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Abstract A series of oligo(thienylenevinylene) derivatives
with 1,4-dihydropyrrolo[3,2-b]pyrrole as core has been in-
vestigated at the PBE0/6-31G(d) and the TD-PBE0/6-31+
G(d,p) levels to design materials with high performances
such as broad absorption spectra and higher balance transfer
property. The results show that position and amount of arm
affect the electronic density contours of frontier molecular
orbitals significantly. The molecule with four arms owns the
narrowest energy gap and the largest maximum absorption
wavelength, and the molecule with two arms in positions a
and c has the broadest absorption region among the designed
molecules. Calculated reorganization energies of the
designed molecules indicate that the molecules with two
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arms can be good potential ambipolar transport materials
under proper operating conditions.
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Introduction

So far, a lot of effort has been devoted to the development of
high-performance organic solar cell (OSC) materials [1-11].
For example, some studies indicate that branched
oligothiophene and oligo(thienylenevinylene) derivatives
can show excellent properties for OSC materials [12—14]. A
theoretical study reported that 1,4-dihydropyrrolo[3,2-b]pyr-
role-cored molecules were potential candidates for OSC ma-
terials [15, 16]. However, there still exist some challenges in
the development of OSC materials. One of them is that, in
present OSC devices, the photocurrent is limited because the
overlap between the spectra of the sun and the absorption
spectra of present organic materials for OSCs is not good
[17]. The poor spectral overlap leads to the loss of the energy
in the sunlight. The photons with energies below about 2.0 eV
cannot be absorbed by the organic materials. Therefore, the
spectral overlap is necessary to be increased, namely, the
energy gap of m-conjugated molecule is necessary to be re-
duced. Understanding the relationship between molecular
structure and charge transport property of material is a key
factor for designing good candidates for OSC devices. The
lower the reorganization energy, the higher the charge transfer
rate [15, 16]. In this study, the charge transfer reaction is the
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self-exchange reaction. In other words, the free energy differ-
ence (AG®) between the initial and final states is approximate-
ly assumed as zero in the transfer process. As a result, the
charge transfer rate can be described by Marcus theory [18]
via the following equation:

K = V?/h(r/NewT)*exp(—/ 4k T) (1)

where 7 'is the temperature, &, means the Boltzmann constant,
A represents the reorganization energy due to geometric relax-
ation accompanying charge transfer, and V is the electronic
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 rates: (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 is
required [19, 20]. However, the designed molecules may be
non-crystal, and the electronic coupling matrix element value is
very limited [21-24]. Though charge transfer integrals of amor-
phous dendrimers can be estimated [25-27], we cannot predict
them for our designed molecules by similar methods due to the
lack of available approaches. Thus, we focused on their reorga-
nization 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 inner reorganization energy, Ay
and represents variations in the surrounding medium due to the
polarization effects (the external reorganization energy, Aext)
[28-31]. Our designed molecules may be used as the donors of
solar cells in solid films, because the dielectric constant of
medium for molecule is low [21, 22]. The computed values of
the external reorganization energy in pure organic condensed
phases are not only small but also much smaller than their
internal counterparts [32-34]. Moreover, previous works re-
ported that there is a clear correlation between \;,; and charge
transfer rate [25, 35, 36]. Therefore, we only paid attention to
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 m-conjugated systems
due to ignoring any environmental relaxation and changes in
this paper. Hence, the electron reorganization energy (\.) and
hole reorganization energy () values can be calculated by
Egs. (2) and (3) [37]:

Ae = [Eg—E-] + [E°~E\| (2)

Mo = (BB + [E0-E0). ®

Where E," (E, ) is the energy of the cation (anion) cal-
culated with the optimized structure of the neutral molecule.
Similarly, £, (E-) is the energy of the cation (anion)
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calculated with the optimized cationic (anionic) structure,
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.

The ionization potential (/P) and electron affinity (EA4) of the
molecules were calculated as described in the formulas below:

IP = E(I\/I+ )_E(Mneutral) (4)

E4A = E(Mpeytral)—"E(M7) (5)

where E (Meuuar) 1S the total energy of the neutral form at the
optimized geometry, E(M") and E(M") are the total energies
of the cationic and the anionic forms of the molecules,
respectively.

In this contribution, we designed three groups of
oligo(thienylenevinylene) derivatives with 1,4-dihydropyrrolo
[3,2-b]pyrrole as the core and thienylenevinylene as the arms
(see Scheme 1). The first group is the derivatives with two arms:
a-b, a-c, and a-d are di-substitutions with thienylenevinylene
arms in positions a and b, a and ¢, and a and d, respectively. The
second group is the derivatives with three arms: a-b-¢ and a-b-d
correspond to tri-substitutions with thienylenevinylene arms in
positions a, b, and ¢ and a, b, and d, respectively. The third group
is molecules with four arms: a-b-c-d refers to tetra-substitutions
of thienylenevinylene arms in positions a, b, ¢, and d. The highest
occupied molecular orbital (HOMO) energies, the lowest unoc-
cupied molecular orbital (LUMO) energies, the HOMO-LUMO
gaps (E,), and the absorption spectra were predicted. The elec-
tronic properties including natural bond orbital (NBO) charge,
ionization potential (IP), electron affinity (EA), and reorganiza-
tion energy (\) were investigated. In addition, the correlation
between these properties and the molecular structures was
discussed.

Computational details

The quantum chemistry calculations of ground state were
carried out with the aid of Gaussian 03 package [38]. The
PBEO method with the 6-31G(d) basis set was used in all the
geometry optimization including neutral, cationic, and an-
ionic molecules. A large number of previous works have
suggested that the PBEO method notably is adapted to the
sulfur-bearing molecules [4-7, 15, 16, 39-44]. Frequency
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Core: 1,4-dihydropyrrolo[3,2-b]pyrrole

Scheme 1 Chemical structures of core and arm of investigated molecules.
Core: 1,4-dihydropyrrolo[3,2-b]pyrrole Arm: Thienylenevinylene
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calculations using the same methods as those for the geom-
etry optimizations were performed for the investigated mol-
ecules. All real frequencies have confirmed the presence of a
local minimum. The absorption spectra of the designed
molecules were investigated by employing the TD-
PBE0/6-31+G(d,p) method based on the optimized ge-
ometries obtained at the PBE0/6-31G(d) level. For com-
paring with the interested results reported previously
[45, 46], the reorganization energies for electron ()\.)
and hole (\,) of the molecules were predicted from the
single point energy at the B3LYP/6-31G(d,p) level. The
natural bond orbital (NBO) analysis was used to map

Fig. 1 Electronic density
contours of the frontier
molecular orbital for
investigated molecules in
ground state
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the charge distribution of the investigated molecules.
Gaussian 09 package [47] was employed to optimize
the geometry of molecules in excited state and calculate
the NBO charge of ground and excited states.

Results and discussion

Frontier molecular orbitals

In order to gain insight into the influence of the optical and
electronic properties, the electronic density contours of
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frontier molecular orbitals (FMOs) for the designed molecules
in ground and excited states are investigated, and their
sketches are plotted in Fig. 1 and Fig. S1, respectively. The
evaluations of FMO energies for designed molecules are
shown in Fig. 2.

As shown in Fig. 1, for the molecules with two arms, the
electronic density contours of FMOs of a-b and a-c are
mainly delocalized on the whole molecules. The electronic
density contours of HOMO of a-d is mainly spread over the
core, one arm in position a, and half arm in position d. The
electronic density contours of LUMO of a-d is mainly
delocalized on one arm in position ¢, and with minor contri-
butions of the core and the arm in position a. For the three
arms molecules, the electronic density contours of FMO of
a-b-c are mainly distributed on the core, two arms in posi-
tions @ and ¢, and half arm in position b. The electronic
density contours of HOMO of a-b-d is mainly centralized
on the core, two arms in positions a and b, and half arm in
position d. The electronic density contours of LUMO of a-b-
d is mainly delocalized on the core and two arms in positions
a and b. The electronic density contours of FMO of a-b-c-d
are mainly spread over the core, two arm in positions a and c,
and half arm in positions b and d. These results reveal that the
position and amount of arm affect the distributions of the
electronic density contours of FMO significantly. Except a-d
displays a long-range electronic density reorganization dur-
ing the excitation, the charge transfers of other molecules are
rather localized, somehow being an undesired feature regard-
ing the target electronic properties of the designed materials.
That is to say, a-d will show better electron property.

The FMO energies are very important because they not
only closely relate to the spectral properties but also to the
reactivity of a compound. As shown in Fig. 2, for the two
arms molecules, the HOMO energies (Egomo) are in the
order of a-¢ > a-b > a-d, and their LUMO energies (ELumo)
are in the order of a-d > a-b > a-c. Thus, their £, values are in
the order of a-d > a-b > a-c. These results display that for the
two arms molecules, the arms in a and ¢ positions result in
the narrowest HOMO-LUMO gap. For the three arms
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Fig. 2 Evaluation of the calculated FMOs energies for investigated
molecules at the PBE0/6-31G(d) level
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molecules, the Eyomo, ELumo, and E,, of a-b-¢ are higher,
lower, and narrower than that of a-b-d, respectively. It in-
dicates that the arm in position c leads to smaller £, value
than the arm in position d. The values of Eyyomo, ELumo, and
E, of a-b-c are larger, smaller, and smaller than that of a-b,
respectively. It shows that increasing the arm in position ¢
results in smaller E,, value. a-b-¢-d owns the lowest E; ymo
and the narrowest £, among the designed molecules. It
should lead to the longest wavelength of absorption
spectrum.

Absorption spectra

The values of longest wavelength of absorption spectrum
(Amax)> corresponding oscillator strength (f), vertical excita-
tion energy (E,), and absorption region (R denotes for the
difference of the longest and shortest wavelength values with
oscillator strength larger than 0.01 considering the first twen-
ty excited states, see Table S1, the Supporting information)
of the designed molecules are listed in Table 1. The simulat-
ed absorption spectra of the investigated molecules are
shown in Fig. 3.

For the molecules with two arms, the A.x, correspond-
ing f, and R values are all in the order of a-¢ > a-b > a-d,
which is in good agreement with the corresponding re-
verse order of their E, values. It reveals that the arms in
positions a and ¢ may result in large A, value and broad
absorption region. For the three arms molecules, the .y,
corresponding f, and R values are all in the order of a-b-c
> a-b-d, and the E, value of a-b-c is smaller than that of
a-b-d. It shows that the arm in position ¢ may lead to
larger A.x, f, and R values than the arm in position d,
respectively. The A.x, corresponding f, and R values of
a-b-c are larger than that of a-b, which displays that
increasing the arm in position ¢ may increase the values
of these properties. a-b-c-d has smaller E, and larger A .«
values than that of a-b-c, which indicates that increasing
the arm in position d can increase the A, value. In sum,
the position and amount of the arm significantly influ-
ences optical properties of these designed molecules. As a

Table 1 Optical properties computed at the TD-PBE0/6-31+G(d,p)//
PBE0/6-31G(d) level

E, (eV) Amax (nm) f R (nm)
a-b 2.15 5717.77 1.61 298.51
a-c 2.07 599.40 3.33 314.80
a-d 243 510.20 1.27 232.59
a-b-c 1.98 627.15 2.11 312.61
a-b-d 2.12 584.21 091 272.09
a-b-c-d 1.94 640.68 2.05 286.89
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Fig. 3 Simulated absorption spectra of investigated molecules. The value of the full width at half maximum (fwhm) is 3000 cm™

result, a-b has the largest /' and R values, and a-b-c-d has
the largest \.x value.

Charge transport properties

To compare the charge transport properties of the investigat-
ed molecules, we calculated the reorganization energies as-
sociated with different geometries of two states (anion and
cation) based on the Egs. (2) and (3). The results are sum-
marized in Table 2. Herein, the reorganization energy is just
the internal reorganization energy of the isolated active or-
ganic m-conjugated systems due to ignoring any environ-
mental relaxation and changes. In order to study the response
of the molecule to the formation of a hole, or to the addition
of an electron, /P and EA4, both vertical (v: at the geometry of
the neutral molecule) and adiabatic (a: at the optimized struc-
tures of both the neutral and charged molecule) Egs. (4) and

Table 2 Calculated molecular ionization potential (/P, and IP,), elec-
tron affinity (EA4, and EA,), reorganization energies (A, and \;,) com-
puted at the B3LYP/6-31G(d,p)//PBE0/6-31G(d) level (in eV)

P, 1P, EA, EA, Ao An
a-b 5230 5335 1308 1124 0269  0.223
a-c 5103 5202 1365 1202 0224 0214
a-d 5350 5427  1.034 0913  0.143  0.186
a-b-c 5043 5128  1.606 1419 0259  0.197
a-b-d 5194 5265 1419 1251 0245  0.171
ab-c-d 4990 5066 1740 1570 0223 0.169

(5) were computed. The calculated results are listed in Table 2.
The natural bond orbital (NBO) analysis was supplied to map
the charge distribution of the models and provide the evidence
of charge transfer (see Fig. S2 and Tables S2-4, the Supporting
information).

It is well known the lower the /P of the hole-transport layer
(HTL), the easier the entrance of holes from HTL to indium
tin; the lower the £4 of the electron-transport layer (ETL), the
easier the entrance of electrons from ETL to cathode [37].
From the results in Table 2, one can see that the values of 1P,
and [P, are both in the order of a-d > a-b > a-c, and the values
of EA, and EA, are both in the order of a-d < a-b < a-c. These
results show that the orders of /P, and /P, values are nearly
reversed with their orders of EA, and EA, values. On one
hand, the IP, and IP, values of a-b-¢ are smaller than that of a-
b-d. On the other hand, the E4, and EA, values of a-b-c are
larger than that of a-b-d, respectively. The /P, and /P, values
of a-b-c are smaller than that of a-b, respectively. It reveals
that increasing the arm in position ¢ can decease the /P, and
IP, values. Among these molecules, a-d has the smallest £4,
and EA, values, and a-b-c-d owns the smallest /P, and P,
values. It displays that a-d is the most proper one as ETL
material, and a-b-c-d is the most proper one as HTL material.

For one thing, the A, values of designed molecules (0.143—
0.269 eV) are smaller than that of tris(8-hydroxyquinolinato)
aluminum(III) (Alg3) (A.=0.276 ¢V) which is a typical elec-
tron transport material [45]. It indicates that their electron
transfer rates are higher than that of Alg3. On the other hand,
their A, values (0.169-0.223 eV) are smaller than that of N,N'-
diphenyl-N,N'-bis(3-methlphenyl)-(1,1'-biphenyl)-4,4'-
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diamine (TPD) (A\,=0.290 eV) which is a typical hole trans-
port material [46]. It implies that their hole transfer rates are
higher than that of TPD. Moreover, the differences between A,
and )\, values for a-b, a-¢, and a-d are 0.046, 0.010, and
0.043 eV, respectively. It reveals that they have better
equilibrium properties for hole- and electron-transport. As
a result, these molecules are potential ambipolar charge
transport materials under proper operating conditions. The
values of A\, and )\, are both in the order of a-b > a-¢ >
a-d, which shows that the arms in positions @ and d may
lead to better charge transfer rate. The values of A\, and A,
of a-b-c are larger than that of a-b-d, respectively. Among
these designed molecules, a-d has the smallest ). value,
and a-b-c-d owns the smallest )\, value. These designed
molecules are potential candidates as hole transfer mate-
rials toward solar cells expect a-d, because their )\, values
are smaller than their )\, values, respectively.

From Figs. 1 and S1 (Supporting information), one can
find that the electronic density contours of FMOs for mole-
cules in excited state are similar in ground state, respectively.
These results show that the donor and accepter are the whole
molecules for a-b and a-c. The donor of a-d is the core, one
arm in position @, and half arm in position d, and its acceptor
is the arm in position d. The donor and acceptor of a-b-c are
the core, two arms in positions a and ¢, and half arm in
position b. The donor of a-b-d is the core, two arms in
positions a and b, and half arm in position d, and its acceptor
is the core and two arms in positions ¢ and b. The donor and
acceptor of a-b-c-d are the core, two arms in positions a and
¢, and half arm in positions b and d. Figure S2 and Tables S2-
4 (Supporting information) suggest that there is charge trans-
fer during the excitation. It agrees with the results obtained in
electronic density contours of FMOs for molecules.

Conclusions

In the present work, we report a theoretical investigation
of predicting the effects of position and amount of arm
on optical and electronic properties for a series of 1,4-
dihydropyrrolo[3,2-b]pyrrole-cored branched molecules with
thienylenevinylene arms. The following conclusions can be
drawn. (1) The position and amount of arm affect the distri-
butions of the FMO patterns significantly. (2) a-b-c-d owns
the lowest £ ymo and the narrowest E,, and increasing the
arm in position c results in smaller £, value. (3) a-b has the
largest f'and R values, and a-b-c-d has the largest A, value.
(4) a-d is the most proper one as ETL material, and a-b-c-d is
the most proper one as HTL material. (5) a-d has the smallest
Ae value, and a-b-c-d owns the smallest A\, value. These
results can be helpful for further theoretical and experimental
study of oligo(thienylenevinylene) derivatives toward the
application as OSC materials.
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