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Improving optoelectronic and charge transport
properties of D—w—D type diketopyrrolopyrrole-
pyrene derivatives as multifunctional materials for
organic solar cell applicationst

Ruifa Jin, a Kexin Li® and Xueli Han?

A series of novel diketopyrrolopyrrole-pyrene-based molecules were designed for small molecule based
organic solar cell (SMOSC) applications. Their electronic and charge transfer properties were investigated
by applying the PBEQ/6-31G(d,p) method. The absorption spectra were simulated using the TD-PBEQ/6-
31G(d,p) method. The results showed that the frontier molecular orbital (FMO) energy levels,
reorganization energy, the energetic driving force, and absorption spectra can be tuned by the
introduction of different aromatic heterocyclic groups to the side of diketopyrrolopyrrole fragments'
backbones. Additionally, the designed molecules possess suitable FMOs to match those of typical
acceptors PCgBM and PC,;BM. Meanwhile, the designed molecules can act as good ambipolar charge
transport materials in SMOSC applications. Meanwhile, the electron and hole reorganization energies of
the designed molecules are smaller than those of the typical electron and hole transport materials,
respectively. Moreover, the differences between electron and hole reorganization energies do not
exceed 0.046 eV. Our results suggest that the designed molecules can act as promising candidates for
donor and ambipolar charge transport materials in SMOSC applications.

Introduction

Organic solar cells (OSCs), as promising candidates to address
the global energy crisis, have attracted great attention all over
the world owing to their outstanding merits, including low cost,
light weight, and flexibility."® In particular, the small molecule
based OSCs (SMOSCs) have received tremendous interest due to
their prominent advantages over polymer solar cells (PSCs),
such as defined structures, relatively easy purification, and less
batch to batch variation.”*® With continuous efforts, significant
advances have been demonstrated for OSCs. Recently, the
power conversion efficiency (PCE) of PSCs and SMOSCs have
exceeded 10%."** However, unfortunately, the overall perfor-
mance of SMOSCs still lags behind that of PSCs.**** Accord-
ingly, it remains a great challenge to achieve high performance
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T Electronic supplementary information (ESI) available: The following are
available online at http://www.mdpi.com/xxx/s1, Table S1 calculated the longest
absorption wavelengths A,,s of parent molecule 1 by various methods with
6-31G(d,p) basis set, along with available experimental data. Table S2 the
calculated Epomo and Eqymo (in eV) for PCs;BM and PC,,BM at PBE0/6-31G(d,p)
and B3LYP/6-31G (d,p) levels, along with available experimental data. Table S3
the differences between the Eyomo of 1-8 and the Epyymo of PCgBM and
PC,;BM at the PBE0/6-31G(d,p) level. See DOI: 10.1039/c9ra04304g
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SMOSCs. To address this issue, an ideal small molecule used as
the donor material should meet several requirements: (i) lower
band gap and strong absorption for harvesting the solar light
effectively, (ii) high hole mobility for fast charge-carrier trans-
port to lead to high short circuit current (Jg), (iii) suitable
frontier molecular orbitals (FMO) energy levels. A deep highest
occupied molecular orbital (HOMO) energy of molecules
ensures a high open circuit voltage (V,.)."**®* Meanwhile,
another crucial parameter is the energetic driving force (AE;_r).
The AE;;, is determined by the lowest unoccupied molecular
orbital (LUMO) energy difference between the donor and
acceptor. The AE; ; plays a major role in enhancing charge
transfer, which should exceed the binding energy."*?° Generally,
the fullerene derivatives PC61BM or PC,,BM ([6,6]-phenyl-Cg;-
(or Cy4)-butyric acid methyl ester) were used as acceptors in
0SCs.*** With the aim to enhance the PCE of SMOSCs, one
efficient method is to design electron donor-acceptor (D-A)
molecular structures.”** They can efficiently tune the FMOs
energy levels through an intramolecular charge transfer, which
leads to a narrow band gap, intense light absorption, and high
PCEs.*®?” Additionally, the intermolecular stacking, film
morphology, and charge transport properties can be deter-
mined by the type and length of side chains of D-A molecular
structures.”®* It has been reported that a variety of structures,
including A-D-A, D-A-D, D-1t-A, D-7-D, A-1-A, and D-m-A-
m-D were designed.**' Among the various D-A type donor
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building blocks, diketopyrrolopyrrole (DPP)-based molecules
have attracted great attention in terms of their outstanding
features, such as good planarity, strong light absorption, high
carrier mobility, good photochemical stability, and facile
synthesis.*»** Moreover, pyrene is another promising donor
building block. The pyrene derivatives can enhance the
absorption due to their large aromatic hydrocarbon ring and
planarity.>** The planarity of molecules can improve the charge
transport and interconnectivity.*® Therefore, the planar DPP
and pyrene have combined each other to develop novel donor
materials.’” Furthermore, it is worth noting that the charge
mobility can been improved through introducing extended
aromatic bridges to the DPP derivatives.*® Recently, DPP-based
DDP-pyrene-DDP type molecules have been reported for use
as donor material for SMOSCs. It was found that these mole-
cules exhibited high hole mobility and PCEs for SMOSCs
applications.*>*°

Taking into account these merits of DPP and pyrene deriv-
atives mentioned above, we designed eight D-A-D type mole-
cules as the acceptor materials for improving the efficiency of
SMOSCs (Scheme 1). In order to study the influence of the DPP
moiety on the optical, electronic, charge transfer properties,
different aromatic heterocyclic groups have been introduced
into the side of DPP in molecules. Applying density functional
theory (DFT) approach, the properties of the designed mole-
cules such as HOMO and LUMO energies (Exomo and Erumo),
HOMO-LUMO gap (E,), AE;, the reorganization energy (1),
adiabatic ionization potential (AIP) and electron affinity (AEA)
were systematically investigated. The absorption spectra of the
designed molecules were predicted using the time dependent
DFT (TD-DFT) method. The charge transfer properties (reorga-
nization energy, 1) were also simulated.

Computational methods

All the electronic structure calculations were carried out per-
formed using the Gaussian 09 program suite.** The molecular
structures were optimized by the DFT method. Then the
frequency calculations were performed at the same level of
theory to confirm that all geometries are stable structures.

R=2-ethylhexyl
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Scheme 1 Molecular structures of the investigated molecules.
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Under the optimized structures, their absorption spectra were
simulated at the TD-DFT level of theory. The all calculations
were carried out with the 6-31G(d,p) basis set. The solvent
effects on the optical property in chloroform solution (dielectric
constant: 4.7113) were also analyzed with the polarised
continuum model (PCM).** For the FMOs energy Eyomo and
Erumo, the optimized geometries were used to obtain Eyomo-
However, it is difficult to obtain the E;ymo Since the virtual
orbitals can not be described definitely by theoretical method.*
Therefore, the Epypo were be predicted by the sum of the Egonmo
and the first vertical excited energy.*»** It is important to choose
an appropriate method in the theoretical investigations. In
order to select reasonable method, six representative func-
tionals, B3LYP," PBE0,” LC-wPBE,* wB97XD,* M062X,* and
CAM-B3LYP* were used to optimize the geometries of molecule
1, and then using the corresponding TD-DFT method, the
absorption spectra were predicted in chloroform, respectively.
The calculated data are shown in Table S1 in the ESL{ As
showing Table S1,t the calculated longest wavelengths of
absorption (A4ps) using PBEO (583 nm) approach compares very
satisfactorily with the experimental result (589 nm).* Further-
more, in order to make further investigation of the validity of
the selected approach, both PBEO and B3LYP methods were also
used to obtain the Eyomo and Eyumo of acceptors PCg;BM and
PC-,BM, and the calculated results are listed in Table S2 in the
ESLt The predicted Eyomo and Eppmo of PCeBM (—5.98 and
—3.99 eV) and PC,;BM (—5.92 and —3.82 eV) using PBEO
approach reproduce well the experimental data (—6.00 and
—3.80 eV, —6.00 and —3.95 eV, respectively).”*** Comprehen-
sively, the PBEO method arises as the best choice for charac-
terizing the systems studied in our work.

It is worth noting that the A plays an important role in
determining the charge transfer. Usually, lower A value is
beneficial for improving the charge transfer.>*** Meanwhile, the
external A is much small compared with its internal 1 in organic
condensed phases.***” Therefore, we only consider the internal
A in this work. The electron and hole reorganization energy (2.
and Ay,) were be predicted by:*®

Ae = (Ey — E0) + (EX — Ey) (1)
Ay = (Eg — ED) + (B — ED) (2)

where, E)(Ey ) is the energy of the cation (anion) structure with
the optimized neutral geometry molecule. E2(E°) corresponds
to the energy of the neutral structure with the optimized cation
(anion) geometry structure. E;(E") represents the energy of the
cation (anion) calculated with the optimized cation (anion)
structure, while EJ is the energy of the neutral molecule at
ground state. Furthermore, it is quite clear that the AIP and AEA
play an important role in determining the charge transfer
behavior for materials. In this work, the AIP is obtained by the
energy difference between cation and neutral molecules. The
AEA is determined by the energy difference between neutral and
anion molecules. The A, A, AIP, and AEA were calculated using
PBE0/6-31G(d,p) method.

This journal is © The Royal Society of Chemistry 2019
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Results and discussion
Match between the donor and acceptor

It is noticeable that the electronic energy levels play important
role roles to increase the PCE of SMOSCs. Small molecule
donors should possess suitable energy levels with the acceptors
to ensure efficient charge separation and to maximize the Jg.
and V,.. The deep HOMO and high LUMO levels are beneficial
for improving the V,. and for efficient exciton dissociation and
charge separation, respectively. Moreover, small molecule
donors should exhibit lower E, to guarantee high harvest
sunlight efficiency and enhance the J,.. Moreover, in order to
ensure the efficient electron transfer, the AE;_; should at least
amount to 0.3 eV.”**® We choose PC4BM and PC,;BM as
acceptors in our work. Additionally, the explicit molecular
orbital contributions from the individual fragments to the
FMOs have been investigated by partial density of states (PDOS)
analysis and the results are listed in Table 1. With the aim of
evaluating whether the FMOs energy of designed donors match
with that of the acceptors, the AE;,;, are estimated. The calcu-
lated values of AE; ;, for 1-8 at the PBE0/6-31G(d,p) level are
given in Table 2. The results presented in Table 2 reveal that the
Erymo of 1-8 are positioned above those of PCq;BM and
PC,,BM, respectively. Meanwhile, the AE;_; of 1-8 are 0.61-1.35
and 0.45-1.18 eV for PC4;BM and PC,;BM as acceptors respec-
tively, which are all beyond 0.3 eV. It indicates that the charge
transfer from 1-8 to PCsBM and PC,;BM efficiently. Addi-
tionally, the Eyomo of 1-8 are larger than those of the Eyyyo of
PC¢;BM and PC,;BM about 1.07-1.40 and 1.24-1.57 eV,
respectively (see Table S3 in the ESIf). Both the sequences of
difference values are 3 <1 <4 <7 <5<6<2<8. It suggests that
1-8 possess suitable FMOs to match those of typical acceptors
PCy:BM and PC,;BM for SMOSCs.

Frontier molecular orbitals level and band gaps

To gain insight into the influence of the FMO energies on the
optical and electronic properties of the designed molecules, the
contour plots of HOMOs and LUMOs have been examined (see
Fig. 1). Inspection of the distribution of FMO reveals clearly that
the HOMOs and LUMOs reveal 7 characteristic and exhibit

Table 1 The HOMOs and LUMOs contributions (%) of 1-8 at the
PBE0/6-31G(d,p) level

HOMOs LUMOs
Molecules PYR? DPP? PYR DPP
1 6.7 93.3 11.0 89.0
2 3.8 96.2 6.2 93.8
3 4.6 95.4 6.9 93.1
1 8.6 91.4 9.9 90.1
5 3.0 97.0 5.0 95.0
6 1.8 98.2 3.9 96.1
7 1.1 98.9 4.7 95.3
8 3.4 96.6 4.9 95.1

@ PYR: pyrene moieties. > DPP: diketopyrrolopyrrole moieties.

This journal is © The Royal Society of Chemistry 2019
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Table 2 Evaluation of calculated FMO energies, HOMO-LUMO gap
Eg. and energetic driving force AE, _ for 1-8 at the PBE0/6-31G(d,p)
level

Molecules Eromo Erumo Eg N AE; "
1 —5.11 —2.93 2.18 1.06 0.89
2 —5.33 —2.71 2.62 1.28 1.11
3 —5.06 —2.98 2.08 1.01 0.84
4 —5.18 —3.38 1.80 0.61 0.44
5 —5.23 —2.82 2.41 1.17 1.00
6 —5.27 —3.00 2.27 0.99 0.82
7 —5.19 —2.64 2.55 1.35 1.18
8 —5.39 —3.37 2.02 0.62 0.45

“ Energetic driving force for PC4;BM as acceptor. ” Energetic driving
force for PC,;BM as acceptor.

strong delocalization features. For molecules 1-5, the electronic
cloud distributions of the FMOs spread over the whole mole-
cules with minor contributions from m-bridge fragment (pyr-
ene). For molecules 6 and 7, the electronic cloud distributions
of HOMOs are mainly delocalized on the one side DPP frag-
ments, whereas the corresponding the LUMOs mainly reside at
another side DPP fragments of molecules. For molecules 8, the
HOMO is delocalized throughout the molecule, while the elec-
tron density of LUMO is mainly localized on the one side DPP
fragment of molecule. This is favorable for the charge transfer
across these conjugated donor materials. It suggests that the
introduction of the extended aromatic bridges to the DPP
derivatives significantly affect on the distributions of FMOs for
the molecules.

The evaluations of Eyomo, Erumo, and E, for the designed
molecules as well as PC¢;BM and PC,;BM are plotted in Fig. 2.
From Fig. 2 one can find that the Eyomo values are in the order
of3>1>4>7>5>6>2>8, and the sequence of Ey y\o values is
7>2>5>1>3>6>8>4. Clearly, comparing the Egomo and
Erumo of 2-8 with those of 1, molecules 2, 5, and 7 can lower/
raise the Enomo/Erumo, Whereas molecule 3 can raise/lower
the Exomo/Erumo, respectively. On the other hand, molecules
4, 6, and 8 can lower both the Eyomo and Epymo, respectively.
The trend of the E;is2>7>5>6>1>3 >8> 4. It reveals that
molecules 2, 5, 6, and 7 can higher, whereas molecules 3, 4, and
8 can narrower the E, than that of 1, respectively. The above
results suggest that the Exomo, Erumo, and E, can be tuned
through the introduction of different aromatic heterocyclic
groups to the molecules.

Absorption and fluorescence spectra

Table 3 collected the longest absorption wavelengths A,ps,
oscillator strength f, and the main assignments of 1-8. The
corresponding simulated absorption spectra are presented in
Fig. 3. Inspection of Table 3 reveals clearly that the A,,s of
molecules 1-5 correspond to the promotion of an electron from
the HOMO — LUMO and HOMO—1 — LUMO+1 transitions,
respectively. The 530 nm of molecule 6 essentially originates
from the coupling of electronic transitions of HOMO — LUMO,
HOMO—-1 — LUMO, and HOMO — LUMO+1. The shoulder at

RSC Adlv., 2019, 9, 22597-22603 | 22599
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Fig. 1 The electronic density contours of the frontier orbital for the studied compounds at the PBEO/6-31G(d,p) level.

about 485 and 601 nm of molecules 7 and 8 are mainly derived
from HOMO — LUMO, HOMO—1 — LUMO, and HOMO—-1 —
LUMO+1 transitions, respectively. Comparing the A,,s of mole-
cules 2-8 with that of molecule 1, molecules 3, 4, and 8 exhibit
bathochromic shifts 31, 98, and 18 nm, respectively. However,
molecules 2 and 5-7 show hypsochromic shifts 101, 59, 53, and
98 nm, respectively. The A, sequence for 1-8is4>3>8>1>6
> 5> 7 > 2. It suggests that the A,,s of molecules 3, 4, and 8
exhibit bathochromic shifts, whereas the A,,s of molecules 2, 5,
6, and 7 show hypsochromic shifts compared with that of
molecule 1, respectively. Furthermore, the designed molecules
show large f values (0.90-2.33). Molecules 2-5 have slightly

-2.64
271 -2.82
-2.93

-2.98 -3.00

-3.37

-3.82

227 3.99

2.10

Energy (eV)

&
=l
&
&
|

|

[

-6.0 4 3508 392

1 2 3 4 5 6 7 8 PC, BMPC, BM

Fig. 2 Evaluation of calculated FMO energies for investigated mole-
cules as well as FMO energies for PCg;BM and PC;,BM at the PBEO/6-
31G(d,p) level.
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larger f values than those of molecules 6-8, respectively. This
indicates that molecules 2-5 exhibited slightly larger absorption
intensity than those of molecules 6-8. Apparently, through the
introduction of different aromatic heterocyclic groups to the
side of DPP molecules backbones, their absorption spectrum of

Table 3 The electronic transition, absorption wavelengths A,ps (in nm),
the oscillator strength f, and main assignments (coefficient) of 1-8 in
chloroform at the TD-PBE0/6-31G(d,p)//PBEQ/6-31G(d.p) level, along
with available experimental data

Molecules Aabs f Assignment
1 583 2.33 H — L (0.66)
H—1 — L+1 (0.25)
2 482 1.37 H — L (0.58)
H-1 — L+1 (0.30)
3 614 2.93 H — L (0.62)
H—1 — L+1 (0.32)
4 681 1.59 H — L (0.64)
H-1 — L+1 (0.27)
5 524 1.66 H — L (0.49)
H-1 — L+1 (0.33)
6 530 1.00 H — L (—0.36)
H-1 — L (0.44)
H — L+1 (—0.32)
7 485 0.93 H — L (0.33)
H-1 — L (0.61)
H-1 — L+1 (0.13)
8 601 0.90 H — L (0.56)
H-1 — L (—0.36),
H-1 — L+1 (0.22)
Exp* 589

¢ Experimental results of 1 were taken from ref. 39.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 The calculated absorption spectra of the investigated mole-
cules (value of full width at half maximum is 3000 cm™).

the studied molecules can be tuned effectively. With the above
considerations, these molecules can act as donor material with
strong absorption spectra for SMOSCs.

Charge transfer properties

It is commonly known that the AIP, AEA, and 1 are three key
parameters that determine the charge transfer property. The
AIP and AEA are good descriptors to estimate the energy barrier
for the injection of holes and electrons, respectively. The A is the
extent to estimate the ability to carry the charge in solid.
Usually, lower AIP and higher AEA are favorable for better
charge transport ability for hole and electron, respectively.®**>
For A, the lower A, and A;, are beneficial for enhancement the
electron and hole transfer rate, respectively.>***

The predictions of AIP, AEA, A;, and A. of the designed
molecules are summarized in Table 4. It is clear that the AIP are
in the order of 8>2>6>5>7>1>4> 3. The AIP of molecules 2
and 5-8 are larger, whereas the AIP of molecules 3 and 4 are
smaller than that of molecule 1, respectively. Namely,
comparing the AIP of 2-8 with that of 1, molecules 2 and 5-8 can
raise the AIP, while molecules 3 and 4 can lower the AIP,
respectively. At the same time, the AEA is in the order of 4>8>3
>1>6>5>2>7. Obviously, comparing the AEA of molecules 2-

Table4 Calculated molecular A, An, AIP, AEA and 7 (allin eV) of 1-8 at
the PBEQ/6-31G(d,p) level

Molecules An Ae AIP AEA n

1 0.187 0.166 5.716 2.008 1.854
2 0.207 0.213 5.937 1.746 2.096
3 0.169 0.123 5.603 2.108 1.747
4 0.232 0.198 5.715 2.382 1.667
5 0.207 0.210 5.789 1.826 1.981
6 0.214 0.197 5.877 1.935 1.971
7 0.214 0.259 5.780 1.694 2.051
8 0.191 0.167 5.981 2.286 1.848

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Graphical representation of A and A, calculated at the PBEO/6-
31G(d,p) level of theory.

8 with that of molecule 1, molecules 3, 4, and 8 increase the
AEA, whereas molecules 2 and 5-7 decrease the AEA, respec-
tively. It is noticeable that the introduction of different aromatic
heterocyclic groups to the molecules affects both their AIP and
AEA values.

A graphical representation of A, and A. has been illustrated
in Fig. 4 to represent the results more clearly. Generally, Alq3
(tris(8-hydroxyquinolinato)aluminum(ui), A, = 0.276 eV) and
TPD  (N,N-diphenyl-N,N'-bis(3-methlphenyl)-(1,1’-biphenyl)-
4,4'-diamine, ;, = 0.290 eV) are taken as the typical electron and
hole transport materials, respectively.®*** Apparently, the A, and
An of the designed compounds are much smaller than those of
Alg3 and TPD, respectively. It indicates that both the electron
and hole transfer rates of 1-8 might be higher than those of
Alq3 and TPD, respectively. The decreasing sequence of 4, is 4 >
6 = 7>2 = 5>8>1>3,and the values of A, are in the following
order: 7>2>5>4>6>8>1>3. Apparently, comparing the
and A, of molecule 2-8 with those of 1, molecules 2, 4-8 can
increase both 4, and 4., whereas compound 3 can decrease both
An and A, respectively. Additionally, molecule 3 has both the
smallest A, and A. values, indicating that molecule 3 has the
largest hole and electron transport rates among the investigated
molecules. Moreover, the differences between 2. and A;, values
of 1-8 do not exceed 0.046 eV. It indicates that they exhibit
better hole- and electron-transporting balance. Accordingly,
these molecules can act as nice ambipolar charge transport
materials for SMOSCs. Therefore, these molecules can be used
as good candidates for ambipolar charge transport materials
under the proper operating conditions.

Conclusions

In this article, we design a series of novel diketopyrrolopyrrole-
pyrene-based molecules as the acceptor materials for SMOSCs
applications. The optical, electronic, and charge transporting
properties were investigated by applying DFT and TD-DFT
methods. The parameters such as AE;_, A, AIP, and AEA were
calculated to preliminarily evaluate the performance of the solar
cell. The results show that the Eyomo, Erumo, Egy AEr1, AIP,
AEA, and A can be tuned through the introduction of different

RSC Adv., 2019, 9, 22597-22603 | 22601
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aromatic heterocyclic groups to the molecules. The absorption
spectra were also simulated. Our results suggest that the
designed molecules possess suitable FMOs to match those of
typical acceptors PCs;BM and PC,;BM. Additionally, they can be
used as ambipolar charge transport materials for SMOSCs.
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