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Molecular design of organic small molecules based
on diindole—diimide with fused aromatic
heterocycles as donors for organic solar cellst

Ruifa Jin{ *3 and Ahmad Irfan<®

A series of diindole—diimide based small molecules with different aromatic end groups have been designed
and investigated theoretically as donor materials for organic solar cells (OSCs). Their optical, electronic, and
charge transport properties have been investigated by density functional theory (DFT) and time-dependent
density functional theory (TD-DFT). The calculation results showed that the designed molecules can lower
the band gap and extend the absorption spectrum towards longer wavelengths. The optical, electronic, and
charge transport properties of the designed molecules are affected by the introduction of different aromatic
end groups. We have also predicted the mobility of molecules with benzold]thiazole and benzolc]
thiophene end groups. Their hole mobility values are 0.157 and 6.57 x 1072 cm? V™! s7%, respectively.
Our results reveal that the designed molecules are promising hole transport materials and donors with

rsc.li/rsc-advances

Introduction

Organic solar cells (OSCs) have been regarded as potential
energy resources due to their promising features, including
lightweight, mechanical flexibility, low manufacturing cost, and
so on." Unfortunately, the low power conversion efficiencies
(PCEs) of OSCs remain the primary obstacle to their commercial
application. To address the above issue, great efforts have been
intensively devoted to improving the PCEs of OSCs.” PCEs of
bulk heterojunction (BHJ) polymer OSCs close to 10% have been
reported.’® In recent years, as another branch of OSCs, OSCs
based on small molecules have also received much attention.*
The PCE of small-molecule OSCs has recently reached 8%.°
Although the PCEs of small-molecule OSCs are still lower than
those of their polymer counterparts, small molecules possess
prominent advantages over their polymer counterparts, such as
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intense broad absorption spectra for OSCs.

well-defined structures, higher charge carrier mobility, easier
purification and synthesis, less batch to batch variation, and
intrinsic monodispersity.® These advantages make small mole-
cules are more suited to mass production than polymer-based
ones. Especially, compared with polymer molecule, the struc-
ture of small molecule can be tuned more easily, which is
beneficial for effective sunlight absorption.” However, the
overall performance of OSCs based on the small molecules still
lagged behind that of their polymer counterparts. Therefore,
a perspective means how to improve the PCEs of small-molecule
OSCs is to design and synthesize high-performance and desir-
able donor novel small molecules. In order to achieve high-
performance of small molecules based OSCs, a low band gap
(E;) and a low highest occupied molecular orbital (HOMO)
energy level are the two most important factors. In addition, the
material should possess high carrier mobility. Nowadays, push—
pull structures comprising electron donors and acceptors are
regarded as one of the most promising materials in OSCs
research.? This push—pull structure can enhance intramolecular
charge transfer (ICT) and lower the E, of material, which extend
the absorption spectrum towards longer wavelengths.” At the
same time, the HOMO and the lowest unoccupied molecular
orbital (LUMO) energy and E, levels can be tuned effectively by
adjusting the push and pull units.’ Among the various push-
pull organic compounds, the indole-containing molecules have
been proved to be a promising building block for small-
molecule OSCs owing to their strong light-capturing, excellent
charge carrier mobility, and good chemical and environmental
stability properties.” Furthermore, the introduction of the
electron-deficient aromatic imide group into this electron-rich
m-system may lower the energy level of the m-conjugated
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semiconductors.'> Recently, indole-containing small-molecules
for OSCs have been reported, they showed good charge trans-
port, film morphology, and optical properties.*

Herein, we investigated the relationship between topologic
structures and optical as well as charge transporting properties
for diindole-diimide based small molecules. Furthermore, with
the aim to extend the UV-vis in NIR region, the fused aromatic
heterocycles as the electron donor were introduced to the 7
system of molecules. A series of novel diindole-diimide-based
small molecules have been designed (Scheme 1). The optical
and electronic properties of designed molecules have been
investigated. We also select two compounds of the designed
compounds as representation to predict their mobility.

Computational methods

Ground neutral and charged state geometries of the designed
compounds were optimized by using density functional theory
(DFT) at the B3LYP/6-31G(d,p) level.** The frontier molecular
orbitals (FMOs) of the designed compounds were then calcu-
lated at this level of theory based on the optimized geometries.
The HOMOs and LUMOs contributions of the individual frag-
ments of the designed compounds to the respective FMO were
also calculated. Additionally, the absorption spectra of the
designed compounds were predicted using the time dependant
density functional theory (TD-DFT) at the TD-B3LYP/6-31G(d,p)
level of theory based on the optimized geometries.”® The
molecule 1 was taken as an example to testify to the validity of
the selected approach. The geometry optimizations of molecule
1 were carried out by the DFT method using the 6-31G(d,p) basis
set. The absorptions were predicted using TD-DFT with the 6-
31G(d,p) basis set based on the optimized geometries. The
various functionals for all DFT and TD-DFT computations
include B3LYP, PBE0, CAM-B3LYP, wB97XD, M062X, and
LCWPBE. The longest A,,s of molecule 1 are listed in ESI Table
SI.7 The results displayed in Table SIf showed that the TD-
B3LYP/6-31G(d,p) method provided a better agreement with
the reported experimental observations™ than those obtained
with other methods, with the deviation being only 2 nm. In
addition, our designed molecules are used as OSCs materials in
the solid film. Therefore, the solvent effect for investigated
system is negligible in this work. Thus, geometry optimizations,
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Scheme 1 Molecular structures of the designed compounds.
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band gaps E,, and absorption properties of designed molecules
were carried out by the B3LYP/6-31G(d,p) method.

Generally, the Marcus theory has been applied to estimate
the charge transfer rate:'*"”

V2 i : A
(7)) oolar) o

where T and kg are the temperature and the Boltzmann
constant, correspondingly, A and V the reorganization energy
and transfer integral, respectively. Clearly, the two key param-
eters A and V determine the charge transfer rate. For the 4, it is
composed of two parts: external reorganization energy (Aex) and
internal reorganization energy. The A is the effect of the
surrounding media in bulk materials, while the A;, is the
measure of relaxation in molecular geometry.* In this work, we
focus only on the A;, and neglect the Ao because the A.y values
are much smaller than their A;,, counterparts in pure organic
condensed phases.' The A;,,; can be expressed as:

A=+ k= (E — ED)+ (ES - E) (2)

where E) and E represent the energy of the neutral and cation/
anion species with the optimized structure of the neutral
species, respectively, while ES and ET are the energies of the
neutral and cation/anion species with the optimized cation/
anion structure, respectively. The A, for electron (A.) and
hole (1) were calculated at the B3LYP/6-31G(d,p) level.>®

The V can be calculated by:*"*

V= ($UF°|93) (3)

¢9 and ¢5 mean the HOMOs or LUMOs of the two monomers in
the dimer. ° is the Kohn-Sham Hamiltonian of the dimer. The
molecular orbitals and density matrix of the two individual
monomers are applied to calculate the £°. In this work, the V
were calculated at the pw91pw91/6-31G(d) level.® The module
polymorph of software package Materials Studio®® was
employed to predicte the molecular crystal structure. The
polymorph predictor calculations are restricted to the ten most
popular space groups, P2,/c, P1, P2,2,24, C2/c, P24, Pbca, Pna2,
Cc, Pbcn, and C2. The compass force field was used for the
prediction. The geometry of the cluster models was taken from
B3LYP/6-31G(d,p) level. van der Waals and Coulomb interac-
tions were evaluated by using the Ewald summation method
with a cutoff of 6 A, and the Ewald accuracy tolerance was set to
0.0001 keal mol .

The carrier mobility u can be evaluated by Einstein equation:

e
M= kB—TD (4)

The diffusion constant D can be obtained by equation:*
S ak?
1

x(1)* :

—» 2n t
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here d is the intermolecular center-to-center distance, while & is
the hopping rate due to charge transfer to neighbour. n = 3

means the spatial dimension of the crystal Pi:ki/z ki
i

represents the probability of the specific hopping route. This
means that it is a three-dimension averaged diffusion process.
All the calculations are carried out using the Gaussian 09
program.>®

Results and discussion
Frontier molecular orbital

With the aim to characterize the optical, electronic, and charge
transport properties, the distribution of electron density in
HOMOs and LUMOs for the designed compounds are plotted in
Fig. 1. Table 1 presents the Eyomo, Erumo, Eg and the HOMOs
and LUMOs contributions of the 3,8-dihydroindolo[7,6-g]
indole-diimide fragments (IID) and aromatic end groups (Ar)
fragments (in %) to the FMO. As visualized in Fig. 1, both the
HOMOs and LUMOs of the designed compounds exhibited =
characteristics. Furthermore, the distribution patterns of
HOMOs and LUMOs delocalized across the whole molecular
backbone because of the planar and rigid conjugated molecular
geometry. The results displayed in Table 1 reveal that the
HOMOs of the designed compounds are mainly localized on the
IID and Ar fragments. On the other hand, the LUMOs mainly
reside at the IID fragments with minimal density on Ar frag-
ments. The contributions of IID fragments of LUMOs are larger
than 78.8%, while the contributions of Ar fragments are within
8% except the corresponding contribution of Ar fragment is
21.2% for 5. As expect, the designed compounds exhibited
obvious the ICT character of the vertical S, — S, transition due
to the planar and rigid molecular structure. Analysis of the
FMOs indicates that the HOMOs — LUMOs excitations results
in transfer of electron density from the Ar fragments to IID
fragments for the designed compounds. The percentages of
charge transfer from Ar to IID fragments for 1-6 are 23, 7.3,
60.8, 35.5, 26.4, and 56.6%, respectively. It suggests that the Ar
fragments serve as donors and IID fragments serve as acceptors
for the designed compounds.

To gain a deeper insight into the influence of the optical and
electronic properties, the Eyomo, ELumo, and Eg were analyzed.
From Table 1, one can find that both the Eyomo and Exomo

LUMO HOMO LUMO

Fig.1 The FMOs of the designed compounds at the B3LYP/6-31G(d,p)
level.
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Table 1 The FMOs energy and band gaps Eg, and FMOs molecular
orbital contribution (%) from individual fragments (in %) to the FMOs of
the designed compounds at the B3LYP/6-31G(d,p) level

HOMO LUMO

Species  Epomo  Ar* mp’  Eumo  Ar 1D Eg

1 —5.494 27.8 722 —2.764 4.8 952 2730
2 —6.106 121 87.9 —2.973 4.8 952  3.133
3 —5.520 65.3 347 —2.808 45 955 2712
4 —5.571 427 57.3  —3.098 72 92.8  2.473
5 —5.516 47.6 524 —2.900 212 78.8 2.616
6 —4.811 624 37.6 —2.724 5.8 942  2.087

“ Ar: aromatic groups. ’IID: 3,8-dihydroindolo[7,6-glindole-diimide
fragments.

values of 2-5 decrease compared with those of parent
compound 1, respectively. Interestingly, the Fyomo and Enomo
values of 6 increases compared with those of parent compound
1, respectively. The trend of the Eyomo is6>1>5>3>4>2
while Epymo is 6 > 1> 3 >5>2> 4., On the other hand, the E, is in
the order of 2 > 1 > 3 > 5 > 4 > 6. These results indicate that
molecule with benzo[c]thiophene (6) end group possesses lower
both Eyomo and Epymo, while molecules with pyrazine (2),
thiophene (3), benzo[c|[1,2,5]thiadiazole (4), benzo[d]thiazole
(5) end groups have higher Eyomo and Epymo compared with
molecule with benzene end group. The E, value of molecule
with pyrazine end group are larger, while the corresponding
values of molecules with thiophene, benzo[c][1,2,5]thiadiazole,
benzo[d]thiazole, benzo[c]thiophene end groups are smaller
than that of molecules with benzene end group. These results
suggest that the different end groups have effects on the Egomo,
Erumo, and Eg for the compounds under investigation.

Absorption spectra

Table 2 presents the longest wavelength of absorption A,ps, the
oscillator strength f, main configurations, and the absorption
region R of the designed molecules. R corresponds to the
difference of the longest and shortest wavelength values with
oscillator strength larger than 0.01 considering the first fifteen
excited states. The corresponding A,ps and f of the first fifteen

Table 2 Predicted A, corresponding f and R, and main configura-
tions of 1-6 at the TD-B3LYP/6-31G(d,p)//B3LYP/6-31G(d,p) level

Species Aabs F Main assignment R

1 542 (339)" 0.127 (0.321)° H — L (0.70) 236
2 473 (371) 0.084 (0.210) H — L (0.69) 140
3 559 (308) 0.088 (0.550) H — L (0.70) 259
4 595 (353) 0.175 (1.265) H — L (0.70) 242
5 565 (334) 0.188 (1.001) H — L (0.70) 244
6 708 (346) 0.195 (1.251) H — L (0.70) 362
Exp* 540 (340)

“ Experimental data for 1 from ref. 13. ” Data in the parentheses are the
wavelength with the largest f values. © Data in the parentheses are the f
values.
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excited states for the designed compounds are listed in Table SII
in ESL.t We also present the wavelength with the largest f of
absorption in Table 2. From the data in Table 2 and Table SII in
ESI,} one can find that the 1 has three main absorption peaks at
about 542 (f = 0.127), 339 (f = 0.321), and 318 (f = 0.283) nm.
These results are in good agreement with the experimental
results namely, absorption peaks at about 540, 340, and 320 nm,
which are all observed in experiments.”* Furthermore, the
designed molecules have two main absorption peaks at about
350 and 500-700 nm. We aim to obtain a broad and intense
absorption region which can match the sunlight spectrum by the
introduction of aromatic end groups. Therefore, we mainly focus
on the UV-vis regions absorption of the designed molecules. The
major assignments of the lowest S, — S; electronic transitions
for 1-6 are mainly as HOMOs — LUMOs. It can be noted that the
Aapbs Of 3-6 exhibit bathochromic shifts, while the corresponding
Aaps Of 2 has hypsochromic shift compared with that of the
parent compound 1. The A, values are in the order of 6 >4 > 5 >
3>1>2,which is in excellent agreement with the corresponding
reverse order of E, values displayed in Table 1. It indicates that
the introduction of pyrazine (2) end group decrease, while the
introduction of thiophene (3), benzo[c][1,2,5]thiadiazole (4),
benzo[d]thiazole (5), benzo[c]thiophene (6) end groups increase
the A,ps values compared with parent molecules with benzene
end group. The sequence of Ris 6 > 3 > 5 >4 > 1 > 2. It suggests
that the introduction of pyrazine end group end results in
smaller R value, while the introduction of thiophene, benzo[c]
[1,2,5]thiadiazole, benzo[d]thiazole, benzo[c]thiophene end
groups lead to the increase of R values compared with parent
molecules with benzene end group. In general, larger oscillator
strength means larger experimental absorption coefficient. The
order of the predicted fis in the decreasing order of 6 >5>4>1>
3 > 2. It indicates that the introduction of benzo[c][1,2,5]thia-
diazole, benzo[d|thiazole, benzo[c]thiophene end groups
increases, while the introduction of pyrazine and thiophene end
groups decreases slightly the f values compared with benzene
end group for the designed molecules. Furthermore, from Table
2 one can find that the 1., and R values of molecules with benzo
[c][1,2,5]thiadiazole, benzo[d]thiazole, benzo[c]thiophene end
groups are larger than those of other molecules. It suggests that
molecules with benzo[c][1,2,5]thiadiazole, benzo[d]thiazole,
benzo[c]thiophene end groups can lower the material band gap
and extend the absorption spectrum towards longer wave-
lengths. The A, and R values of molecules with pyrazine and
thiophene end groups are smaller slightly than those of parent
molecule 1. Therefore, the designed compounds possess the
large Aups, f, and R values. The designed molecules could be used
as donors with intense broad absorption spectra for solar cell
material, particularly for 4-6.

Reorganization energy

In order to design good candidates for OSCs devices, one key
factor is to understand the relationship between molecular
structure and charge transport property of material. As
mentioned above, the reorganization energy is one major
parameter determining the charge transfer rate.'®” The
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calculated reorganization energies for hole and electron are
listed in Table 3. From Table 3, one can find that the A, of 1-6
are larger than that of the typical electron transport material
(Ae = 0.276 €V), tris(8-hydroxyquinolinato)aluminum(ir)
(Alg3).>” On the contrary, the A, values of 1-6 are smaller than
that of the typical hole transport material (4, = 0.290 eV), N,N'-
diphenyl-N,N'-bis(3-methlphenyl)-(1,1’-biphenyl)-4,4’-diamine
(TPD).?® This indicates that the hole transfer rates of 1-6 might
be higher than that of TPD. Furthermore, A, values of 2 and 3
are larger, while the corresponding values of 4-6 are smaller
than that of 1. It suggests that the introduction of pyrazine and
thiophene end groups decrease, while the introduction of benzo
[c][1,2,5]thiadiazole, benzo[d]thiazole, benzo[c]thiophene end
groups increase the and hole transfer rates compared with
parent molecule 1. It implies that the designed molecules can
be used as promising hole transport materials from the stand
point of the smaller reorganization energy.

Charge-carrier mobility

We select 5 and 6 as representation to study their charge
transport property. The total energies and lattice constants of
the predicted crystal structures for 5 and 6 in different space
groups are summarized in Tables SIII and SIV in ESI,T respec-
tively. The crystal structures of 5 and 6 with the lowest total
energies belong to space groups P2; and Pbcn respectively and
shown in Fig. SIin ESLt Thus, we predict the mobility of 5 and 6
in these two space groups, respectively. The main carrier hoping
pathways of 5 and 6 are selected based on their optimized crystal
structures, respectively. The selected pathways (dimers) of 5 and
6 in space groups P2, and Phcn respectively are depicted in Fig. 2.
The calculated transfer integrals and mobility of 5 and 6 for
holes and electrons in space groups P2, and Phcn are listed in
Table 4. The hole or electron coupling means the orbital
coupling of the neighboring molecules. The FMO distributions
and relative position of the interacting molecules are two major
parameters that determine the electronic coupling.* From Table
4, it can be noted that 5 possesses the largest absolute electron
and hole coupling values in pathways 1 and 2 in space group P2;.
For 6, the largest absolute electron and hole coupling are located
in pathways 4 and 7 in space group Phcn. The orientation of the
interacting molecules is the key factor of hole or electron
coupling for 5 and 6. The values of hole mobility of 5 and 6 for
P2, and Pbcn space groups (0.157 and 6.57 x 10 > em> V™' s 1)
are larger than that of TPD (1.0 x 107> em”® V' s71),* respec-
tively. The values of electron mobility of 5 and 6 for P2, and Pbcn

Table 3 Calculated A and 2, (both in eV) of 1-6 at the B3LYP/6-
31G(d,p) level

Species Ah Ae

1 0.173 0.329
2 0.261 0.355
3 0.266 0.340
4 0.104 0.280
5 0.129 0.322
6 0.068 0.288

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Crystal structures and hopping routes of 5 in P2, space group and 6 in Pbcn space group.

Table 4 The hole and electron coupling (in eV) in all of the nearest
neighbor pathways and the distance (in A) for 5 and 6 in P2, and Pbcn
space groups respectively

Electron Hole

5 Pathway Distance coupling coupling

P2, 1 4.809 —7.70 x 107®  —2.80 x 10?2
2 4.809 —7.70 x 107> —2.80 x 1072
3 31.560 6.30 x 107  —9.14 x 10~ *°
4 31.560 6.30 x 107  —9.14 x 10 *°
5 14.189 —3.20 x 10°° —3.85 x 10°°
6 27.553 310 x 107 1.23 x 107*?
7 14.189 —3.20 x 107°  —3.85 x 10°°
8 27.553 310 x 107 1.23 x 107*?

Drift mobility 1.15 x 1073 0.157

6

Phcn 1 30.038 1.47 x 107° —3.67 x 10°°
2 30.038 1.47 x 107° —3.67 x 1078
3 18.369 —1.21 x 1077 2.37 x10°°
4 7.972 1.90 x 1073 —1.80 x 10°
5 18.369 —1.21 x 1077 237 x10°°
6 20.643 3.46 x 107 1.75 x 107*°
7 7.883 —8.16 x 10°*  —7.20 x 10
8 20.643 3.46 x 107 1,75 x 107*°

Drift mobility 246 x 107 6.57 x 1072

space groups are 1.15 x 1072 and 2.46 x 10~* em® V' s},

respectively. Furthermore, the values of both hole and electron
mobility of 5 are larger than those of 6, which is in agreement
with the corresponding reverse order of reorganization energies
for hole and electron values displayed in Table 3, respectively. It
indicates shows that the stacking structure is the most impor-
tant factor for molecular mobility property.

Considering the reorganization energy and charge-carrier
mobility, the designed molecules can be made as hole transfer
materials high hole mobility. It is well established that the
mobility of charge carriers play a dominant role in the efficiency
of OSCs. The high hole mobility is a basic requirement for
effective photovoltaic active donors, to ensure effective charge
carrier transport to the electrode and reduce the photocurrent
loss in OSCs.** Additionally, the high hole mobility for the donors
as a hole transport layer is also crucial for the carrier transport to
enhancement in both short-circuit current density (Js.) and fill
factor (FF) of the devices, and consequently the overall PCE of

This journal is © The Royal Society of Chemistry 2017

OSCs.** The calculation results suggest that the designed mole-
cules can be made as donors material with intense broad
absorption spectra and hole transfer materials using for OSCs.

Conclusions

In summary, a series of diindole-diimide-based small mole-
cules with different aromatic end groups have been systemati-
cally investigated for OSCs applications. Analysis of the FMOs
indicates that the vertical S, — S, transition results in transfer
of electron density from the Ar fragments to IID fragments for
the designed compounds. The introduction of different
aromatic end groups affects the optical, electronic, and charge
transport properties of the designed compounds. The mole-
cules can lower the material band gap and extend the absorp-
tion spectrum towards longer wavelengths. Our results show
that the molecules under investigation own the longest wave-
length of absorption spectra, oscillator strength, and absorp-
tion region values. In addition, the mobility values of 5 and 6 as
representation are also investigated. The values of hole mobility
of 5 and 6 are 0.157 and 6.57 x 102 cm® V' s, respectively,
which are larger than that of TPD (1.0 x 10 > em?* V™' s™1). On
the basis of the investigated results, the designed molecules are
expected to be promising candidates for donors with intense
broad absorption spectra and hole transport materials for OSCs.
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