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neighboring aromatic rings, which are connected by a single

ABSTRACT: We have developed a kind of novel fused- bond, can be maintained through a locked conformation in the
ring small molecular acceptor, whose planar conformation solid state via intramolecular noncovalent interactions (such as
can be locked by intramolecular noncovalent interaction. O---H, S+, etc.) between the adjacent aromatic rings. While in
The formation of planar supramolecular fused-ring solutions, the noncovalent interactions are not strong enough to
structure by conformation locking can effectively broaden lock the coplanar conformation, so distortion between
its absorption spectrum, enhance the electron mobility, neighboring aromatic rings is enabled and the solubility is
and reduce the nonradiative energy loss. Polymer solar improved. More importantly, as the realization of coplanarity
cells (PSCs) based on this acceptor afforded a power between aromatic rings through noncovalent interactions is
conversion efficiency (PCE) of 9.6%. In contrast, PSCs much more facile than that through a covalent bridge in fused-

based on similar acceptor, which cannot form a flat ring structures, the synthesis procedure will be largely simplified.

conformation, only gave a PCE of 2.3%. Such design In 2013, through theoretical computations Jackson et al. noted
strategy, which can make the synthesis of small molecular that nontraditional hydrogen-bonding interactions, oxygen—
acceptor much easier, will be promising in developing a hydrogen (CH---O) and nitrogen—hydrogen (CH--N), could
new acceptor for high efficiency polymer solar cells. induce conformational control and enhance the planarity along a
polymer backbone at room temperature.'® Experimentally,
polymer backbones with noncovalently conformational locking

I n recent years, fused-ring electron acceptors (FREAs) for use were used in the design of polymers for field-effect transistors and
in polymer solar cells (PSCs) have received extensive polymer donor materials for photovoltaics, and these polymers
attention due to their tunable energy levels and extended light tend to show good flatness and high mobilities. 16720 However,
absorption."”” Such planar fused aromatic ring structure can currently, utilization of noncovalent interactions to lock the
facilitate 7z-electron delocalization, beneﬁting the decrease of molecular conformation of small molecular acceptors has not
energy band gap, the extension of light absorption, and the been reported yet. In addition, the relationship between device
improvement in z—n stacking among molecules. Currently, performance and chemical geometry structure in designing small
FREAs based on 4,9-dihydro-s-indaceno[1,2-b:5,6-b"]- molecular acceptors is still unclear.
dithiophene (IDT), 6,12-dihydroindeno[1,2-b]fluorene (IDF), In this communication, we designed and synthesized two small
and 6,12-dihydro-dithieno[2,3-d:2’,3’-d’]-s-indaceno[1,2-b:5,6- molecular acceptors (IDT-BC6 and IDT-BOC6) with IDT as a
b']dithiophene (IDTT) have demonstrated excellent photo- central core unit, bis(alkoxy)-substituted or dialkyl-substituted
voltaic performance with PCE higher than 8%.>~'* However, the benzene ring as conformational control units, and cyano-
preparation of FREAs is usually tedious, which requires many indanones as end-capping units. It is worth noting that these
synthesis and purification steps, especially for the large fused-ring two compounds can be easily synthesized in two steps. We have
structures."> Moreover, too strong 7—7 stacking interactions carefully studied the differences of alkyl and alkoxy substituted
arising from the high degree of coplanarity tend to decrease the acceptors in UV absorptions, energy levels, DFT calculations,
solubility of materials in solutions, which in turn makes them and device performances. As expected, the acceptor (IDT-
easily aggregate, leading to a large phase separation in the BOC6) with noncovalently conformational locking exhibited a
solution-deposited donor:acceptor blend film."* Therefore, new quite good planarity in the solid state. In addition, good planarity
molecular design strategy for small molecular acceptors is highly and rigidity in IDT-BOC6 endow it with a higher fluorescence
desired to solve the above problems. quantum yield relative to IDT-BC6, which means the energy loss
Here, we developed a novel type of small molecular acceptor, arising from nonradiative recombination is reduced. As 2 result,
we called it conformation locked fused-ring electron acceptor. an increased open-circuit voltage (V) can be expected.” When
We adopt noncovalently conformational locking as a molecular used in PSCs, IDT-BOC6 demonstrated a maximum power
design strategy to endow acceptor molecules with a good
planarity in solid state together with a good solubility in Received: January 17, 2017
solutions. With such a molecular design, the coplanarity between Published: February 22, 2017
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conversion efficiency of 9.6% and a very high V,_ of 1.01 V, which
is among the highest V. values reported for high-efficiency
nonfullerene PSCs.”"”*!

The synthetic route of IDT-BC6 and IDT-BOCG is shown in
Scheme 1. The aldehyde intermediates IDT-B6 and IDT-BO6

Scheme 1°
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were prepared in yields of 90% and 88% by Stille coupling of 1
with B6 and BO6,”*’ respectively, using Pd(PPh;), as the
catalyst precursor. The target molecules IDT-BC6 and IDT-
BOC6 were obtained in yields of 62% and 58%, respectively, by
end-capping with 2. These two compounds exhibit good
solubility in common solvents such as dichloromethane,
chloroform, and o-dichlorobenzene (DCB).

UV—vis absorption properties of PBDB-T,"' IDT-BOC6, and
IDT-BC6 as thin films were investigated, and their spectra are
shown in Figure 1. They exhibit two absorption bands, the one at
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Figure 1. (a) Absorption spectra of PBDB-T, IDT-BC6, and IDT-
BOC6 in thin films and (b) energy band diagram.

shorter wavelength corresponds to the 7—z* transition, and the
other one at longer wavelength originates from the intra-
molecular charge transfer (ICT) transition.”* Specifically, IDT-
BC6 exhibits a broad and featureless absorption band in the
range of 450 to 750 nm with a peak at 592 nm; whereas IDT-
BOCS6 displays a well-resolved and red-shifted absorption band
ranging from 500 to 800 nm with two peaks at 636 and 688 nm,
indicating the effective conjugation length is extended after
replacing alkyl side chain with alkoxy side chain. Moreover, such
alarge red shift together with a significant decreasing of the 7—7*
transition band (~390 nm) intensity indicate that the
delocalization of 7-electrons is enhanced,"®”* which is probably
due to the improvement in the coplanarity of IDT-BOC6 (vide
infra). It is worth noting that IDT-BOC6 exhibits comple-
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mentary absorption with PBDB-T. Thermogravimetric analysis
(TGA) indicates that IDT-BC6 and IDT-BOC6 have a good
thermal stability with decomposition temperatures (5% weight
loss) up to 333 and 338 °C (Figure S2), respectively, under
nitrogen protection. There is no obvious glass transition
observed by differential scanning calorimetry (DSC) measure-
ment in the range of 80 to 300 °C (see Supporting Information).
The optical bandgap of IDT-BC6 was calculated to be 1.75 eV
according to the equation: Eg, = 1240/, which is slightly
higher than that of IDT-BOC6 (1.63 eV). The electrochemical
properties of these two acceptors were studied by cyclic
voltammetry (CV). As shown in Figure SS, according to the
equation Eyono/iumo = —€(Eonsetor/red + 471 eV),” the highest
occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) energy levels were calculated to be
—5.55 and —3.82 eV for IDT-BC6 and —5.51 and 3.78 eV for
IDT-BOCS, respectively. The detailed data are summarized in
Table 1. The energy levels of these two acceptors and other
materials used for fabricating photovoltaic devices are also shown
in Figure 1b.

Table 1. Physical, Electronic, and Optical Properties of IDT-
BC6 and IDT-BOC6

NE-SM Amax (nm) film  E, (V)  HOMO (eV)  LUMO (eV)
IDT-BC6 592 1.75 —5.55 —-3.82
IDT-BOC6 636, 688 1.63 =5.51 -3.78

Density functional theory (DFT) calculations at the B3LYP/6-
31G(d) level were also performed to investigate the chemical
geometry of IDT-BC6 and IDT-BOC6 with simplified side
chains as shown in Figure 2. The dihedral angles between the 1,4-
phenylene unit in the main chain and its neighboring units
exhibit a big difference for IDT-BC6 and IDT-BOCG6. The two
dihedral angles for the simplified IDT-BC6 molecule are 47° and
36°; whereas the two dihedral angles are reduced to 9° and 1° for
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Figure 2. (a) Simulated molecular geometries obtained by DFT
calculations for simplified molecules of IDT-BC6 and IDT-BOC6. (b)
Possible rotamers (BO-C and Th-BOC) in IDT-BOC6 and (c)
potential energy surface scan of BO-C and Th-BOC.
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the simplified IDT-BOC6 molecule. To further understand such
a huge difference for dihedral angles, relaxed potential surface
energy scans of possible rotamers in IDT-BOC6 have been
carefully studied. There are two potential rotamers in the
backbone of IDT-BOC6, which are called BO-C and Th-BOC.
First, the BO-C rotamer could be locked-up in an energy
preferred conformation of 0° with O---H intramolecular
interactions. Second, given the preferred conformation of the
BO-C rotamer, the Th-BOC rotamer was further studied. Figure
2b,c shows that the Th-BOC rotamer could be locked-up in a
180° conformation at the lowest energy state via H---O and S---O
intramolecular interactions. Such phenomenon is called non-
covalently conformational locking.'”"® Such a conformational
locking leads to delocalized LUMO level, and the resulting planar
geometry is beneficial to 7—7 stacking, which is advantageous for
charge transport.

Bulk-heterojunction polymer solar cells were fabricated with
an inverted device structure of ITO/ZnO (30 nm)/active layer
(100 nm)/MoO; (80 A)/Ag (100 nm). The ZnO layer was
prepared as pervious reported,”” and the active layer consisted of
PBDB-T and IDT-BCé6 or IDT-BOCS. A range of conditions
such as polymer concentrations, solvents, active layer composi-
tion (weight ratios), spin coating rates, and additives were
systematically investigated. The optimized donor (PBDB-T) to
acceptor (IDT-BC6 or IDT-BOCS) ratio is 1:1 (weight by
weight, w/w), and the thickness of active layer was about 100 nm
(Table S3) at a spin coating rate of 1750 r/min with dilute o-
dichlorobenzene solutions (polymer concentration: 4 mg/mL).
The optimizing process is described in the Supporting
Information. The optimized device parameters are shown in
Table 2. The current density—voltage (J—V) curves and external

Table 2. Photovoltaic parameter of PBDB-T:IDT-B(0)C6
Based Optimized Devices

device DIO V, (V) J.(mA/cm®»)  FF (%) PCE (%)

IDT-BC6 0.92 5.63 (5.36)" 44 23 (2.17)°
IDT-BOC6 1.01 15.35 (14.61) 55 849 (8.41)°
1% 1.01 17.52 (16.89)“ 54 9.60 (9.43)"

“Calculated by EQE measurement. bAverage PCE of 10 devices.
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Figure 3. (a) J-Vand (b) EQE curves of PBDB-T:IDT-B(0O)C6 based
devices.

quantum efficiency (EQE) curves are displayed in Figure 3. IDT-
BC6 based devices gave a PCE of 2.28% with a V,. 0of 0.92 V, a
short circuit current (J,.) of 5.63 mA/cm™2, and a fill factor (FF)
of 44.2%. In comparison, IDT-BOC6 based devices exhibited a
PCE of 8.49% with a higher V,. of 1.01V,a ], . of 15.35 mA/cm ™2,
and an FF of 54.7%. After the addition of 1% 1,8-diiodoctane
(DIO), the PCE was further enhanced to 9.60% with a higher J,.
value of 17.52 mA/cm™2 It is worth noting that the V. of IDT-
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BOC6 based devices is 0.1 V higher than that of IDT-BC6 based
ones. Although IDT-BOCG6 has a higher LUMO energy level
than IDT-BC6, the small difference (0.04 eV) between them is
not enough to explain their relatively large V. difference (~0.1
V). Since nonradiative recombination process in the active layer
is a key factor to influence the voltage loss (AV), we thus
measured the absolute fluorescence quantum yields (77p) of
IDT-BC6 and IDT-BOC6 films. An 7y value of 7.4% was
obtained for IDT-BOC6, while that was only 2.0% for IDT-BC6,
which is in accordance with the result reported in literature that
compounds with a more planar and rigid molecular geometry
demonstrate a higher #g; value. 2529 This means energy loss (thus
voltage loss) in solar cells through nonradiative recombination is
smaller for IDT-BOC6 than for IDT-BC6. Therefore, IDT-
BOCG6 gives a higher V,_than IDT-BC6. The higher ] in devices
based on IDT-BOCS relative to IDT-BC6 can be attributed to
its broader phototo-to-current response (Figure 3b) and its more
planar molecule geometry, which is beneficial for the z—z*
stacking between molecules to get a higher carrier mobility.

In order to better understand the big difference between IDT-
BC6 and IDT-BOCG6 based devices, the morphology of blend
films was investigated by atomic force microscope (AFM) in
tapping mode and transmission electron microscope (TEM). As
shown in Figure 4, thick fibrils of PBDB-T were formed in the

(b RMS=1.05nm 25nm (c RMS=1.29nm

50uml00

25nm
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Figure 4. AFM images of (a) PBDB-T:IDT-BC6 film; (b) PBDB-
T:IDT-BOC6 film; (c) PBDB-T:IDT-BOC6 film spin coated with
DCB (1% DIO) and TEM images of (d) PBDB-T:IDT-BC6 film; (e)
PBDB-T:IDT-BOC6 film; and (f) PBDB-T:IDT-BOC6 film spin
coated with DCB (1% DIO).

spin-coated PBDB-T:IDT-BC6 blend films, and the root mean
squire (RMS) roughness is 3.98 nm, which is higher than IDT-
BOC6 based active layers (1.05 nm). As for PBDB-T:IDT-
BOC6 blend film (without DIO addition), coiled PBDB-T fibrils
in a smaller diameter were observed. After the addition of DIO,
the fibrils of PBDB-T tend to arrange more orderly than those
without DIO addition. Appropriate phase separation scale of
IDT-BOC6 based active layer is beneficial to the exciton
dissociation and charge transport in devices.

To further elucidate the influence of chemical structure of
small molecular acceptors on the charge transportation proper-
ties of blend films, hole and electron mobilities were measured
with a device structure of ITO/PEDOT:PSS (30 nm)/active
layer (100 nm)/Au (100 nm) and FTO/active layer (100 nm)/
Al (100 nm), respectively. As shown in Figure S1, the hole
mobility and electron mobilities of IDT-BC6 based devices were
calculated to be 2.89 X 107 and 1.38 X 107° cm?/(V s),
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respectively. In contrast, IDT-BOC6 based devices exhibit much
higher hole and electron mobilities (1.68 X 10~* and 1.98 x 10~
cm?/(V's), respectively). The higher carrier mobility in the active
layer of IDT-BOCG6 relative to IDT-BC6 can explain its higher ],
value in PSCs. We notice that the FF of IDT-BOCG6 is only 54%,
which is not very high. The reason is not clear yet since FF can be
affected by either device or bulk heterojunction features.”> One
possible explanation is that the buffer layer (ZnO) or the ZnO/
organic interface still needs to be optimized. After 1% DIO
added, the mobility was further enhanced about two times (y, =
531 X 107* em?/(V s); pt, = 4.99 X 10™* cm?/(V s)), which can
explain the J,. increase from 15.35 to 17.52 mA/cm?® The
mobility result is quite consistent with photovoltaic parameters.

In summary, noncovalent intramolecular interactions were
purposefully introduced to the design of large supramolecular
tused-ring acceptors. Supramolecular interaction can lock the flat
conformation of IDT-BOC6 acceptor, which can significantly
extend the effective conjugation and broaden the absorption
spectrum. IDT-BOC6 with locked conformation showed a
higher quantum yield, which can effectively suppress the
nonradiative energy loss and afford higher V. for devices. Our
results thus provide an effective strategy for the design of high-
performance nonfullerene small molecular acceptors with low
synthetic cost.
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