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Abstract Five thieno[3,4-b]pyrazine-based model com-
pounds were studied to explore the effects of the substituent
groups (alkyl or aryl) on the structure, atomic charge, optical
properties, ionization potential (IP), electron affinity (EA),
and reorganization energy. Theoretical calculations were
carried out by density functional theory (DFT) using the
B3LYP hybrid function combined and CAM-B3LYP with
the 6-31G(d) basis set. The lowest-lying absorption and
emission spectra of 9,9'-diethylhexylfluorene-alt-5,7-
dithien-2-yl-thieno[3,4-b] pyrazine (FDDTTP) with alkyl
groups showed a blue-shift, while those of FDDTTP with
aryl groups exhibited a red-shift. The results agree well with
analytical data from reorganization energies. IPs are brought
down by both alkyl and aryl groups. However, EAs are
raised only by aryl units. The results indicate that aryl
groups are more helpful in forming excitions for FDDTTP
molecules. Consequently, FDDTTP with aryl groups are
more efficient acceptor segments for designing donor—ac-
ceptor copolymers than those with alkyl groups.

Keywords Intramolecular charge transfer - Photophysical
properties - Substituent effect - Theoretical investigation
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Introduction

Donor—acceptor (D—A) conjugated copolymers have
attracted considerable academic and technological research
attention in the past two decades, especially for applications
in organic light emitting devices, photovoltaic cells and
organic field-effect transistors [1-12]. Among D—A alternat-
ing copolymers, the electron-donating moieties of fluorine
[13], thiophene [14-16], cyclopentadithiophene [17],
dithieno[3,2-b:2",3"-D]-pyrrole [18] and indolo[3,2-b]carba-
zole [19] have been investigated widely as donor segments
in polymer backbones. These copolymers have attracted
particular interest because of the formed intramolecular
charge transfer (ICT) [20-23] interaction between the elec-
tron donor and acceptor units that can facilitate manipula-
tion of their electronic structures (HOMO/LUMO levels),
electronic and optoelectronic properties. To explore and
design D—A alternating copolymers with improved perfor-
mance, it is important to perform the theoretical calculations
on their geometries and electronic structures in the ground
and excited states. The important parameters including ion-
ization potentials (IPs), electron affinities (EAs), electron-
extraction potentials (EEP), hole-extraction potentials
(HEP), and reorganization energies (A), are needed to eval-
uate the photophysical, carrier injection and transport prop-
erties. On the other hand, reorganization energies are also
necessary to investigate charge transfer properties.
Recently, thieno[3,4-b]pyrazine (TP) has been found to
be a good acceptor unit for the design and preparation of
efficient photovoltaic low band gap copolymers [24, 25].
The results of experimental analysis have shown that differ-
ent substituent groups (methyl and phenyl) in the 2,3-posi-
tion of TP moiety lead to different effects on the properties
of the copolymer [24]. A variety of UV—vis absorptions and
fluorescences are achieved by changing different substituent
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groups on the TP unit. It is well known that the properties of
copolymers correlate with their corresponding monomers. A
comprehensive theoretical understanding of the electronic
and photophysical properties of D—A monomers will be
helpful to further predict the energy levels, optical and other
properties of their copolymers with the same repeat seg-
ments [26, 27].

In this work, the influences produced by the substituent
groups were investigated systematically with the monomer
of 9,9'-diethylhexylfluorene-alt-5,7-dithien-2-yl-thieno[3,4-
b] pyrazine (FDDTTP). The theoretical models of
FDDTTP-H, FDDTTP-Me, FDDTTP-Bu, FDDTTP-Ph,
FDDTTP-Bph, and their structures, are shown in Fig. 1.
The density functional theory (DFT) method was employed
here for calculation of ground-state electronic structures,
and time-dependent DFT (TD-DFT) was used to study
optical properties. In addition, the energies of HOMO and
LUMO levels, the variation in band gaps, charge transfer,
absorption wavelengths and emission wavelengths of
FDDTTP-R (here, R groups are shortened form of hydrogen
atom, methyl, n-butyl, phenyl, and biphenyl unit, respec-
tively) were calculated in this work, and we made a point of
exploring the effects of the substituent side groups on the
electronic and photophysical properties of the model
compounds.

Computational details

The ground geometries and electronic structures of the
model compounds were optimized in the gas phase by the
hybrid DFT method at the B3LYP level of theory (Becke’s
three parameter functional and the Lee-Yang-Parr func-
tional) with 6-31G(d) basis set [28-30]. Ground geom-
etries were also optimized in the gas phase by CAM-
B3LYP with 6-31G(d). Geometry optimizations of the
first lowest singlet states were performed using a TD-

Fig. 1 Structures of 9,9'-
diethylhexylfluorene-alt-5,7-
dithien-2-yl-thieno[3,4-b]
pyrazine (FDDTTP) derivatives
FDDTTP-H, FDDTTP-Me,
FDDTTP-Bu, FDDTTP-Ph,
FDDTTP-Bph
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B3LYP [31-33]/6-311++G(d,p) approach. The integral
equation formalism of the polarizable continuum model
(PCM) was employed [34, 35]. Vibrational frequencies
were calculated at the same theoretical level to confirm that all
optimized ground configurations had no imaginary frequen-
cies and were minima on potential energy surfaces. The rela-
tive zero point energies of the ground geometries are listed in
Table S1. Properties, including HOMO/LUMO energies, IPs/
EAs, HEP, EEP, A and band gaps, were derived from single
point energy calculations performed at B3LYP/6-31G(d) level
and compared with experimental results when available [24].
Based on the optimized structures, atomic charges were com-
puted using natural population analysis. On the basis of
ground-state and the first singlet excited-state optimizations,
the TD-DFT approach was applied to investigate the excited-
state electronic properties. All calculations on the monomers
in this work were performed with the Gaussian 09 program
[36].

Results and discussion
Geometric parameters and properties

The main optimized geometry parameters including dihedral
angle (i), bridge bond length (Lg) and carbon—carbon bond
length of donors of FDDTTP-H, FDDTTP-Me, FDDTTP-
Bu, FDDTTP-Ph, FDDTTP-Bph by B3LYP/6-31G(d) are
shown in Fig. S1. In Fig. S1, we compare excited structures
(S1) with ground structures (Sy). The optimized geometry
parameters for the five model compounds by CAM-B3LYP/
6-31G(d) and B3LYP/6-31G(d) are listed in Table S2. Com-
parison between the optimized geometries of the five model
compounds obtrained using the two methods reveals quite
similar features. As shown in Fig. S1, the dihedral angle (¢)
(labeled in Fig. 1) is the deviation from coplanarity between
thiophene and TP. Here, Ly (labeled in Fig. 1) refers to the
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bond length between thiophene and the TP unit in the center
of the molecule.

In none of the model compounds is the whole molecule
planar. With increasing lengths of alkyl and aryl side chains,
the dihedral angles become smaller. Due to both the
electron-withdrawing inductive effects of alkyl groups and
the obvious electron-withdrawing conjugated effects of aryl
groups, the conjugated effects of D—A fragments in
FDDTTP-R are undermined in the ground state. The Ly of
the five molecules is 1.435 or 1.434 A. This indicates that
the lengths of alkyl and aryl groups have little effect on Ly
of FDDTTP-H, FDDTTP-Me, FDDTTP-Bu, FDDTTP-Ph
and FDDTTP-Bph.

As shown in Fig. S1, the optimized geometry structures
results show that all the D—A fragments in the FDDTTP-H,
FDDTTP-Me, FDDTTP-Bu, FDDTTP-Ph and FDDTTP-
Bph exhibit closed planar structures because the dihedral
angles are nearly 180°. We can predict differences in the
bond lengths between the Sy and S; from molecular orbitals
(MO) nodal patterns (see section on Frontier molecular
orbitals). Bond lengths with bonding character in HOMO
but antibonding character in LUMO lengthen upon ex-
citation. On the contrary, the bond lengths will be
shortened. The bridge bonds rotate to some extent when
excited from the ground state to the excited state. In all five
molecules studied, the excited structures have a strong copla-
nar tendency.

The bond lengths of Co—C;( in FDDTTP-Me, FDDTTP-
Bu, FDDTTP-Ph and FDDTTP-Bph are longer than that in
FDDTTP-H, which indicates that the substituent side groups
have a marked influence on bond length in the model com-
pounds. Both the electron-withdrawing inductive effects of
the alkyl groups and the electron-withdrawing conjugated
effect of aryl groups can weaken the conjugation of the D—A
fragments in FDDTTP molecules. The reason can be attrib-
uted to the longer length of bond Co—C;o in FDDTTP with
longer length of alkyl and aryl in the ground and excited
states, and the steric effects of the longer Co—C;y bond
length.

Frontier molecular orbitals

The HOMOs, LUMOs, and energy gaps are related to
optical and electronic properties. The largest oscillator
strength always leads to the strongest electron transition,
which corresponds exclusively to promotion of an electron
from HOMO to LUMO (see section on Absorption and
emission spectra in solution). The contours of the frontier
orbitals (HOMO and LUMO) of all molecules by B3LYP/6-
31G(d) were plotted in Fig. 2. The energies of the frontier
molecular orbitals, HOMO—-LUMO gaps (AE) and the low-
est excitation energies (£,) by CAM-B3LYP/6-31G(d) and
B3LYP/6-31G(d) are listed in Fig. 3 and Table S3,

respectively. From the results summarized in Table S3 and
Fig. 3, it appears clear that B3LYP/6-31G(d) leads to more
accurate frontier orbitals and transition energies than those
obtained using CAM-B3LYP/6-31G(d). In order to observe
the variation in HOMOs, LUMOs and energy gaps vividly,
the density of state (DOS) of each model compound is
shown in Fig. S2.

Figure 2 shows that all frontier orcbitals in the molecules
spread over the 7t-conjugated backbone, and that there is a
small contribution from the 9,9'-diethylhexylfluorene (F)
part. There is anti-bonding between the bridge atoms of
the inter-ring, and there is bonding between the bridge
carbon atoms and its conjoint atoms of the intra-ring in the
HOMO. However, there is bonding in the bridge single
bond of the inter-ring, and antibonding between the bridge
atom and its neighbor of the intra-ring in the LUMO.

The distribution of frontier orbital energy levels calculat-
ed (from HOMO-5 to LUMO+5) for all the model com-
pounds is displayed in Fig. 3. As can be seen, the calculated
HOMO/LUMO energies of FDDTTP-Me and FDDTTP-Ph
are in agreement with reported values [24]. Figure S2 shows
the AE of the five monomers in vacuum. As shown in Figs. 3
and S2, The AE/E, of FDDTTP-Me and FDDTTP-Ph are
2.29 eV/2.02 eV and 2.16 eV/1.86 ¢V, cf. the experimental
data of AE/E, of 1.81 ¢V/1.61 eV and 1.74 €V/1.55 eV. The
experimental values [24] of the AE/E, and the HOMO/
LUMO energies of FDDTTP-Me and FDDTTP-Ph exhibit
some deviation from the calculated data. The reason is that
polarization effects and intermolecular packing forces have
been neglected in the calculation treatments. Obviously, the
AE and E, of the FDDTTP with the aryl substituent groups
are smaller than those of FDDTTP-H. On the contrary, the
AE and E, of the FDDTTP with the alkyl group are greater
than FDDTTP-H. The results indicate that the AE can be
brought down by the intense 7-conjugated interaction,
which is in accordance with the measured shifted absorption
spectra with the substituent groups [24]. It is also can be
seen from Figs. 3 and S2 that the negative energies of
HOMO and LUMO become smaller when introducing the
substituent aryl or alkyl group.

Ionization potential, electron affinity and reorganization
energy

The adequate and balanced transports of both injected elec-
trons and holes are important in optimizing the device per-
formances of donor-acceptor conjugated copolymers for
light-emitting diodes. The ionization potential (IP) and
electron affinity (EA) are well-defined properties that
can be calculated to estimate the energy barriers for
judging the level of ease or difficulty for carrier injec-
tion. The IP and EA can be either for vertical excita-
tions (v, at the geometry of the neutral molecule) or
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Fig. 2 Contour plots of HOMO
and LUMO orbitals of
FDDTTP, FDDTTP-Me,
FDDTTP-Bu, FDDTTP-ph,
FDDTTP-Bph at the
B3LYP/6-31G(d) level
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Fig. 3 Diagrams of energy
levels of some frontier _ - -
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adiabatic excitations (a, optimized structure for both the
neutral and charged molecule). In addition, HEP is the energy
difference from E (neutral molecule) to E” (cationic), with
using E* geometric structure in calculation, and EEP is the
energy difference from E to E~ (anionic), with using E~
geometric structure in calculation. The calculated IPs(v, a),
EAs(v, a), HEP, EEP and Aygje/electron ar€ listed in Table 1.

As shown in Table 1, the adiabatic and vertical energies
of FDDTTP-H required to extract an electron from the
neutral molecule are 5.66 and 5.81 eV, while the EA,nx,
energies needed to create a hole are nearly 1.41 and
1.26 eV. The IP(v/a) energies of FDDTTP-Me, FDDTTP-
Bu, FDDTTP-Ph, FDDTTP-Bph reduce as the length off
alkyl and aryl substituent groups grows. The EA4(v/a) ener-
gies of 1.42/1.54 eV and 1.26/1.40 eV for FDDTTP-Me and
FDDTTP-Bu reduce with the growing lengths of alkyl
groups, while the EA(v/a) energies of 1.49/1.62 eV and
1.58/1.69 eV for FDDTTP-Ph and FDDTTP-Bph increase
with the length of aryl groups. The above results indicate
that it is easy to form excitions with the aryl substituent
group on the acceptor moiety, and FDDTTP-Bph is more
favorable for hole-creating and electron-accepting than the
other molecules.

The charge mobility in organic molecular materials is
usually described with Marcus electron transfer theory

. T .
FDDTTP-H FDDTTP-Me FDDTTP-Bu FDDTTP-Ph FDDTTP-Bph

[37]. The charge (hole or electron) transfer rate K can be
expressed by the following formula [38, 39]:

2 Abole/electron
K =4 AH 2 1 ex (
hole/electron h a \/ S orote etecron T p 4K, T

o Aholejelectron
= Aexp (— T

(1)

Here, AH,, is the electronic coupling matrix element
between the donor and acceptor molecules, Apgie/electron 1S
the reorganization energy for hole/electron transport, / is
Planck’s constant, and & is Boltzman’s constant. In particu-
lar, the AH,, and k terms play an important role in deter-
mining Kjoe/clectron- HOWever, it is most likely that AH,,
would vary over a limited range for analogous molecules
[40-42].

The mobility of charges has been demonstrated to be related
dominantly to the internal reorganization energy Apoje/electron fOT
organic light-emitting diodes. The Agjecyron 1S €lectron reorgani-
zation energy, which can be expressed as follows:

Aelectron = Ao FA- = (E; — EO) + (Ei _ E,)

= EEP — EAy,) @

where E, and E_ are the energies of the neutral and anion
species in their lowest energy geometries, while £, and E*

Table 1 Ionization potential (IP), electron affinity (EA), hole-extraction potentials (HEP), electron-extraction potentials (EEP), and reorganization

energies (A) Apote and Agjecron fOr series molecules

Energy (eV) IP(a)b IP(v) HEP EA(v) EA(a) EEP Ahole Aelectron
FDDTTP-H 5.66 5.81 5.53 1.26 1.41 1.53 0.28 0.13
FDDTTP-Me 5.78 5.92 5.63 1.42 1.54 1.68 0.29 0.14
FDDTTP-Bu 5.63 5.77 5.47 1.26 1.40 1.55 0.30 0.15
FDDTTP-Ph 5.61 5.75 5.48 1.49 1.62 1.74 0.27 0.12
FDDTTP-Bph 5.58 5.71 5.45 1.58 1.69 1.80 0.26 0.11

° (v) vertical excitations, («) adiabatic excitations
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Table 2 Electronic transition

data obtained by time-dependent Molecule Electronic transitions Mnm) A exp(nm) f Main configurations
density functional theory
(TD-DFT) in CHCl3 FDDTTP-H So—S; 675 0.590 H—L (79 %)
So—Ss3 418 0.899 H—L+1 (89 %)
FDDTTP-Me So—S, 637 412/588 0.765 H—L (81 %)
So—Ss 410 0.790 H—L+1 (85 %)
FDDTTP-Bu So— S, 621 0.798 H—L (79 %)
So—Ss3 411 0.700 H—L+1 (80 %)
FDDTTP-Ph So— S 689 425/639 0.560 H—L (80 %)
So—S3 427 0.799 H—L+1 (89 %)
FDDTTP-Bph So—S, 695 0.499 HoL (78 %)
So— S, 441 0.500 H—L+1 (76 %)

represent the energies of the neutral and anion molecules with
the geometries of the anion and neutral molecules, which is
equal to the difference between vertical EA,, and EEP.

Likewise, Aol for hole transfer can be expressed as
follows:

j'h()le = A‘O +)b+ = (E; - E()) + (Ei — E+) (3)
= IP(,) — HEP

The data in Table 1 show that the A, values for
FDDTTP-H, FDDTTP-Me, FDDTTP-Bu, FDDTTP-Ph
and FDDTTP-Bph are all bigger than their corresponding
Aclectron Values, which indicates that the electron transfer rate
is higher than the hole transfer rate. According to the values
listed in Table 1, these molecules can be used as hole/
electron transporters. It also shows that various substituent
groups produce a tremendous influence on the reorganiza-
tion energy of FDDTTP. The reorganization energy is in-
creased by alkyl groups, and is reduced gradually by aryl
groups. Hence, aryl groups are more beneficial to the for-
mation of intramolecular charge transfer than alkyl groups.

Absorption and emission spectra in solution

We used continuous medium theory to perform calculations
for solvent effects in our work. Transition energies of the
excited states of FDDTTP-H, FDDTTP-Me, FDDTTP-Bu,
FDDTTP-Ph, FDDTTP-Bph in CHCl; were computed using
the PCM model linked to TD-DFT (B3LYP) with the 6-311+

Table 3 Emission spectra obtained by TDDFT in CHCl;

Molecule Electronic ~ Mnm/eV) f Main
transitions configurations
FDDTTP-H S1—So 915(1.37)  0.639  H<«L (98 %)
FDDTTP-Me S1—So 849(1.47)  0.769  H<«L (96 %)
FDDTTP-Bu Si—So 799(1.54)  0.702  He«L (97 %)
FDDTTP-Ph Si—So 921(1.36)  0.580 H<«L (96 %)
FDDTTP-Bph  S;—S, 929(1.35)  0.545 H<L (98 %)

@ Springer

+G(d,p) basis sets. The overall solution effects on geometry
are negligible. The singlet excited states of the five molecules
were calculated at the optimized structure of the ground state
in solution for each species. The absorption and emission
wavelengths (A) in the S;, the oscillator strength (f) and the

—a— FDDTTP-H
---0---FDDTTP-Me
4 FDDTTP-Bu
-~7-- FDDTTP-Ph
~-<-FDDTTP-Bph

Relative intensity

T T \ T T T T
300 400 500 600 700 800
Wavelength(nm)

|(b) —=—FDDTTP-H

-0~ FDDTTP-Me
4 FDDTTP-Bu

~-- FDDTTP-Ph
4~ FDDTTP-Bph

Relavetive intensity

’ : ' : ;
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Wavelength(nm)

Fig. 4 Gaussian-type absorption (a) and emission (b) spectra in
CHClI; solvent
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main configurations of corresponding excited states are listed
in Tables S4 and S5. The calculated absorption and emission
spectra of FDDTTP-H, FDDTTP-Me, FDDTTP-Bu,
FDDTTP-Ph and FDDTTP-Bph by TDDEFT are simulated in
Fig. S3. The transition energies, f'and main configurations for
most relevant singlet excited states in solution are listed in
Tables 2 and 3. The corresponding absorption and emission
spectra are described in Fig. 4.

The calculated maximum absorption peaks in CHCI;
solution exhibit some red shifts compared to the results in
gas phase for FDDTTP-H, FDDTTP-Me, FDDTTP-Bu,
FDDTTP-Ph, FDDTTP-Bph (described in Table 2,
Figs. S3a and Fig. 4a). The maximum absorption wave-
lengths in CHClj; solution are larger than those in gas phase,
which indicates that the solvent effects stabilize the excited
state, inducing the red shift of the absorption spectra. The
absorption wavelength is progressively blue-shifted gradu-
ally with the increase in alkyl length, but red-shifted with
the increase in aryl group length. The influence of CHCl; on
the emission spectra of FDDTTP-H, FDDTTP-Me,
FDDTTP-Bu, FDDTTP-Ph, FDDTTP-Bph (described in
Table 3, Figs. S3b and Fig. 4b) was also calculated using
the PCM model. The results indicate that the solvent can
stabilize the excited states for FDDTTP-H, FDDTTP-Me,
FDDTTP-Bu, FDDTTP-Ph, FDDTTP-Bph. The maximum
emission wavelengths in CHCl; are larger than those in the
gas phase, giving rise to the red shift, which is coincident
with that observed in absorption spectra. The aryl and alkyl
groups afford the same influence in gas and solution in this
work. The data listed in Table 2 show that the TD-DFT
results deviate from the observed experimental absorption
spectra. The reason can be attributed to the different media,
the drawbacks of TD-DFT itself, and so on.

Conclusions

A comprehensive investigation was performed to explore
the effects of the different substituent groups on FDDTTP.
The calculated results show that optical and electronic prop-
erties, including HOMOs, LUMOs, AE, IPs, EASs, Apoie/electrons
absorption and emission spectra, are affected by different
substituent groups. Variations in ¢ were also calculated,
which illustrate that the electronic effects of the substituent
groups clearly influence the molecular structures in both the
ground and excited states. Because of the electron-donating
effects of the phenyl and biphenyl groups, all the model
compounds show better electron transport properties than
the hole transport property, especially for the FDDTTP-Bph
with minimum Apje and Agjeceron 0f 0.26 and 0.11 eV, respec-
tively. The investigation of IP and EA shows that the studied
molecules with the aryl substituent are helpful to form exci-
tions including electron and hole. The lowest-lying

absorptions of FDDTTP-Ph and FDDTTP-Bph based on the
optimized geometry structures in the ground states have bath-
ochromic shifts compare to FDDTTP-H. However, the
lowest-lying absorptions of FDDTTP-Me and FDDTTP-Bu
have hypsochromic shifts compare to FDDTTP-H. The spec-
trum properties of the donor—acceptor molecules can be mod-
ified by just fine-tuning the substituent side groups on the
acceptor, which provides a theoretical support for the design
of donor-acceptor copolymers for light-emitting materials. In
brief, calculations predict that the favorable character of the
monomers and their corresponding copolymers with aryl-
substituent groups can be used as light-emitting materials.
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