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ABSTRACT: A non-fullerene, all-small-molecule solar cell (NF-SMSC) device
uses the blend of a small molecule donor and a small molecule acceptor as the
active layer. Aggregation ability is a key factor for this type of solar cell. Herein,
we used the alkylthienyl unit to tune the aggregation ability of the
diketopyrrolopyrrole (DPP)-based small molecule donors. Replacing two alkoxyl
units in BDT-O-DPP with two alkylthienyl units yields BDT-T-DPP, and further
introducing another two alkylthienyl units into the backbone produces BDT-T-
2T-DPP. With the introduction of alkylthienyl, the backbone becomes twisted. As
a result, the zz-stacking strength, aggregation ability, and crystallite size all obey
the sequence of BDT-O-DPP > BDT-T-DPP > BDT-T-2T-DPP. When selected
a reported perylene diimide dimer of bis-PDI-T-EG as acceptor, the best NF-
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SMSC device exhibits a power conversion efficiency of 1.34, 2.01, and 1.62%, respectively, for the BDT-O-DPP, BDT-T-DPP,
and BDT-T-2T-DPP based system. The BDT-T-DPP/bis-PDI-T-EG system yields the best efficiency of 2.01% among the three
combinations. This is due to the moderate aggregation ability of BDT-T-DPP yields moderate phase size of 30—50 nm, whereas
the strong aggregation ability of BDT-O-DPP gives a bigger size of 50—80 nm, and the weak aggregation ability of BDT-T-2T-
DPP produces a smaller size of 10—30 nm. The BDT-T-DPP/bis-PDI-T-EG combination exhibits balanced hole/electron
mobility of 0.022/0.016 cm?/(V s), whereas the BDT-O-DPP/bis-PDI-T-EG and the BDT-T-2T-DPP/bis-PDI-T-EG blend
show a hole/electron mobility of 0.0011/0.0057 cm?/(V s) and 0.0016/0.11 cm?*/(V s), respectively.
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1. INTRODUCTION

The past decades have witnessed a great success in polymer
solar cells (PSCs, Figure 1),'~* in which a conjugated polymer
as donor material and a fullerene derivative, e.g. [6,6]-phenyl-
Cq; (or C;;)-butyric acid methyl ester (PC61BM or PC71BM),
as acceptor material were blended to be a nano-phase separated
bulk heterojunction (BHJ), acting as a photo-sensitive layer.
The polymer materials usually suffer several drawbacks, such as
a broad molecular weight distribution and batch-to-batch
variations.>® To this end, small molecule donors, being
regarded as proper alternatives to 7polymer donors, have been
intensively researched recently.” Several kinds of small
molecules were synthesized as donor materials to match with
PCBM, for example, in energy levels, to prepare small molecule
solar cells (SM-SCs, Figure 1)8728 Among those donor
materials, some promising structures exhibit excellent photo-
voltaic performances with power conversion efficiency (PCE)
exceeding 8% when they were combined with the widely-used
PCBM acceptor material through judicious device optimiza-
tions and architecture innovations.”>’ In another aspect,
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fullerene derivatives, currently playing a dominant role as
acceptor material, also bear several drawbacks: (1) There are no
hydrogen atoms covalently linked to the fullerene backbone
and adduction reaction is the most frequently used way to
chemically modify the fullerene backbone. Following these
reactions, the energy level of the lowest unoccupied molecular
orbitals (LUMOs) is raised by breaking down the conjugation
of the z-electrons.®® While it is difficult to establish the
conjugation between the s-electrons of the fullerene and those
of the covalently attached functions, which limits the fine-
tuning on its optoelectronic properties, for example, shifting the
absorption to the long wavelength range and further enhancing
the absorptivity in the visible and near infrared (IR) region, and
(2) the adduction reaction on the fullerene backbone is weakly
selective and this not only lowers the yield of the target product
but also magnifies the purification difficulty. Given that the
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Figure 1. Classes of organic solar cells classified by the donor/acceptor
materials.

impurity may severely detriment the power conversion
efficiency of PCBM, it needs special equipment like high
performance quzuid chromatography (HPLC) to produce high-
quality PCBM,”" which then elevates the PCBM’s price and
limits the practical applications. Therefore, non-fullerene
acceptor materials with strong light-harvesting ability, suitable
energy levels, and proper crystallization have been also paid
much attention in the past decades.’*** Several n-type organic
semiconductors, including n-type polymers**™>® and small
molecules®”™* have been developed to match with p-type
polymer donors such as P3HT,*#3%7#044648 pr1 35 3nd
PBDTTT-C-T* to fabricate non-fullerene solar cells (NE-
PSCs, Figure 1), exhibiting an efficiency, exceeding 2%.
Recently, we reported an n-type perylene diimide (PDI)
dimer-based (so called bis-PDI-T-EG, Scheme 1) acceptor
material, exhibiting a record efficiency of 4.03% when matching
with PBDTTT-C-T.*

Scheme 1. Molecular Structures of Three DPP-Based Donor
Molecules, BDT-O-DPP, BDT-T-DPP, and BDT-T-2T-DPP
and the PDI-Based Acceptor Molecule of Bis-PDI-T-EG

Donors Acceptor

R BDT-T-2T-DPP

Although a lot of studies have been focused on looking for
alternatives to one component in the heterojunction active
layers of PSCs, e.g, replacing polymer donors with small
molecule donors, keeping the fullerene derivatives as acceptor
material (SM-SCs) or replacing fullerene acceptors with non-
fullerene polymer or small molecule acceptors, keeping the
polymers as donor materials (NF-PSCs), as mentioned above,
those studies will not simultaneously avoid the drawbacks of
polymers and fullerene derivatives in a BHJ solar cell. In order

to realize a satisfying compromise, herein, we try to prepare
another kind of OSC, with an organic small molecule used as
donor material and a non-fullerene small molecule used as
acceptor material, which can be named as non-fullerene, all-
small-molecule solar cells (NF-SMSCs), as shown in Figure 1.
That device can be a thorough alternative to the classic PSCs
and will avoid the drawbacks of both polymers and fullerene-
derivatives. However, NF-SMSCs are still scarcely studied
probably because of the over-aggregation of small molecules
and the poor film morphology of the BHJ films.*"*

It's known to all that the molecular packing ordering and
nano-phase size are two essential factors that affect the
photovoltaic performance of organic photosensitive layer. For
example, the zz-stacking order can strongly affects the exciton
and charge transport” and the nano-phase size determines the
exciton diffusion/separation efficiency and usually several tens
nanometer domains will be favorable for these processes.”* To
understand the structure—property relationships, herein we
designed three DPP-based small molecules, BDT-O-DPP,
BDT-T-DPP, and BDT-T-2T-DPP, respectively, as donor
material (Scheme 1). The PDI dimer of bis-PDI-T-EG was
selected as the non-fullerene acceptor material to prepare NF-
SMSCs. The phase separated nanostructures of the NF-SMSCs
were adjusted by anchoring the alkylthienyl at different
positions of the donor backbone. For BDT-O-DPP, the
molecular aggregation is strong because of the strong dipolar
interaction of oxygen atom and the size of nanophase
separation is 50—80 nm, leading to a PCE of 1.34%. For
BDT-T-DPP, in which the alkoxyl group is replaced by
alkylthienyl, the aggregation is decreased and the size of nano-
phase separation is 30—50 nm, leading to a PCE of 2.01%. For
BDT-T-2T-DPP, in which two alkylthienyl groups are further
introduced in the backbone, the aggregation is further
weakened and the size of nano-phase separation is 10—30
nm, leading to a PCE of 1.62%. BDT-T-DPP exhibits the
highest PCE of 2.01% among the three molecules because of its
proper aggregation ability and favorable nanosized phase
separation.

2. RESULTS AND DISCUSSION

The synthetic routes towards the three DPP-based donor
molecules are shown in Scheme 2. For BDT-O-DPP and BDT-
T-DPP, the Stille coupling reaction between commercially

Scheme 2. Synthetic Routes to BDT-O-DPP, BDT-T-DPP,
and BDT-T-2T-DPP*
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“Reaction conditions: (I) Pd(PPh;),, toluene, reflux, overnight; (II) n-
BuLi, THF, —30 °C, then Me,;SnCl; (III) Pd,(dba)s, P(toyl),, toluene,
reflux, overnight. All the reactions were protected under N,
atmosphere.
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Figure 2. (a) Energy level diagram of the DPP-based molecules, bis-PDI-T-EG, and other components in a conventional organic photovoltaic device

and (b) schematic diagram of AEyoye and AE yyo-

available reactants 1 or 2 with the compound 6 afforded the
final products with a high conversion yield of 80 and 82%,
respectively.”> For BDT-T-2T-DPP, the starting material 2 was
firstly reacted with 3 to obtain 4 with a yield of 78%. Then, 4
was reacted with n-BuLi and Me;SnCl, yielding the ditinated
products 5. Metastable 5 was used without further purification
and reacted with 6 to obtain BDT-T-2T-DPP. The three DPP-
based molecules exhibit good solubility in the commonly used
solvents, such as dichloromethane, chloroform, chlorobenzene,
and o-dichlorobenzene. All three molecules were fully
characterized with 'H NMR, 3C NMR, TOF-MS, and element
analysis, as shown in the Experimental Section.

The thermal stability of the three molecules was charac-
terized by thermogravimetric analysis (TGA) and the data were
summarized in Table S1 in the Supporting Information. As
shown in Figure S1 in the Supporting Information, the
decomposed temperature (T,,) at 5% weight loss for BDT-
O-DPP, BDT-T-DPP, and BDT-T-2T-DPP is 358, 409, and
405 °C, respectively, which are all thermal stable enough for
use in organic solar cells.

The electrochemical properties of the three DPP-based
donors and the bis-PDI-T-EG acceptor were measured using
cyclic voltammetry (CV) (see Figure S2 in the Supporting
Information) and summarized in Table S1 in the Supporting
Information. The highest occupied molecular orbitals
(HOMO) energy of the three DPP-based molecules were
estimated from the onset voltage of oxidation process
(Eonset(ox)) in formula Euxomo = _(44 + Eonset(ox)) eV
—5.13, —=5.15, and —5.20 eV for BDT-O-DPP, BDT-T- DPP
and BDT-T-2T-DPP, respectively. The lowest unoccupied
molecular orbitals (LUMO) energy calculated using Ejyyo =
—(44 + Egpet(rea)), Where E, ceq) is the onset voltage of
reduction process, is —3.65, —3.44, and —3.64 eV for BDT-O-
DPP, BDT-T-DPP, and BDT-T-2T-DPP, respectively. Figure
2a shows the energy level diagram of the three DPP-based
molecules, bis-PDI-T-EG, and other components in a photo-
voltaic device.

As the energy level match of donor and acceptor in a
heterojunction solar cell device plays an essential role in the
balanced charge dissociation, herein we use the LUMO energy
offset (AE ypmo) and HOMO energy offset (AEyonmo) of
donor/acceptor to evaluate the degree of energy level match
between each of the three DPP-based molecules and bis-PDI-
T-EG, as schematically shown in Figure 2b. The values of
AE; ymo/ AEyomo are 0.19 €V/0.52 eV, 0.40 €V/0.50 eV, and
0.20 €V/0.4S eV, respectively, for BDT-O-DPP, BDT-T-DPP,
and BDT-T-2T-DPP. Among the three donor molecules,
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BDT-T-DPP exhibits the closest AEyopo and AE; jyvo values
with bis-PDI-T-EG as acceptor, indicating the balanced
HOMO-HOMO and LUMO-LUMO energy match with
the acceptor among the three donor molecules.

Optimal conformations of the three donor molecules were
obtained by molecular modelling on Gaussian 09 at the
B3LYP/6-31G* level of theory in the gas phase. As shown in
Figure 3a—d, backbone of BDT-O-DPP and BDT-T-DPP
displays good planarity. The dihedral angles of 6 (12-34) and 6
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Figure 3. Optimal molecular conformations of (a, b) BDT-O-DPP, (¢,
d) BDT-T-DPP, and (e, f) BDT-T-2T-DPP. For clarity, the alkyl
chains are not shown.
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Table 1. Conformation and Absorption Parameters of Pristine BDT-O-DPP, BDT-T-DPP, BDT-T-2T-DPP, and the Respective

Blend Films with Bis-PDI-T-EG

0” (deg) Emae (M lem™)? A (nm)*/fwhm (nm)? Ag/A¢
compds 12-34 12-'3'4 56-78 solution solution film film AH,, (J/ g)f
BDT-O-DPP 170 —166 1.26 X 10° 620/120 618, 667/170 0.98 58.18
BDT-T-DPP 174 172 122 142 x 10° 624/129 629, 679/177 091 45.44
BDT-T-2T-DPP 157 157 122 1.20 x 10° 598/125 620, 671/164 0.88 39.47
BDT-O-DPP/bis-PDI-T-EG 606, 657/185 0.77
BDT-T-DPP/bis-PDI-T-EG 612, 672/184 0.70
BDT-T-2T-DPP/bis-PDI-T-EG 604, 657/200 0.69

“Dihedral angle illustrated in Figure 3. ®Molar extinction coefficient in chloroform. “Wavelength of absorption maximum. YFull width at half
maximum (fwhm). ‘Absorbance ratio at 670 nm vs. 610 nm in film. fMelting enthalpy.

(1'2-3'4") are about 170° and —170°, respectively, for both
molecules (Table 1). However, the pendant thiophene on the
benzodithiphene of BDT-T-DPP is twisted with respect to the
backbone in a dihedral angle of 8 (56-78) = 122° (Figure 3c,
d). Compared to the former two molecules, BDT-T-2T-DPP’s
backbone exhibits poorer planarity with 6 (12-34) = 157° and 0
(1'2-3'4") = 157° (Figure 3e, f), due to introduction of
another two thiophenes into the main chain. Accordingly, the
backbone planarity of the three molecules obeys the following
sequence: BDT-O-DPP > BDT-T-DPP > BDT-T-2T-DPP.
Those results indicate that the molecular conformations of the
three molecules are finely tuned by anchoring the alkylthienyl
at different positions of the donor backbone.

Figure 4 shows the UV—vis absorption spectra of the three
DPP-based molecules and bis-PDI-T-EG, all in chloroform.
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Figure 4. UV—vis absorption spectra of the three donors and bis-PDI-
T-EG in chloroform solution, all at a dilute concentration of 1 X 107°
M.

Table 1 summarizes the optical properties of the three
molecules. All the three DPP-based molecules display an
absorption peak at 590—630 nm, which is ascribed to the
intramolecular charge transfer (ICT) absorption."' BDT-O—

DPP shows an absorption peak (1°°.) at 620 nm, with a full
width at half maximum (fwhm) of 120 nm. After the alkoxyl
group in BDT-O-DPP is replaced by the alkylthienyl pendant,
the resulting molecule, BDT-T-DPP, displays a slightly red-
shifted 2*°' _ of 624 nm and a slightly increased value of fwhm,
129 nm, which attributes to the enlarged two-dimensional
conjugation.®” Further introducing another two alkylthienyl in
the backbone between the DPP and BDT units decreases the
planarity of the backbone. The resulting BDT-T-2T-DPP
exhibits a blue-shifted 2*"' . of 598 nm and a slightly decreased
fwhm value of 125 nm, compared to BDT-T-DPP. The
maximum molar extinction coefficient (e,,,) of BDT-T-DPP
(142 x 10° M™" ecm™) is larger than that of BDT-O—DPP
(126 x 10° M™" cm™) due to the enhanced conjugation, and
also it is greater than that of BDT-T-2T-DPP (1.20 X 10° M}
cm™") because of the decreased backbone planarity of BDT-T-
2T-DPP. Bis-PDI-T-EG shows an absorption peak at 560 nm
with an &, value of 5.6 X 10* M™! cm™ in solution and a
strong and broad absorption from 300 to 650 nm.*

As the donor molecules form into aggregates in solid film,
the film shows a significantly different film absorption spectrum
in comparison to the solution absorption spectrum (see Figure
S3 in the Supporting Information). In the pristine donor film,
two absorption bands are observed. One appears around 610
nm, and the other occur around 670 nm. The former one is
close to the ICT band, as observed in the solution spectrum,
whereas the latter one, which is absent in the solution
spectrum, appears after the donor molecules form aggregates
in film. Appearance of the latter absorption band is due to (1)
the planarization of the backbone and (2) formation of zz-
stacks as molecules form into aggregates in the film. Similar
phenomenon is observed from other small molecule donor
molecules.”>** Considering the fact that the 670 nm absorption
is not seen in the dilute solution, while it appears only in the
solid film, the 610 and 670 nm absorption bands are not related
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Figure 5. Film absorption spectra of (a) neat BDT-O-DPP, BDT-T-DPP, and BDT-T-2T-DPP films and (b) blend films with bis-PDI-T-EG. Films

were all prepared from the corresponding chloroform solutions.
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to a vibronic progression of the same electronic transition,
while potentially correspond to two different electronic species
— the 610 nm absorption band arises from the intramolecular
exciton transition, whereas the 670 nm band is due to the
formation of intermolecular aggregates. Conformation differ-
ence as indicated from the optimal conformation (Figure 3)
affects the backbone planarity and zz-stacking strength in the
solid aggregates. As a result, the relative absorbance of 670 nm
(Ag) to 610 nm (A;), Ap/A,, varies through changing the
alkylthienyl position at the backbone (Figure Sa). Table 1
summarizes the Ay/A, value of the neat donor and blend film.

The neat BDT-O—DPP film spun-cast from the chloroform
solution shows an Ay/A; value of 0.98. After the alkoxyl group
is replaced by the alkylthienyl, the resulted BDT-T-DPP film
shows a decreased Ay/A, value of 0.91. Moreover, when
another two alkylthienyl groups are further introduced into the
backbone, the BDT-T-2T-DPP film gives a lowest Ay/A; value
of 0.88. The Ay/A, value obeys the following sequence: BDT-
O-DPP (098) > BDT-T-DPP (091) > BDT-T-2T-DPP
(0.88), which is consistent well with that conformation-twist
tendency, decreasing from BDT-O-DPP to BDT-T-DPP and
then to BDT-T-2T-DPP. This tendency of zz-stacking
strength agrees well with the (010) diffraction from the X-ray
diffraction (XRD) data of the neat donor film (see Figure S4b
in the Supporting Information). BDT-O-DPP shows an
obvious peak at Q = 1.66 A™!, corresponding to a zz-distance
of 3.77 A. For BDT-T-DPP, a larger zz-distance of 3.90 A (Q =
1.61 A ') is observed. For BDT-T-2T-DPP, only a very weak,
broad (010) diffraction band is observed around Q = 1.65 A™%.
Similar phenomenon is observed in the blended films. As
shown in Figure 5b, the blended film prepared from the
cprresponding chloroform solution gives an Ay/A; value
following the sequence of BDT-O-DPP/bis-PDI-T-EG (0.77)
> BDT-T-DPP/bis-PDI-T-EG (0.70) > BDT-T-2T-DPP/bis-
PDI-T-EG (0.69).

The conformation variation is expected to change the
aggregation ability. As such, differential scanning calorimetry
(DSC) was firstly tested to study the crystallization of the three
donor molecules. The DSC curves of the three DPP-based
molecules show well-defined melting and crystallization peaks
(Figure 6). The melting enthalpy (AH,) of the three

BDT-O-DPP “
BDT-T-DPP
(L e

BDT-T-2T-DPP
- J k_A;
T - ‘
100 200

Temperature (°C)

(3]

3

Exothermic s
—

)

300

Figure 6. DSC curves of the DPP-based molecules.

molecules, calculated from the integrated area of melting
peak obeys the sequence of BDT-O—DPP (58.18 J/g) > BDT-
T-DPP (45.44 J/g) > BDT-T-2T-DPP (39.47 J/g), as shown
in Table 1. BDT-O-DPP exhibits the highest AH value
among the three molecules, indicating the highest crystallinity
and strongest aggregation properties, which results from the
strong dipolar interaction between the alkoxyl groups and good
backbone planarity. After replacing the alkoxyl with the
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alkylthienyl, BDT-T-DPP shows lower crystallinity and
aggregation due to the weaker dipolar interaction of alkylthienyl
and the twist conformation between the thiophene unit and the
backbone, as indicated in our previous work.’” After another
two alkylthienyl units are further introduced into the main
chain in between the BDT and DPP units, the BDT-T-2T-DPP
exhibits even lower AH,, due to the poor backbone planarity,
which weakens z7-stacking of the molecular main chains in the
solid state. Those results indicate that the alkylthienyl can be a
useful unit to adjust the crystallization ability of small-molecule-
based donors.

XRD experiments was used to evaluate the crystallite sizes to
get a deeper insight into the fine-tuning of crystallization ability
by altering the alkylthienyl positions. The samples were
prepared by drop-coating the corresponding chloroform
solutions on silica substrates and thermal annealing at 100 °C
for 30 min. Table 2 summarized the diffraction parameters for

Table 2. XRD Parameters of Neat BDT-O-DPP, BDT-T-
DPP, and BDT-T-2T-DPP Films and Blend Films with Bis-
PDI-T-EG?

compds Q (A MHb/d (A)° L (nm)?
BDT-O-DPP 0.40/15.8 52.0
BDT-T-DPP 0.37/17.1 24.5
BDT-T-2T-DPP 0.36/17.8 8.2
BDT-O-DPP/bis-PDI-T-EG 0.40/15.8 35.0
BDT-T-DPP/bis-PDI-T-EG 0.35/17.9 8.6
BDT-T-2T-DPP/bis-PDI-T-EG 0.41/16.7 6.7

“Films were all prepared by drop-coating the corresponding
chloroform solutions on silica substrates and thermal annealing at
100 °C. ®The diffraction vector at (100) direction. “Spacing calculated
by d = 22/Q. “The crystallite size estimated by the Scherrer Equation.

the (100) stacking. As shown in Figure S4a in the Supporting
Information, the pristine BDT-O-DPP, BDT-T-DPP and
BDT-T-2T-DPP show a sharp and strong (100) diffraction
peak at Q = 040 A™' (d =158 A),037 A™! (d=17.1 A), and
0.36 A™' (d = 17.8 A™"), respectively. The crystallite sizes were
estimated from the Scherrer equation,” L = 4KA/(BQ), where
L is the crystallite size, K Scherrer constants, # the full width at
half maximum of the diffraction peak in radians, 4 the incident
wavelength, Q the diffraction vector.

As summarized in Table 2, the pristine BDT-O-DPP film
shows a large crystallite size of 52.0 nm. After the alkoxyl group
is replaced by alkylthienyl, BDT-T-DPP displays a reduced
crystallite size of 24.5 nm. Furthermore, when two alkylthienyl
groups are introduced into the backbone, BDT-T-2T-DPP
exhibits an even smaller crystallite size of 8.2 nm. This
decreased crystallite size from BDT-O-DPP to BDT-T-DPP,
and to BDT-T-2T-DPP is well-consistent with the crystal-
lization ability, which is well-adjusted by anchoring the
alkylthienyl onto the different positions of the backbone. This
decreasing trend of the aggregation ability is maintained after
the donor is blended with bis-PDI-T-EG, as shown in Table 2.

NEF-SMSC devices were prepared with bis-PDI-T-EG as the
non-fullerene acceptor and BDT-O-DPP, BDT-T-DPP, and
BDT-T-2T-DPP, respectively, as the donor based on the
conventional device configuration of ITO/PEDOT: PSS/active
layer/Ca/Al. After processing optimizations by screening the
D/A weight ratio and the 1,8-diiodooctane (DIO) content, best
devices were obtained and their device parameters are
summarized in Table S2 in the Supporting Information. We

dx.doi.org/10.1021/am406050j | ACS Appl. Mater. Interfaces 2014, 6, 3853—3862
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Figure 7. (a) J-V curves and (b) EQE curves of the best NF-SMSC devices based on BDT-O-DPP, BDT-T-DPP, and BDT-T-2T-DPP, as the

donor and bis-PDI-T-EG as the acceptor, respectively.

used DIO as the co-solvent to optimize film morphology in the
active layer. The best device obtained through screening the
DIO content implies that the molecular optoelectronic
advantages of the donor have been translated into device
properties to the highest degree via optimizing film
morphology and this provides the basis for the further
structure-property correlation between these three donors.
Figure 7a shows the J—V curves of the champion devices based
on the three molecules. Table 3 shows the photovoltaic

Table 3. Photovoltaic Parameters of the Champion Devices
with BDT-O-DPP, BDT-T-DPP, and BDT-T-2T-DPP,
Respectively, as Donor and Bis-PDI-T-EG as Acceptor

DIO Jsc Voe

D/A (%) (mA/cm?) (V) FF  PCE (avg%)
BDT-O- 1:1 1.0 3.46 095 041 134 (1.30)
DPP
BDT-T- 12:1 10 4.66 092 047 201 (191)
DPP
BDT-T- 1:1 1.0 4.60 083 043 162 (1.58)
2T-DPP

parameters of the champion NF-SMSC devices. For BDT-O-
DPP-based NF-SMSCs, the champion device gives a short-
circuit current density (J.) of 3.46 mA/cm” and a fill factor
(FE) of 41%. The best device based on BDT-T-DPP, in which
the alkoxyl is replaced by alkylthienyl, affords an enhanced J. of
4.66 mA/cm? and an improved FF of 47%. For BDT-T-2T-
DPP, in which another two alkylthienyl groups are further
incorporated in the molecular backbone, the J. is slightly
decreased to 4.6 mA/cm? and the FF is decreased to 43%
compared to the best BDT-T-DPP based device. Otherwise,
compared to BDT-O—DPP, BDT-T-2T-DPP also exhibits a
higher J,. (346 mA/cm® vs. 4.6 mA/cm?®) and a higher FF
(41% vs. 43%). Except for the ], and FF, the open-circuit
voltage (V) is decreased from 0.95 V for BDT-O-DPP slightly
to 0.92 V for BDT-T-DPP and further obviously to 0.83 V for
BDT-T-2T-DPP. Considering the same device configuration,
the variations of V are likely associated with the different D/A
ratio and largely different phase separated nanostructures
between the active layers. As such, due to the different |, V,,
and FF, NF-SMSC devices based on BDT-O-DPP, BDT-T-
DPP, and BDT-T-2T-DPP exhibited a PCE of 1.34, 2.01, and
1.62%, respectively. Obviously, the evolution tendency of both
the J. and FF, and in turn, the efficiency is different with the
conformation-twist trend and the zz-stacking strength trend,
and the aggregation ability trend. Noted that the change
tendency of the PCE from 1.34 to 2.01%, and 1.62% is in line
with the PCE obtained by using PC71BM as acceptor material,
going from 1.40% (BDT-O-DPP) to 3.88% (BDT-T-DPP)
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and 3.46% (BDT-T-2T-DPP) (see Table S3 in the Supporting
Information).

The external quantum efficiency (EQE) curves of the best
NE-SMSC devices are displayed in Figure 7b. The maximum
EQE value is of 21, 28, and 28%, respectively, for BDT-O-DPP,
BDT-T-DPP, and BDT-T-2T-DPP based NF-SMSC device.
This increasing tendency is consistent with the enhanced
tendency of the J,. obtained from the J—V curves.

Variations of the J,. and FF are related to the carrier mobility
differences. Both the hole and electron mobilities were
estimated with space-charge-limited-current (SCLC) method
(see Figures S5—S7 in the Supporting Information) and the
results are summarized in Table S4 in the Supporting
Information. The best BDT-T-DPP/bis-PDI-T-EG blend
gives a hole/electron mobility of 0.022/0.016 cm?/(V s),
whereas BDT-O-DPP/bis-PDI-T-EG blend shows a hole/
electron mobility of 0.0011/0.0057 cm?/(V s) and BDT-T-2T-
DPP/bis-PDI-T-EG blend yields a hole/electron mobility of
0.0016/0.11 cm?/(V s). Obviously, in the latter two systems the
photocurrent is limited by the lower hole mobility, being on the
order of 107 cm?/(V s), while the BDT-T-DPP/bis-PDI-T-
EG system has a balanced carrier mobility, both on the order
1072 cm®/(V s). The higher carrier mobility and balanced hole
and electron mobility of BDT-T-DPP/bis-PDI-T-EG system
contribute to a higher J,. and a higher FF, and in turn a higher
efficiency.

To get deep insights into the structural differences that affect
the device performance, phase separated nanostructures were
probed using tapping mode atomic force microscopy (AFM)
and transmission electron microscopy (TEM) techniques.
Figure 8a—c shows the AFM phase images of the active layers
of the best devices. The domain size for the three blend films
decreases as the following sequence: BDT-O-DPP/bis-PDI-T-
EG (50—80 nm) > BDT-T-DPP/bis-PDI-T-EG (30—50 nm)
> BDT-T-2T-DPP/bis-PDI-T-EG (10—30 nm), which is well-
consistent with the donor aggregation ability, as discussed in
the DSC and XRD data. Figure 8d—f shows the TEM images
of the blend films of the best devices. Consistent with the AFM
phase images, the three blend films display several tens of
nanometer sized domains, with the domain size following the
same sequence as that obtained from the AFM. The BDT-T-
DPP/bis-PDI-T-EG film forms a moderate phase domain size
of 30—50 nm, with respect to the BDT-O-DPP/bis-PDI-T-EG
and the BDT-T-2T-DPP/bis-PDI-T-EG film, which is
beneficial to the balance of exciton dissociation and charge
transportation, well-consistent with its balanced hole/electron
mobilities and in turn, the highest J,, FF, and PCE. Again, the
smaller phase size for BDT-T-2T-DPP/bis-PDI-T-EG film,
with respect to that for the BDT-O-DPP/bis-PDI-T-EG film,
yields higher interface volume density for charge dissociation,
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Figure 8. (a—c) AFM phase images and (d—f) TEM images of BDT-O—DPP/bis-PDI-T-EG, BDT-T-DPP/bis-PDI-T-EG, and BDT-T-2T-DPP/

bis-PDI-T-EG blend films of the best devices.

accounting for relative higher J,. and PCE from BDT-T-2T-
DPP than BDT-O-DPP. Those results indicate that by
anchoring the alkylthienyl at different positions of donor
backbones, the domain sizes and the phase separation features
of the active layers are adjusted, and then the hole/electron
mobilities, ], FF, and PCE are adjusted.

Herein, it’s worth noting that by adding 1% DIO as co-
solvent, the PCE is improved by two order of magnitudes
(~0.01% vs. ~1—2%) (see Figure S8a and Table S2 in the
Supporting Information). The enhanced efficiency is mainly
contributed from the significant increase of J,. and FF.
Consistently, the hole and electron mobilities are improved
by at least one magnitude after adding 1% DIO as the co-
solvent (see Table S3 in the Supporting Information). The
increasing hole mobility is contributed from the improved
order of the crystallites. As shown in grazing incidence X-ray
diffraction (GIXRD, see Figure S9 in the Supporting
Information), the neat donor film exhibits an obvious (100)
diffraction at g, = 0.63, 0.62, and 0.56 A™', respectively, for
BDT-O-DPP, BDT-T-DPP, and BDT-T-2T-DPP. After
blended with bis-PDI-T-EG, the (100) diffraction intensity is
obviously weakened, demonstrating the interruption of the
crystallite order. When 1% DIO is used as co-solvent, the (100)
diffraction becomes significantly enhanced for all three blended
films, which reveals the remarkable effects of DIO on the
ordering of the crystallites, yielding a hopping increase of the
hole mobility.

The hopping increase of the device performance is also
associated with the dramatic decrease of the phase domain size
and the improved compatibility between the donor and
acceptor after using 1% DIO as the co-solvent. Figure S11 in
the Supporting Information shows the AFM height images of
the blended films spin-coated with chloroform and chloroform-
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DIO, respectively, for comparison. Before adding DIO, the
blend film exhibits a value of surface roughness (Rq) of 0.749,
0.648, and 0.377 nm for BDT-O-DPP/bis-PDI-T-EG, BDT-T-
DPP/bis-PDI-T-EG, and BDT-T-2T-DPP/bis-PDI-T-EG, re-
spectively (see Figure S1la—c in the Supporting Information).
After adding 1% DIO as co-solvent, the R value is decreased to
0.291, 0.314, and 0.424 nm for the three blend films (see Figure
S11d—f in the Supporting Information), indicating the better
compatibility between the donor/acceptor nanostructures.
Figure S12 in the Supporting Information shows the AFM
phase images and TEM images of the active layers prepared
with chloroform as the film-forming solvent. Large phases (>
200 nm) are observed from the three blend films. The phase
domain size is remarkably larger than the exciton diffusion
length, typically 10 nm,®" inhibiting the effective exciton
diffusion and exciton separation, leading to inferior J,. and FF
(see Table S2 in the Supporting Information). Upon adding
DIO as co-solvent, the phase domain size is decreased to <80
nm (Figure 8), which is more close to the exciton diffusion
length, corresponding to enhanced J,. and FF.

The decreased phase domain size is related to the higher
boiling point of DIO than chloroform (332.5 °C vs. 61.3 °C, at
760 mm Hg) and the higher solubility of bis-PDI-T-EG (above
0.2 mg/mL) than those donor materials (lower than 0.0S mg/
mL) in DIO. After the main solvent of chloroform is dried
during the spin-coating process, more acceptor dissolves in
DIO, forming the acceptor-DIO liquid phase, because of the
much higher boiling-point of DIO than chloroform. As the
poor solubility of the donor in the DIO, the donor molecules is
forced to form precipitates after the evaporation of chloroform,
consisting of a distribution of amorphous and crystalline
regions. During processing of the blending films, the slow
evaporation speed of DIO compared to cholorform offers
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sufficient time for the acceptor-DIO liquid phase penetrating
into the donor phase to form more homogeneous blends to
form decreased phase domain size.*>**

Accordingly, by adding DIO as co-solvent, the molecular
packing order promotes, the miscibility of donor/acceptor
improves, the phase domain size decreases, the hole/electron
mobilities enhances, and in turn, the PCE hops by two order of
magnitude.

4. CONCLUSIONS

Three DPP-based molecules of BDT-O-DPP, BDT-T-DPP,
and BDT-T-2T-DPP were synthesized and non-fullerene all-
small-molecule solar cells (NF-SMSCs) were fabricated with
the three DPP-based molecules, respectively, as the donor
material and a PDI-based molecule of bis-PDI-T-EG as the
non-fullerene acceptor material. Molecular modeling, UV—vis
absorption, DSC and XRD tests indicate that the crystallization
and aggregation ability of the three molecules obey the
sequence of BDT-O—DPP > BDT-T-DPP > BDT-T-2T-
DPP, which is adjusted by incorporating the alkylthienyl unit
into the different positions of the backbone. Because of the
strong dipolar interactions and better planarity, BDT-O-DPP
exhibits the strongest aggregation and highest crystallinity. After
replacing the alkoxyl by alkylthienyl, the resulting BDT-T-DPP
shows weaker aggregation ability. Moreover, after the
alkylthienyl is further introduced in between the BDT and
DPP units, the resulting BDT-T-2T-DPP shows even poor
planarity and aggregation ability. When blended with the
perylene diimide dimer of bis-PDI-T-EG, the moderate
aggregation ability of BDT-T-DPP yields a moderate phase
size of 30—50 nm, whereas the strong aggregation ability of
BDT-O-DPP gives a bigger size of 50—80 nm and the weak
aggregation ability of BDT-T-2T-DPP produces a smaller size
of 10—30 nm. The best BDT-T-DPP based device exhibits a
power conversion efficiency (PCE) of 2.01%, whereas the best
BDT-O-DPP and BDT-T-2T-DPP based device gives a PCE
of 1.34 and 1.62%, respectively.

5. EXPERIMENTAL SECTION

Materials. All of the starting materials and solvents were purchased
from Sigma Aldrich or Alfa Aesar and were used without further
purification, unless otherwise stated. Distannyl monomers of BDT (4a
or 4b) were purchased from Solarmer. 3-(5-Bromothiophen-2-yl)-2,5-
bis(2-ethylhexyl)-6-(thiophen-2-yl)pyrrolo[3,4-c] pyrrole-1,4-
(2H,5H)-dione (6) was synthesized according to the literature
method.%

Synthesis of 4. Distannyl monomer (2, 1 equiv) and 2-bromo-3-
hexylthiophene (3, 2.5 equiv), were dissolved in dry toluene and
degassed with N, for 10 min. Pd(PPh;), was added and the solution
was degassed with N, for another 10 min. The mixture was stirred at
120 °C overnight under the N, atmosphere. After being cooled to
room temperature, toluene was then evaporated using a rotary
evaporator. The residue was purified by column chromatography on
silica gel (petrol ether/dichloromethane = 3:1) to give 4 with yield of
78%. TH NMR (400 MHz, CDCly, 5, ppm): 7.68 (s, 2H), 7.34 (d, ] =
3.2 Hz, 2H), 7.23 (d, ] = 4.8 Hz, 2H), 6.95 (d, ] = 5.2 Hz, 2H), 6.89
(d, J = 3.2 Hz, 2H), 2.80—2.87 (m, 8H), 1.60—1.69 (m, 6H), 1.27—
1.46 (m, 28H), 0.86—0.96 (m, 18H). MS (MALDI-TOF): calcd for
Cs4H;0Ss, 910.38; found, m/z = 911.50 [M + H]".

Synthesis of 5. 4 (1 equiv) was dissolved in dry THF and cooled to
—78 °C and degassed with N, for 10 min. n-BuLi dissolved in n-
hexane (2.2 M, 2.5 equiv) was then added dropwise. The mixture was
raised to room temperature and stirred under N, protection for 30
min. Then Me;SnCl (3 equiv) was added in one portion. The mixture
was further stirred under room temperature for 1 h and poured into
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water for extraction with diethyl ether. The combined organic layers
were washed with brine and dried over MgSO,. The solvent was
evaporated to obtain yellow oil, which was used for the next reaction
without further purification.

Synthesis of BDT-T-DPP has been reported in our previous
work.*> BDT-O-DPP and BDT-T-2T-DPP was synthesized as follow:
distannyl monomer (1, 2, or §, 1 equiv), 6 (2.5 equiv), and tri(o-
tolyl)phosphine (16 mol %) were dissolved in dry toluene and
degassed with N, for 10 min. Tris(dibenzylideneacetone)dipalladium
(3 mol %) was added and the solution was degassed with N, for
another 10 min. The mixture was stirred at 120 °C overnight under
the N, atmosphere. After cooling down to room temperature, toluene
was then evaporated using a rotary evaporator. The residue was
purified by column chromatography on silica gel to obtain black solid.

Data for BDT-O-DPP. 'H NMR (400 MHz, CDCl,, §, ppm): 8.98
(d, ] = 4.0 Hz, 2H), 8.92 (s, 2H), 7.64 (d, ] = 44 Hz, 4H), 7.46 (d, ] =
32 Hz, 2H), 728 (t, J, = 4.8 Hz, J, = 4.8 Hz, 2H), 4.23 (d, ] = 4.4 Hz,
4H), 4.07 (m, 8H), 1.84—1.97 (m, 2H), 1.69—1.75 (m, 4H), 1.24—
1.58 (m, 48H), 0.95—1.06 (m, 24H). *C NMR (100 MHz, CDCl,, §,
ppm): 161.65, 144.46, 142.23, 140.23, 139.48, 136.77, 135.70, 135.42,
132.81, 130.58, 129.86, 129.49, 128.46, 126.25, 117.62, 108.52, 108.16,
45.96, 40.69, 39.31, 39.13, 30.46, 30.29, 30.25, 30.22, 39.23, 28.45,
28.37, 23.85, 23.70, 23.56, 23.18, 23.11, 14.24, 14.10, 14.05, 14.36,
10.58. Elemental anal. Caled for C,,H;3,N,O,S,: C, 69.22; H, 7.70;
N, 3.75. Found: C, 69.30; H, 7.62; N, 3.70. MS (MALDI-TOF): calcd
for Cy1,H,30N,01,S,, 1490.71; found, m/z = 1491.35 [M + H]".

Data for BDT-T-2T-DPP. 'H NMR (400 MHz, CDCl,, 8, ppm):
892 (d, J = 4.0 Hz, 2H), 8.89 (d, J = 3.2 Hz, 2H), 7.70 (s, 2H), 7.63
(d, ] = 8.0 Hz, 2H), 7.35 (d, ] = 3.6 Hz, 2H), 7.30 (d, ] = 4.0 Hz, 2H),
7.28 (d, ] = 5.2 Hz, 2H), 7.17 (s, 2H), 6.93 (d, J = 3.2 Hz, 2H), 4.04
(m, 8H), 2.88 (m, 8H), 1.88 (m, 4H), 1.69 (m, 6H), 1.25—1.45 (m,
56H), 0.84—0.98 (m, 42H). *C-NMR (100 MHz, CDCl,, §, ppm):
161.77, 161.55, 146.0S, 142.36, 139.84, 139.08, 139.00, 136.98, 138.81,
136.63, 135.16, 134.95, 132.08, 130.37, 129.96, 128.43, 128.36, 128.18,
127.88, 125.52, 124.74, 123.46, 121.82, 108.23, 45.98, 41.54, 39.34,
39.14, 34.36, 32.61, 31.6S, 30.49, 30.29, 29.78, 29.32, 28.98, 28.71,
28.42, 25.80, 23.76, 23.63, 23.16, 23.08, 22.65, 14.19, 14.12. Elemental
anal. Calcd for C,;,H;30N,0,S,: C, 69.96; H, 7.52; N, 2.86. Found: C,
69.89; H, 7.60; N, 2.81. MS (MALDI-TOF): calcd for
Ci1H 30N, 01485, 1954.86; found, m/z = 1955.80 [M + H]".
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