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Abstract To maximize the efficiency of heterojunction
organic photovoltaics (HJOPVs), it is imperative to
increase not only the open-circuit voltage (Vo) but also
the short-circuit current (Igc). Therefore, it is desirable to
find an organic acceptor material that possesses a higher
lowest unoccupied molecular orbital (LUMO) level for
higher Voc and can absorb photons in the solar spectrum
efficiently for larger Isc. In this paper, in comparison with
the typical donor poly(3-hexylthiophene) (P3HT) and
acceptor [6,6]-phenyl-Cg;-butyric acid ester ([60]JPCBM),
the geometries, electronic structures, absorption spectra,
and transport properties of a series of organic compounds
containing 9,9’-bifluorenylidene (9,9'BF) were systemati-
cally investigated using density functional and the semi-
classical Marcus charge transfer theory calculation to
evaluate their potential severing as acceptor. Our results
indicate that the absorption spectra of 99'BF derivatives
have better overlap with the solar spectrum than those of
[60]PCBM, and higher LUMOs result in a significant
enhancement of Voc when they are used in HJOPVs with
P3HT as donor materials. On the other hand, these com-
pounds own higher electron carrier mobilities comparing
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with [60]JPCBM. The study also demonstrates that the
H-shaped compounds based on the 99’BF backbone pos-
sess good photophysical and charge transport properties,
can be promising organic semiconductor for heterojunction
photovoltaics.
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1 Introduction

Solar energy is one kind of the most promising energy that
is abundant, clean, and renewable, and it is an ideal alter-
native to the traditional energy sources [1]. In the past
decades, silicon-based inorganic solar cells have achieved
great development, and many commercial products of the
solar cells have been used in our daily life. However, there
exist some disadvantages in the silicon-based solar cells at
present, such as high cost, heavy weight, high environ-
mental pollution, limited silicon sources and purification of
silicon materials, and energy consumption in the produc-
tion [2]. A number of new-generation organic solar cells
(OSCs) are currently under investigation, including poly-
mer bulk heterojunction solar cells and small-molecule
solar cells, which are promising candidates for future
applications, and have been extensively investigated in
detail because of the tunability of their physical and
chemical properties by rational sequential structural mod-
ification and the advantages of easy fabrication, low cost,
light weight, and the possibility to fabricate flexible devi-
ces in comparison with traditional inorganic semiconductor
photovoltaics [3—-10]. Heterojunction organic photovoltaics
(HJOPVs) are commonly composed of a photoactive blend
film of a donor and acceptor sandwiched between a

@ Springer


http://dx.doi.org/10.1007/s00214-012-1099-9

Page 2 of 9

Theor Chem Acc (2012) 131:1099

PEDOT: PSS-coated ITO-positive electrode and a low
workfunction metal negative electrode. To guarantee high-
efficiency HIOPVs devices, photoactive materials must be
satisfied with several important conditions: (1) broad visi-
ble absorption, (2) higher charge carrier mobility, and (3)
suitable electronic energy levels of both the donor and
acceptor materials [11, 12]. In order to further improve the
power conversion efficiency (PCE) of HJOPVs, much
research work has been devoted to finding new donor
materials aiming at broader absorption, lower bandgap,
higher hole mobility, and suitable electronic energy levels,
and some donor materials showing higher photovoltaic
efficiency [13—17]. However, the research efforts devoted
to the acceptors are much less than those on donors.
Although some n-type conjugated polymers with stronger
visible absorption have been applied as acceptors in the
HJOPVs [18-20], the fullerene derivatives [6,6]-phenyl-
Ce:-butyric acid ester ([60]JPCBM) and [6,6]-phenyl-C7;-
butyric acid methyl ester ([70]PCBM) still dominate the
acceptors in HIOPVs for their high efficiency.

It is well known that [60]JPCBM and [70]PCBM are the
most successful acceptor materials that have been used in
HJOPVs [21-24]. Extensive researches and applications
have been focused on them in the field of material sci-
ences [8]. Among such studies, the development of ful-
lerene-based polymer solar cells has attracted significant
interest in recent years, because fullerenes have been
recognized as excellent electron acceptors due to their
unique 7-electron system and excited state electronic
properties [25-27]. However, there are some limitations
in [60]PCBM as an acceptor material in HIOPVs: low
charge mobility, weak absorption in the visible spectrum,
and low open-circuit voltage (Voc) (about 0.6 V) [28, 29].
The low absorption can be attributed to a high degree of
symmetry, making the lowest-energy transitions formally
dipole forbidden. The low Vo is due to the extremely
deep-lying lowest unoccupied molecular orbital (LUMO)
levels of [60]PCBM [30]. Despite the wide use of these
fullerene derivatives, the synthesis of new acceptor
materials at energy levels is greatly significant from those
of current fullerene derivatives, and wide versatility in
terms of derivatization and functionalization of new

Fig. 1 Chemical structures and
bond designations of the
investigated systems
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acceptor materials is urgently required [9, 10, 31]. During
the past few years, higher-order, multidimensional sys-
tems with novel architectures and sophisticated topologies
have emerged as a consequence of increased versatility of
semiconductors for HIOPVs [32, 33]. Recent representa-
tive new m-conjugated materials including star-shaped
[34, 35], X-shaped [36], swivel cruciform [37, 38], spider-
like [39], macrocyclic [40], and dendritic [41] greatly
broaden the scope of molecular candidates for HIOPVs
[42, 43].

Recently, Wudl and co-workers reported a new
generation of H-shaped compounds based on the 9,9'-
bifluorenylidene (99'BF) backbone [44]. The two fluore-
nyl-containing conjugated arms are bridged by a rigid C=C
double bond that is different from the C-C single bond
presented in the strain cruciform configuration. The free
rotation of the two arms is forbidden, which allows effi-
cient electronic coupling between the two fluorenyl-con-
taining conjugated units. 99'BF derivatives with upshifted
LUMO energy levels were developed, and HJOPVs
based on poly(3-hexylthiophene) (P3HT) as donor and the
new 99'BF derivatives as acceptor show high Voc and
improved photovoltaic efficiency [44]. However, the
comprehensive studied on the electronic structures and
spectral and transport properties of 99'BF derivatives as
acceptor for HIOPVs in theory is sparse.

In the present work, we carried out density functional
theory (DFT) calculations on the electronic structures and
spectral properties of a series of 99'BF derivatives. Their
molecular structures are shown in Fig. 1. The transport
properties were investigated by combining DFT calcula-
tions with the semiclassical Marcus charge transfer theory,
which are proved to give good estimates of the carrier
mobility values [45—47]. It is a fundamental and important
investigation for the synthetic study and reasonable design
of high-performance acceptor materials of HIOPVs.

2 Theoretical methodology and computational methods

To describe the charge transport properties of 99'BF
derivatives, we employed the incoherent hopping model
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[45, 48-50] in which charge can transfer only between
neighboring molecules. Each hopping step has been con-
sidered as a nonadiabatic electron transfer reaction
involving a self-exchange charge from a charged molecule
to an adjacent neutral one. The rate of intermolecular
charge transfer (k) can be estimated from the semiclassical
Marcus theory [46, 47] given by:

T A
k=V? - 1
\ ke P ( 4kBT> (1)

where T is the absolute temperature, V is the transfer
integral, /4 is the reorganization energy, and / and kg are
the Planck and Boltzmann constants, respectively.
Therefore, the large transfer rate can be attributed to the
maximal transfer integral and the minimal reorganization
energy. The drift mobility of hopping u can be evaluated
from the Einstein relation:

e
- 2
M=t (2)
where e is the electronic charge and D is the diffusion
coefficient, which is related to the charge-transfer rate k as
summing over all possible hops. The diffusion coefficient

can be approximately evaluated as [51-53]:
1 2
D= Z r2k;P; (3)

where n = 3 is the dimensionality, k; is the hopping rate
due to charge carrier to the ith neighbor, and i represents a
specific hopping pathway with r being the hopping
distance. Here, we assume that the charge hopping occurs
only between nearest neighbor molecules. P; is the relative
probability for charge carrier to a particular ith neighbor:

Pi=k/ Zki (4)

Using Eqs. 1-4, the carrier mobility can be calculated.
However, what is still lacking is how to obtain the
intermolecular transfer integral V and reorganization
energy A. The transfer integral characterizes the strength
of electronic coupling between the two adjacent molecules.
The charge-transfer integral can be obtained either by
Koopmans’ theorem (indirect method) [54] or by the direct
dimmer Hamiltonian evaluation method [52, 55, 56]. In the
former case, Brédas et al. cautioned recently that when the
dimer is not cofacial, the site energy correction should be
taken into account due to the crystal environment [57]. The
charge-transfer integrals for electron transport could be
obtained from the direct method and can be written as:

0,sitel 0,site2
V= <®L{sﬂt\io|F |®L’61t\io> (5)

where @g’gﬁg and <D(L)h5if\% represent the LUMO of isolated
molecules 1 and 2, respectively, and F is the Fock operator
for the dimer with a density matrix from the noninteracting
dimer of F = SCeC™!, where S is the intermolecular
overlap matrix and C and ¢ are the molecular orbital
coefficients and energies from one-step diagonalization
without iteration.

Generally, reorganization energy is composed of both
the internal reorganization energy (/;) and the external
reorganization energy (/4.) [58, 59]. The external reorga-
nization energy is induced by the electronic and nuclear
slow variations in solvent polarization of the surrounding
medium. In this article, the external reorganization energy
is neglected [60]. As a result, the internal contribution
becomes the dominant factor. The inner reorganization
energy (/;) is caused by the change of the internal nuclear
coordinates from the reactant A to the product B and vice
versa (See in the Electronic Supplementary Information
Figure S1). It can be evaluated as the sum of two relaxation
energies according to the following formula:

Ji=lo+ 2 = (Ef —Ey) + (Ejs — E}) (6)

where Ef and Ep represent the neutral and ionic energy
with the neutral geometry, and E% and E4 represent the
neutral and ionic energy with the ionic geometry.

All calculations were performed with the Gaussian 09
program package [61]. Geometric and electronic structures
of the considered 99'BF derivatives as well as anionic and
neutral states structures were investigated by B3LYP/6-
31G(d) [62]. Full geometric optimizations without sym-
metry constraints were carried out. Vibrational frequencies
were also evaluated to check that the anionic and neutral
states are the potential energy minima. The transition
energies of these 99'BF derivatives were calculated at the
optimized ground-state geometries by TDDFT, B3LYP/6-
31G(d). The charge-transfer integral calculations were
performed by using the PW91PW91/6-31G** method. It
has been demonstrated that this is an appropriate choice of
functional for the DFT level [55, 63].

3 Results and discussion
3.1 Equilibrium geometries

A factor for understanding transport properties in organic
n-conjugated molecules is to identify those structural fac-
tors which depend on molecular architecture. The opti-
mized neutral geometric parameters of all the compounds
by B3LYP/6-31G(d) are presented in Table S1 (in
Supporting Information) along with the available X-ray
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Fig. 2 Deviation values of the geometrical parameters differences
between the neural and anion states for 1a, 1b, 2a, 2b, and 3. (Due to
structural symmetry of each compound, only half molecule was
analyzed)

crystal diffraction data [44, 64]. The calculated results are
found to be in good agreement with the experimental ones.
This indicates that the adopted functional and basis sets are
suitable to the studied systems. To further understand the
effects of electron trapped in these molecules, we opti-
mized the anion geometry. Calculated main changes of
geometric parameters for anion and neutral states are listed
in Fig. 2. The optimized structures for anion show smaller
structural changes relative to the neutral. The main influ-
ences of the injection of one electron are focused on the
change of C9=C9’ bond length and C10-C9-C9'-C10
dihedral angle. Based on the small structural relaxation, we
expect that these compounds would exhibit a relatively
high structural stability versus the injection of one electron.
Consequently, these compounds are good at electron
holding, which extend the lifetime of charge separation
states for efficient charge collection [65, 66].

3.2 Electronic structures and absorption spectra

Since the optoelectronic properties such as excitation
energies and charge transport are closely related to the
frontier molecular orbitals (FMOs) [67], so we show the
FMOs of all compounds in Fig. 3. The HOMOs and
LUMOs exhibit = and ©* orbital features, respectively,
and both spread over the whole core. In general, a more
delocalized LUMO would lead to easier electron transport
by hopping. It can be seen from the distributions of
LUMOs that studied systems will be favorable for elec-
tron transport. In addition, it can be seen from Fig. 3 that
since methoxy group has some contributions to molecular
orbitals, the energy levels of FMOs are effectively tuned.
The Voc of HJOPVs is determined by the difference
between the LUMO energy of the 99'BF acceptors and the
HOMO energy of the donors [11]. Thereby, the electronic
energy levels of the 99'BF derivatives are very important
for the application as acceptor in HIOPVs, especially for
LUMO. Here, we show our results on the LUMO energy
levels of 99'BF derivatives and [60]JPCBM by B3LYP/6-
31G(d) calculation (seen in Fig. 4). Compared with
[60]PCBM, the LUMO energies of 99'BF derivatives are
moved upward by at least 0.54 eV, which is favorable and
may result in high Voc when they are used as acceptors in
HJOPVs. At the same time, it can be seen from Fig. 4 that
the LUMO levels increase with introducing CH;0- groups:
(1a) (—2.50 eV) < (1b) (—2.01 eV), (2a) (—2.49 eV) <
(2b) (—2.27 eV). So, there should be enough space for
upshift of the LUMO energy level of new 99'BF deriva-
tives acceptors to get higher Vo and thus to improve PCE
of the HIOPVs. However, to efficiently dissociate exciton
present at interface between donor and acceptor, there
should be enough driving force, namely the energy dif-
ference between the LUMO of donor and acceptor. Usu-
ally, the value of driving force is considered to be about
0.3 eV. As for nonfullenene acceptor 1b, the driving force

4+ : s 2 “ v ,’f“. J‘ CI
LUMO . : . o ) ;
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,?’léz:-ai“,,
3

Fig. 3 Frontier molecular orbital diagrams for all compounds by B3LYP/6-31G(d) calculation
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Fig. 4 Energy level diagrams
of the investigated systems by
B3LYP/6-31G(d) calculation
Acceptor
2.01 eV P
-2.27eV
-2.49eV -2.49 eV
I )
-4. Vv
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120000 -

is less than this commonly used threshold, which could be
the potential reason that Wudl and co-workers did not
make great effort to prepare and optimize the OPVs devi-
ces based on 2a [68].

Based on the structural analysis of compounds 1la-3,
absorption energies were calculated at optimized Sg
geometries using TD-DFT method to study their optical
properties. DFT has been remarkably successful in pro-
viding a means for computing a variety of excitation
energies with an accuracy which rivals that of the ab initio
level methods, we tested the conventional DFT-based
methods with different exchange—correlation functional on
the excitation energies of la. The results show that the
adopted functional (B3LYP) is suitable to the studied
systems (Figure S2. in Supporting Information). Further-
more, in order to investigate the influence of basis set, we
employed five basis sets, that is, 6-31G(d), 6-31G(d,p),
6-31+G(d), 6-314+G(d,p), 6-314++G(d,p), and POL1 [69],
to calculate the excitation energies of 1a by using B3LYP
functional. The data are depicted in Figure S2(b). The
results suggest that the 6-31G(d) basis set is satisfactory for
the calculation of excitation energies and can save com-
puter times; thus, we employed it for all calculations. The
absorption spectra were simulated with a Gaussian-type
curve in vacuum for the studied compounds (shown in
Fig. 5), and the full width at half-maximum value used for
the simulated spectra was 3,000 cm~!. The detailed
information including excitation energies, oscillator
strengths (f), dominant configurations, transition nature,

—— [60]PCBM

100000 4

80000 o *

60000 4

Absorbance

40000 4

20000

Wavelength/nm

Fig. 5 Simulated absorption spectra for 99'BF derivatives and
[60]PCBM at TDDFT B3LYP/6-31G(d) level. The value of the
FWHM is 3,000 cm ™'

and experimental values of these compounds is listed in
Table S2 of the Supporting Information.

The absorption properties are very important for pho-
tovoltaic materials. Figure 5 shows the UV—-Vis absorption
spectra of 99'BF derivatives along with [60]PCBM in
vacuum for comparison. In the UV—-visible region from 200
to 700 nm, the absorbance of 99'BF derivatives is much
stronger than that of [60JPCBM (see inset of Fig. 5). Thus,
99'BF derivatives can be widely used instead of [60]PCBM
as acceptor in the HJOPVs for enhancing the solar light
harvest in the wavelength region. The main absorption
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(a) i

(b)

Fig. 6 Carrier transport pathways of 1a. a In bc plane and b In ab plane

peaks all arise from the promotion of one electron between
So and S;. The lowest Sy — §; electronic transitions for
them originate from HOMO — LUMO transition, that is,
n — 7* transition. However, methoxy group substitutions
have great intensified on the intensity of absorption spectra
in the visible and UV region, which are well in agreement
with the analysis of the frontier molecular orbitals. We also
found that the absorption of 3 with the largest absorption
wavelength is shifted to longer wavelengths by approxi-
mately 90 nm compared with that of the parent compound
1a because of the enhanced m-electron delocalization. In
comparison with traditional acceptor materials of photo-
voltaic devices based on [60]PCBM, the absorption spectra
of these compounds have a greater degree of overlap solar
spectrum in the visible, which is very favorable on the
development and application for the use as acceptor in
HJOPVs.

3.3 Charge transport properties

In addition to the V¢ influencing the overall photovoltaic
performance, the high short-circuit current (Isc) and fill
factor (FF), which are in close connection with charge
mobility, are also crucial to improve its performance. As for
the mobility, reorganization energy (A) and transfer integrals
(V) are the two key parameters affecting its magnitude.

The intramolecular reorganization energies of all com-
pounds were evaluated from adiabatic potential energy
surfaces based on B3LYP/6-31G(d) method. From the
reorganization energies, we can find that the introduction of
methoxy group induces larger 4, of 1b (0.41 eV) and 2b
(0.33 eV) than that of 1a (0.35 eV), 2a (0.30 eV), and 3
(0.28 eV). This phenomenon is in good agreement with the

@ Springer

discussion on geometric parameters. As aresult, just from the
Jie perspective, we can reasonably infer that the tendency of
electron mobility may conform to the order of
3 > 2a > 1a > 2b > 1b. It should be noted that the ;. is
just one of the key factors that influence the electron mobility
of compounds and other factors such as parameter-electronic
coupling (electron transfer integral) should be taken into
account. In what follows, the electron transfer integrals of
these compounds will be further discussed in detail.

To obtain rational transfer integrals (V), all of the pos-
sible hopping pathways (dimer) of 1a and 2b have been
considered based on their crystal structures [44, 45]. The
hopping pathways of 1a and 2b are shown in Figs. 6 and 7,
respectively. Their corresponding dimer center of mass
(CM) distances and transfer integrals are also presented in
Tables 1 and 2. The value of V is mainly determined by the
orbital interaction between the two adjacent molecules.
Therefore, the orbital distributions and phase of the two
adjacent molecules have significant influence on the
transfer integral. The two contacting orbitals with the same
phase display a large transfer integral. The intermolecular
noncovalent bonds often impact V.. For a hopping path-
way, the Ve depends on the electron coupling between the
LUMO and LUMO + 1. For example, the slipped and
n-stacked arrangement of 1a is observed. In the bc plane,
we can find that there are two nearest neighbors for each
molecule to form main charge hopping pathways. The
larger electron transfer integrals for path 1 and 2 (46 meV)
are ascribed to face-to-face 7 stacking of two adjacent half
molecules with a close distance (about 6.6 A). It is noted
that other adjacent molecules are also described here,
which are possessed of the smaller transfer integrals with
large distances between the two molecular centers and less



Theor Chem Acc (2012) 131:1099

Page 7 of 9

Fig. 7 Carrier transport pathways of 2b. a In ac plane and b In bc plane

Table 1 Calculated electron

transfer integrals (meV) and Pathway Dimer CM distance VElectron Pathway dDIISI:;iI;: SM VElectron
dimer CM distance (A) of la
1 6.646 46 7 9.715 9.38
2 6.646 46 8 9.715 9.38
3 6.935 24.5 9 10.237 —0.466
4 6.935 24.5 10 10.237 —0.466
5 8.991 —7.68 11 11.885 —0.583
6 8.991 —7.68 12 11.885 —0.583
E;?:F; irﬁ:;zi:t?i:}lgcgfg Pathway Dimer CM distance VElectron Pathway ]d)iisr::I:IrCSM VElectron
dimer CM distance (A) of 2b
1 7.236 —7.38 10 13.841 —1.23
2 7.236 —7.38 11 14.159 0.165
3 7.236 —0.046 12 14.159 0.165
4 7.236 —17.38 13 15.284 1.13
5 12.475 —0.046 14 15.284 1.13
6 12.475 1.13 15 17.722 0.00752
7 13.841 —1.23 16 17.722 0.00752
8 13.841 —1.23 17 17.722 0.00752
9 13.841 —1.23 18 17.722 0.00752

intermolecular overlap of orbitals for path 9-10 and path
11-12, while for 2b, its crystal structure is slightly similar
to 1a’s, which has eighteen main charge transfer pathways
assigned to the typical dimers (depicted in Fig. 7), and the
transfer integrals are smaller owing to smaller orbital

overlaps and weaker intermolecular interactions with the
farther distance than 1a’s.

Combining the parameters mentioned above with
Egs. 1, 2, we estimated the electron mobilities (u) of
47 x 107> cm®/V-s for laand 2.13 x 107> cm®/Vs for 2b
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based on all of the possible hopping pathways shown in
Figs. 6 and 7, respectively. The electron mobility of 1a and
2b exceeds that of [60]PCBM (2.00 x 107> cm?/V-s) [70].
This proves that H-shaped compounds with strain and
Hiickel aromaticity based on 99'BF backbone have good
energy level and spectral and electron transport properties.
However, 99'BF derivatives can be acceptor materials for
HJOPVs may be premature for air stability due to the lower
electron affinities. For this problem, we believe that
experimental chemists need to improve complexity of
processing technology and active layer morphology of
device, thus to improve the photovoltaic efficiency.

4 Conclusions

By employing density functional theory (DFT) and the
semiclassical Marcus charge transfer theory, we system-
atically investigated the electronic structures and spectral
and transport properties for low-bandgap conjugated
organic compounds 99'BF derivatives as acceptor for
HJOPVs in molecule scale. The results show that 9,9’BF
derivatives have a significant enhancement of V¢ than
[60]JPCBM due to their higher LUMO energy levels, and
the absorption spectra of these compounds also have better
overlap with the solar spectrum. Moreover, they have
higher electron carrier mobilities comparing with
[60]PCBM. We suggest that the better photophysical and
charge transport properties of this new generation of
H-shaped compounds with strain and Hiickel aromaticity
based on 99'BF backbone can be promising organic
semiconductor for HIOPVs.

In addition, further investigations into the photovoltaic
properties of another nonfullerene small-molecule acceptor
materials for HJOPVs as well as the reasonable design of
other members of this class of D-A-D systems are now
underway and will be reported in future publications.
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