of PSF and PCF. Especially PCC-2 co-oligomer
has relatively small carrier injected barriers, larger Stokes
shift (83 nm) and radiation lifetime (7.22 ns), and well
balanced and adequate carrier transport, and the above-
mentioned properties should be responsible for the favor-
able performance of its polymer in PLED, while poor
carrier injection and transport properties are the main
reasons for the poor luminance of PSF and PCF.

As to PNF co-oligomer, its electronic structure and pho-
toelectric properties are similar to those of PCC-2 co-
oligomer. Moreover, PNF co-oligomer is superior to PCC-
2 co-oligomer in vertical fluorescence emission due to large
radiation lifetime (7.67 ns). Therefore, we predict that PNF
is a promising candidate for PLED.
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