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ABSTRACT: Three 4,4-difluoro-4-bora-3a,4a-diaza-s-indancene (BODI-
PY)-based small molecule donors H-T-BO, Br-T-BO, and DIMER were
synthesized and fully characterized. Although modification at the meso
position has a subtle influence on the light-harvesting ability, energy levels,
and phase sizes, it has a striking effect on the packing behavior in solid film as
two-dimension grazing incidence X-ray diffraction (2D GIXRD) and X-ray
diffraction (XRD) confirm. Br-T-BO exhibits better packing ordering than
H-T-BO in pristine film, which is beneficial from reinforced intermolecular
interaction from halogen atoms. However, when [6,6]-phenyl-C,,-butyric
acid methyl ester (PC,BM) is blended, no diffraction patterns
corresponding to the monomeric donor can be seen from the XRD data
and both H-T-BO- and Br-T-BO-based blend films give a slightly blue-
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shifting absorption peak with respect to their neat ones, both of which imply

destruction of the crystalline structure. As for DIMER, the enhancement of the intermolecular interaction arises not only from
the expansion of the backbone but the “steric pairing effect” brought on by its twisted structure. When blended with PC,;BM, the
diffraction patterns of DIMER are, however, kept well and the absorption peak position remains unchanged, which indicates the
ordered packing of DIMER is held well in blend film. In coincidence with the fact that packing ordering improves from H-T-BO
to Br-T-BO and DIMER in pristine films and the ordered packing of DIMER even in blend film, DIMER-based devices show
the highest and most balanced hole/electron mobility of 1.16 X 1072/0.90 X 10> cm* V' s™'with respect to Br-T-BO (4.71 X
107/2.09 X 107™* cm® V™! s7') and H-T-BO (4.27 X 107°/1.00 X 1075 cm® V™' s7') based ones. The short-circuit current
density of the three molecule-based cells follows the same trend from H-T-BO (6.80) to Br-T-BO (7.62) and then to DIMER
(11.28 mA cm™2). Finally, the H-T-BO-, Br-T-BO-, and DIMER-based optimal device exhibits a power conversion efficiency of

1.56%, 1.96%, and 3.13%, respectively.
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Bl INTRODUCTION

During recent decades, organic solar cells (OSCs) have drawn
much attention for some properties they possess, such as being
lightweight and low cost and having flexible device
applications."~* To date, a power conversion efficiency
(PCE) over 9% has been achieved in single-junction polymer
solar cells (PSCs) with continuous endeavor.>”” Meanwhile,
since small molecule donors bear some unique advantages,
including well-defined structures and molecular weight as well
as easy purification, solution-processed small molecule solar
cells (SMSCs) are investigated as competitive alternatives to
their polymer counterparts.g_12 In the past few years, the PCE
of the state-of-the-art SMSCs has reached over 8%, however,
only from two types of small molecules unfortunately.">'* In
order to catch up with the pace of PSCs, great efforts should be
made to develop materials with new structures as well as to
understand the relationship between the molecular structure
and the performance.'*™"°
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Derivatives of 4,4-difluoro-4-bora-3a,4a-diaza-s-indancene
(BODIPY) are known as “porphyin’s little sister”.”® They
show large molar extinction coefficients (¢) with &, usually
larger than 8 X 10* M™! cm™ together with excellent chemical
stability to withstand a series of chemical transformations.” =
However, the BODIPY core usually gives a sharp absorption
band with a maximum absorption wavelength (4,,,,) at S00 nm
and a band edge (4c4q) less than 550 nm,”® which impedes full
use of the solar photons, since ca. 50% of photons in the solar
spectrum have energies corresponding to a wavelength of 600—
1000 nm.*® How to red shift and broaden the absorption band
is a bottleneck to achieve a higher PCE for BODIPY-based
donor materials. To break through the bottleneck, one effective
way is to functionalize the o and f positions of the BODIPY
core to extend the conjugation. After that, the BODIPY dyes
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always exhibit broader absorption with A, > 600 nm,***%3!
which means that more solar photons can be captured.
Consequently, a higher short-circuit current density (J,.) and
PCE can be anticipated.”>~*’

Besides a broad absorption band with a large ¢, it is of
importance to guarantee well-ordered packing in a solid film to
achieve a high hole/electron mobility and thus the J,. It has
been proved that reinforcing the intermolecular interaction is
efficacious in the enhancement of the packing ordering in a
solid.***® As for BODIPY-based system, Ziessel etc, for
example, reported that the halogen interaction between the I
atom at the meso position and one of the F atoms of the
neighboring molecule can strengthen the intermolecular
interaction, thus facilitating the molecules to pack in a well-
organized way, which is linked with the improvement of both
the charge carriers mobility and the J,.**

In this article we present a new way to reinforce the
intermolecular interaction and packing ordering. We find that
dimerization of two BODIPY units through the meso position
proves to be an effective approach to promoting the mobility
and J.. To investigate the origin of the enhancement of the J,
we also synthesized two relevant monomers (H-T-BO and Br-
T-BO, Scheme 1). Our results imply that the enhancement of

Scheme 1. Structure of H-T-BO, Br-T-BO, and DIMER

DIMER

the intermolecular interaction and the ordered packing make
contributions to boosting the hole/electron mobility and the J.
Br-T-BO packs more orderly than H-T-BO in neat film, thanks
to the intermolecular interaction from the halogen bond. On
the other hand, DIMER shows order and tight packing both in
pure film and in a blended one with [6,6]-phenyl-C,;-butyric
acid methyl ester (PC,;BM), which attributes to the enhance-
ment of intermolecular interaction owing to its enlarged and
twisted structure. Consistently, a slight increase of the hole/
electron mobility and J,. from H-T-BO- to Br-T-BO-based cell
is observed, while a significant enhancement further to DIMER
is obtained.

B RESULTS AND DISCUSSION

Synthesis and Characterization. Scheme 2 outlines the
synthetic routes of H-T-BO, Br-T-BO, and DIMER.
Condensation of 2,4-dimethylpyrrole with the corresponding
aromatic aldehydes (2-thiophenecarboxaldehyde and S-bromo-
2-thiophenecarboxaldehyde) followed by adding 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ), (i-Pr),EtN, and BF;-
Et,0 gave the desired products (2, yield 35%; 3, yield 36%).
The following condensation with aldehyde (1) gave H-T-BO
and Br-T-BO in moderate yield (40% for H-T-BO and 38% for
Br-T-BO). Finally, Stille coupling between Br-T-BO and 2,5-
bis(tributylstannyl)thiophene produced DIMER with a yield of
40%. All of the three donors exhibit good solubility in common
solvents, such as dichloromethane (DCM), chloroform,
toluene, chlorobenzene, and 1,2-dichlorobenzene (0-DCB).
All three donors were fully characterized by 'H NMR, “C
NMR, MALDI-TOF MS, and elemental analysis successfully
(Experimental Section).

Thermogravimetric (TGA) curves provide useful informa-
tion about the thermostability of the three donors. Judging
from the curves (Figure S1, Supporting Information), one can
find that the temperatures with 5% weight loss of H-T-BO, Br-
T-BO, and DIMER are 338.8, 261.3, and 342.0 °C,
respectively. Clearly, introduction of the Br atom has a
detrimental effect on the thermostability of the molecule.

Scheme 2. Synthesis of H-T-BO, Br-T-BO, and DIMER”
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(i) n-BuLi, DMF, THF, yield 96%; (ii) TFA, DDQ, (i-Pr),EtN, BF;-Et,0, N,, CH,ClL, yield 35% for compound 2, 36% for compound 3; (iii) 1,
piperidine, CH;COOH, molecule sieves, N,, 90 °C, toluene, yield 40% for H-T-BO and 38% for Br-T-BO; (iv) 2,5-bis(tributylstannyl)thiophene,

Pd(PPh,),, N,, 90 °C, toluene, yield 40%.
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Figure 1. UV—vis absorption spectra of the three donors from (a) the dilute DCM solution and the neat films and (b) the blend films (1:2 for H-T-
BO:PC,;BM and 1:2.5 for Br-T-BO:PC,;BM and DIMER:PC,,;BM, w/w). In b the absorption spectra from the neat films are also displayed for

comparison.

Optoelectronic Properties. Figure la depicts the UV—vis
absorption spectra of the three BODIPY-based donors in dilute
DCM solution and in thin films. All of the molecules show two
broad absorption bands from 350 to 500 nm and from 650 to
800 nm in solution with two peaks at about 450 and 740 nm.
The former absorption is due to the styryl residues, while the
latter one with an apparent shoulder arises from the S, to the S,
transition.>*” The optimal geometry of DIMER calculated by
density function theory (DFT) reveals that DIMER exhibits a
highly twisted backbone with a dihedral angle of about 89°
between the terthienyl plane and the dipyrromethene plane
(Figure 2). The twisted structure is in accordance with the

Figure 2. Optimal geometry of DIMER calculated by DFT. Dihedral
angles between one BODIPY plane and the terthienyl plane are
defined as 0, (0, = 88.6°) and 6, (0, = 89.4°), respectively.

optical phenomenon that the ¢, of DIMER is almost twice

6

that of the monomer.”® Compared with the spectrum in

solution, that of the pristine film from the same donor is

significantly red shifted and broadened, which indicates that the
molecules form aggregates in the solid. As shown in Figure 1b
and Table 1, the A,,, of H-T-BO and Br-T-BO exhibits a
hypochromic shift when blended with PC,;BM while the 4,
of DIMER remains unchanged with respect to the correspond-
ing pristine film. The spectral phenomenon implies that the
aggregates may be disrupted to a degree when H-T-BO and Br-
T-BO are blended with PC,;BM, while it can be retained in the
DIMER:PC,,BM blend.** Given that the shift of A, is less
than 20 nm and the three BODIPY-based donors present
almost the same onset of the absorption band in blend films,
modification at the meso position has no perceptible effect on
the light harvesting in this study.

The electrochemical properties of the three donors were
investigated using cyclic voltammetry (CV). Table 1 summa-
rizes the electrochemical data. The onset of the oxidation
potentials of H-T-BO, Br-T-BO, and DIMER are estimated to
be 0.62, 0.66, and 0.66 V, while the onset of the reduction
potentials are at —0.76, —0.66, and —0.67 V, respectively
(Figure 3a). On the basis of on the empirical equation (Eyomo
= _e(on,onset + 44)) ELUMO = _e(Ered,onset + 44))41 the
corresponding HOMO/LUMO energy levels of H-T-BO, Br-
T-BO, and DIMER are —35.02/-—3.64, —5.06/—3.74, and
—5.06/—-3.73 eV (Figure 3b), respectively. According to the
formula E; = E;ymo — Enomos the electrochemical band gaps of
H-T-BO, Br-T-BO, and DIMER are calculated to be 1.38, 1.32,
and 1.33 eV, respectively. PC,;BM has HOMO and LUMO
energy levels of —5.87 and —3.91 eV. Compared with the
energy levels of PC, BM, all three molecules are potential
donor materials.

Table 1. Summary of the Optoelectronic Properties of the Three Donors

Amax /DM ﬂedged/ nm

molecule solution ﬁlme film;,© solution film,* Eg"Pt,f eV HOMO, eV LUMO, eV E % eV

H-T-BO 448 463 462 775 88S 1.40 -5.02 —3.64 1.38
733 804 788

Br-T-BO 460 476 468 800 900 1.38 -5.06 -3.74 1.32
752 811 794

DIMER 456 467 468 780 880 141 -5.06 -3.73 1.33
741 794 794

“Absorption maximum. ¥4, in pristine (p) films. “4,, in blend (b) films. “Onset of the absorption. “A

E" = 1240/ A.qq.- “Electrochemical band gap, E,” = E;ymo — Enomo-
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edge from pristine films. JOptical band gap,
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Figure 3. (a) Cyclic voltammograms of the three donors in DCM with 0.1 M Bu,NPF,. Scan rate was 100 mV s™', Ag/AgCl was used as reference
electrode. (b) Energy level diagram of the three donors, PC,;BM, as well as other essential components for the normal cell structure.
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Figure 4. (a) ]V characteristics and (b) EQE curves of H-T-BO-, Br-T-BO-, and DIMER-based cells under the optimal D:A weight ratio.

Table 2. Photovoltaic Parameters of the SMSCs under Optimal D:A Weight Ratio

donor:acceptor D:A (w:w) J..* (mA cm™)
H-T-BO:PC,BM 1:2 6.80 (+0.16)
Br-T-BO:PC,,BM 1:2.5 7.62 (+0.14)
DIMER:PC,BM 1:2.5 11.28 (+0.28)

“Average value from 10 devices with the standard deviation in parentheses.

V.2 (V) FE* (%) PCE* (%)
0.67 (+0.01) 343 (+1.2) 1.56 (+0.08)
0.72 (+0.01) 35.7 (x1.3) 1.96 (+0.10)
0.74 (+0.01) 37.5 (+0.8) 3.13 (+0.13)

Photovoltaic Performance. In order to investigate the
photovoltaic performance of the three donors, cell devices
based on the conventional device structure of ITO/poly(3,4-
ethylene-dioxythiophene) (PEDOT):poly(styrenesulfonate)
(PSS)/active layers/Ca/Al were fabricated. Details of the
fabrication of the devices are given in the Experimental Section.
The weight ratio of the donor and acceptor was optimized for
all three donors, and Table S1, Supporting Information, gives
the corresponding results. The optimal donor:acceptor (D:A)
weight ratio for H-T-BO:PC,BM, Br-T-BO:PC,BM, and
DIMER:PC, BM is 1:2, 1:2.5, and 1:2.5, respectively. Figure 4a
shows the current density—voltage (J—V) curves of the best
cells from the three donors under the optimal D:A weight ratio.
Table 2 lists the corresponding cell parameters.

From H-T-BO to Br-T-BO and then to DIMER, ]
increases from 6.80 to 7.62 and then to 11.28 mA cm™
sharply. Unfortunately, the fill factor (FF) grows very little
from H-T-BO (0.343) to Br-T-BO (0.357) to DIMER
(0.375). The low FF is always seen from the BODIPY-based
solar cells.*® As is known, the open-circuit voltage (V) has a
close relationship with the difference between the HOMO
energy of the donor and the LUMO energy of the
acceptor. ™ 1t is reasonable that H-T-BO:PC,BM blend

22499

film presents the lowest V. (0.67 V) because of the highest
lying HOMO among the three, while the V. values of the other
two donors are almost the same (0.72 V for Br-T-BO and 0.74
V for DIMER).

In order to validate the accuracy of the photovoltaic
measurements, external quantum eﬂiciency (EQ_E) measure-
ments were conducted on the best cells. The EQE curves are
shown in Figure 4b. Obviously, the EQE spectra from the three
donors share a similar shape with their corresponding
absorption spectra of the blend films. One can also see that
all of the EQE curves cover a wide range of the optical
spectrum (from 350 to 900 nm). The integrated current
density (J) can be calculated by the following equation | =
AP, EQE/1240, where P, is the illumination intensity and 4 is
the wavelength of the monochromatic incident light.45 The
current density is calculated to be 6.50, 7.48, and 11.06 mA
cm™2 for H-T-BO, Br-T-BO, and DIMER, respectively. These
values match well with the J . data received from the best cells.

Taking the cell parameters into consideration, one can find
that the enhancement of J. contributes to the improvement of
the PCE with the blend donor changing from H-T-BO to Br-
T-BO and then to DIMER. Since the shape and intensity of the
absorption spectra of the active layers are almost the same, we

dx.doi.org/10.1021/am506585u | ACS Appl. Mater. Interfaces 2014, 6, 22496—22505
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speculate that the enhancement of J,. could have a relationship
with the film morphology in a solid.

Film Morphology. Transmission electron microscopy
(TEM) images were recorded to understand the nanoscale
morphologies of the blend films. It can be seen from Figure §

Figure 5. TEM images of (a) H-T-BO:PC,;BM, (b) Br-T-
BO:PC,;BM, and (c) DIMER:PC,;BM blend films.

that the nanoscale interpenetrating network forms in all blends
and that the phase size is estimated to be 15—20, 20—25, and
30—3S5 nm for films of H-T-BO:PC,,BM, Br-T-BO:PC, BM,
and DIMER:PC,;BM, respectively. All sizes are comparable to
the exciton diffusion length, typically 5—20 nm.*

Molecular Packing in Solid Films. Grazing-incidence X-
ray diffraction (2D GIXRD) was applied to get a better
understanding of the crystalline behavior of the three donors in
the solid state with and without PC, BM. Figure 6a—c shows
2D GIXRD images of the three neat films, and Figure S2,
Supporting Information, is their linecut profiles along the out-
of-plane and in-plane directions, respectively. The conspicuous

signals in Figure 6a—c reveal the well-ordered crystalline
structures in neat films. Specifically, each donor exhibits a
strong (100) reflection peak along the g, direction, with a q,
value of 0.244, 0.294, and 0.283 A™! for H-T-BO, Br-T-BO,
and DIMER, respectively. On the basis of the relationship
between g and d spacing, d = 27/4, the “lamellar” spacing can
be determined as 25.8, 21.4, and 22.2 A, respectively. As clearly
seen from Figure 6b and 6¢ and from the out-of-plane linecut
profiles (Figure S2, Supporting Information), higher order up
to forth and even fifth diffractions can be clearly seen from the
Br-T-BO and DIMER pure films, while only the second-order
reflection is detected from the H-T-BO neat one. Clearly, Br-
T-BO tends to pack more orderly and tightly than H-T-BO in
neat films, and DIMER forms even more ordered packing
because DIMER gives stronger higher order diffractions and,
particularly, shows a clear arch shape of the (010) diffraction in
the 2D GIXRD image (Figure 6¢c) with g = 1.82 A™', which
corresponds to a m—n stacking distance of 3.45 A. The
appearance of the n—z stacking diffraction pattern indicates
even more ordered packing of the dimeric backbones in the
film.

When the donor is blended with PC;,BM, all of the
diffractions, even those corresponding to the strong (100) and
(200) patterns, are not detected from the H-T-BO:PC,BM
and Br-T-BO:PC, BM blend films, along neither the out-of-
plane nor the in-plane direction (Figure 6d and 6e as well as
Figures S2a and S2b, Supporting Information). On the
contrary, from the DIMER:PC,;BM blend, all of the (100),
(200), (300), (400), and (500) as well as (010) (Figures 6f and
S2c, Supporting Information) diffractions are clearly seen at
their corresponding g values. That contrast between the neat
and the blend films strongly indicates that packing ordering is
held when DIMER is combined with PC;BM, while it is
disrupted when H-T-BO or Br-T-BO is used instead. The
results are further confirmed by the XRD tests (Figure S3,
Supporting Information), in which all of the diffraction peaks
observed from the H-T-BO or Br-T-BO neat films disappear
after they are blended with PC; BM, whereas the diffraction
patterns are well kept in the blend from DIMER.

Introduction of the Br atom at the meso position helps Br-T-
BO stack in a more ordered way than H-T-BO, likely owing to
the intermolecular interaction between the Br atom and the F
atom, as observed previously from the iodo derivatives of
BODIPY.*® From monomer to dimer, the enlarged molecular
backbone favors the ordered packing of DIMER in the solid.
Moreover, the highly twisted structure of DIMER could
provide the so-called “steric-pairing effect”, which has been
observed in other dimeric systems, such as perylene diimide
(PDI).*” This effect is also expected to direct the ordered
packing of DIMER in the solid state. Therefore, the enlarged
structure as well as the twisted conformation facilitates the
DIMER molecules to form ordered packing not only in neat
films but also in blend films with PC,;BM.

Hole/Electron Mobility. As the transport property of the
charge carriers in blend films is of critical importance to the
photovoltaic performance, hole-only devices with the structure
ITO/PEDOT:PSS/small molecule donor:PC,;BM/Au were
fabricated to characterize the hole mobility of the active layers,
while electron-only devices with the configuration ITO/
titanium (diisopropoxide) bis(2,4-pentanedionate) (TIPD)/
small molecule donor:PC,;BM/Al were prepared to measure
the electron mobility.**~>° Also, the layers were prepared under
the optimal conditions of the cell devices mentioned above.

dx.doi.org/10.1021/am506585u | ACS Appl. Mater. Interfaces 2014, 6, 22496—22505
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Figure 7a and 7b shows the plots of In(JL*V?) versus (V/L)*
from the hole-only and electron-only devices. Both the hole
and the electron mobility can be deduced directly from the
intercept value In(9¢eeyu/8). The hole/electron mobility of the
H-T-BO:PC,,BM, Br-T-BO:PC,,BM, and DIMER:PC,BM
blend is estimated to be 4.27 X 107°/1.00 X 107>, 4.71 x 107/
209 X 107 and 1.16 X 1073/0.90 X 1073 cm?® V7! 57},
respectively. The hole and electron mobility both obey the
sequence of DIMER > Br-T-BO > H-T-BO, which is a
correlation with the sequence of J,.. Meanwhile, the DIMER-
based devices present the most balanced hole and electron
mobility with respect to the monomers. In all, it becomes clear
that the molecular ordering plays a role in the enhancement of
the mobility and then the J. of BODIPY-based devices.
Additionally, the charge dissociation at the donor—acceptor
interfaces has a close relationship with generation of the charge
carriers and may be another role in the boosting of ], while we
need more data to understand this.

22501

B CONCLUSIONS

Three new BODIPY-based solution-processable small molecule
donors, H-T-BO, Br-T-BO, and DIMER, were designed and
synthesized successfully. We find that Br-T-BO tends to pack
in a more ordered way than H-T-BO in pristine film, which
might benefit from the intermolecular interaction from the
halogen bond. However, when PC,;BM is blended, the packing
ordering from the two monomers is devastated. In contrast,
DIMER forms an even more ordered packing than Br-T-BO in
pure film, and more interestingly, the packing ordering can be
held well in blend films with PC, BM. The enlarged
conjugation and twisted structure of DIMER contributes to
the enhancement of the intermolecular interaction which is
conductive to the well-ordered packing even in blend films. The
enhancement of the packing is in accord with the values of
hole/electron mobility: DIMER-based device gives the highest
and the most balanced hole/electron mobility (4.27 X 107°/
1.00 X 1075 cm® V™! s7! for H-T-BO, 4.71 X 107%/2.09 X 10™*

dx.doi.org/10.1021/am506585u | ACS Appl. Mater. Interfaces 2014, 6, 22496—22505
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cm? V7! s7! for Br-T-BO, and 1.16 X 1073/0.90 X 1073 cm?
V™' 57! for DIMER) among the three. The J,. values of the
three donor-based devices share the same sequence with the
charge carrier mobility: H-T-BO (6.80 mA cm™?) < Br-T-BO
(7.62 mA cm™*) < DIMER (11.28 mA cm™2). Since the great
enhancement of the J, the DIMER-based system possesses the
highest PCE (1.56% H-T-BO, 1.96% for Br-T-BO, and 3.13%
for DIMER). Whereas the modification at the meso position
has a significant effect on the intermolecular interaction and
packing ordering in the solid state in this study, three molecules
appear to show comparable absorption spectra in blend films,
energy levels, and phase sizes. Therefore, it is clear that the
enhancement of the intermolecular interaction from H-T-BO
to Br-T-BO to DIMER has a clear contribution to the
improvement of the mobilities and therefore the ], and PCE.
Our results demonstrate that dimerization via the meso
position is an effective way to improve the ] of BODIPY-
based SMSCs without bringing on a negative effect on the
thermal stability with respect to introduction of the halogen
atom.

B EXPERIMENTAL SECTION

1. Instruments for Measurements and Characterization. 'H
and ®C NMR spectra were obtained in chloroform-d (CDCl;) with
tetramethylsilane (TMS, & = 0 ppm) as internal standard on a Bruker
AVANCE 300 MHz or Bruker AVANCE 400 MHz. Mass spectra
(MALDI-TOF-MS) were determined on a Bruker BIFLEX III mass
spectrometer. Elemental analysis was performed on a flash EA1112
analyzer. Thermogravimetric analysis (TGA) was conducted on a
diamond TG/DTA at a heating rate of 10 °C/min under N, flow.
UV—vis absorption spectra were measured on a Shimadzu UV-2600
absorption spectrometer. Cycle voltammetry (CV) was measured on a
computer-controlled Zennium electrochemical workstation at a scan
rate of 100 mV/s. A glassy carbon electrode, a Pt wire, and a Ag/AgCl
electrode were used as the working, counter, and reference electrodes,
respectively. Samples were dissolved in degassed anhydrous dichloro-
methane with 0.1 M tetra-n-butylammonium hexafluorophosphate
(Bu,NPFy) as the electrolyte. TEM tests were conducted on a JEM-
2011F operated at 200 kV. Samples were prepared by transferring the
solar cell active films to the 200 mesh copper grids. XRD data were
recorded by a Rigaku D/max-2500 diffractometer operated at 40 kV
voltage and 200 mA current with Cu Ka radiation. GIXRD data were
recorded at 1WIA, Beijing Synchrotron Radiation Facility (BSRF,
1W1A). Samples were prepared by being drop cast in the solution in o-
DCB on silica slides for pristine films, and blended films were
fabricated by following the same procedure in fabricating the best cell
devices except that silica slides were used. Density functional theory
(DFT) computation was performed to optimize the conformation of
DIMER by the Gaussian 03 program at the B3LYP/6-31G(d,p) level.

2. Fabrication of Organic Solar Cells and Hole/Electron
Mobility Devices. Traditional architectures of organic solar
cells:ITO/PEDOT:PSS/small molecule donor:PC,;BM/Ca/Al were
fabricated. The indium tin oxide (ITO) glasses were cleaned with
detergent, deionized water, acetone, and isopropanol and then treated
in a Novascan PSD-ultraviolet-ozone chamber for 1 h before use.
Afterward, a layer of 30 nm poly(3,4-ethylene-dioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS, Baytron P VP Al 4083, Germany)
was spin coated onto the surface of ITO glasses. After baking at 150
°C for 15 min in the air, the glasses were transferred into a glovebox.
Then the 0-DCB solution of small molecule/PC,;BM with a total solid
concentration of 40 mg mL™' was spun cast carefully to form a
photosensitive layer (ca. 110 nm). Finally, the Ca/Al cathode (ca. 20
nm/80 nm) was deposited by vacuum deposition onto the
photosensitive layer. The effective area was 6 mm?® The current
density—voltage (J—V) measurement of the devices was measured
using a computer-controlled Keithley 2400 Source Measure Unit in
nitrogen atmosphere under white light illumination of simulated AM

1.5 G, 100 mW/cm? using a xenon-lamp-based solar simulator (AAA
grade, XES-70S1). EQE measurements were measured using a 250 W
Quartz Tungsten Halogen (Oriel) fitted with a monochromator
(Cornerstone (CS130) 1/8m) as a monochromatic light source.

Devices with the configuration ITO/PEDOT:PSS/small molecule
donor:PC,,BM/Au were fabricated to measure the hole mobility of
the small molecules. In order to avoid penetration of Au atoms into
the active layers, the Au layer was deposited at a speed of 0.1 A/s. An
electron-only device with the architecture of ITO/TIPD/small
molecule donor:PC,; BM/AI was constructed to measure the electron
mobility. Specifically, the TIPD layer was prepared by spin casting
(3000 rpm, 35 s) the TIPD isopropanol solution with a concentration
of 3.5 wt % and annealed at 150 °C for 10 min to convert TIPD into
TOPD.*® For both the hole-only and the electron-only devices, the
active layer was spin coated under the same condition as preparation
of the best organic solar cells and the current density—voltage
measurement was also conducted on a Keithley 2400 Source Measure
Unit. The charge carrier mobility was calculated according to the
Mott—Gurney equation as follows: In(JL3V?) = 0.89(1/E,)*>(V/L)"
+ In(9eegu/8), where ¢ is the dielectric constant of the blended film
(here & ~ 3), &, is the permittivity of the vacuum (8.85419 X 10™'* F
m™"), py, is the zero-field mobility, E, is the characteristic field, J is the
current density, L is the thickness of the films, and V = V,; — V;
(here Vippl is the applied voltage to the device, Vj; is the build-in
voltage which is caused by the difference of the work function between
the two electrodes).

3. Materials and Synthetic Procedures. All of the starting
materials and solvents were purchased from Sigma-Aldrich, Acros, or
Alfa Aesar and used without further purification. Tetrahydrofuran
(THF) and toluene were distilled from sodium benzophenone ketyl
under the protection of N, before use.

Synthesis of Compound 1. S-Hexyl-2,2’-bithiophene (300 mg, 1.2
mmol) and 10 mL of anhydrous THF were added into a dry Schlenk
tube under a nitrogen atmosphere. Then the system was cooled to
—78 °C, and n-BuLi (0.8 mL, 2 mmol, 2.5 M in hexanes) was added
dropwise by a syringe. Afterward, the tube was warmed to room
temperature gradually and stirred for 1 h; then anhydrous DMF (0.12
mL, 1.5 mmol) was added slowly and the reaction mixture was allowed
to stir for another 2 h. After the reaction was completed, 30 mL of
water was added to the mixture, which was extracted with CH,Cl,
three times. The organic layers were collected and dried over Na,SO,,
and the solvent was evaporated under vacuum. The crude product was
purified by column chromatography (eluent CH,Cl,/petroleum = 2/
1) to afford a yellow solid as product (320 mg, yield 96%). '"H NMR
(400 MHz, CDCl,): 6 9.84 (s, 1H), 7.64 (d, ] = 4.0 Hz, 1H), 7.17 (dd,
J, = 3.6 Hz, J, = 3.6 Hz, 2H), 6.74 (d, ] = 3.6 Hz, 1H), 2.81 (t, ] = 7.6
Hz, 2H), 1.69 (m, 2H), 1.35 (m, 6H), 0.89 (t, ] = 6.8 Hz, 3H).

Synthesis of Compound 2. 2,4-Dimethylpyrrole (1.6 mL, 15.5
mmol) and 2-thiophenecarboxaldehyde (841 mg, 7.5 mmol) were
placed in a dry two-neck round bottle flask with 200 mL of CH,Cl,
inside. N, was purged for 1 h. Afterward, a small amount of
trifluoroacetic acid was added in order to initiate the reaction. After §
h, 2,3-dichloro-§,6-dicyano-1,4-benzoquinone (1.70 g, 7.5 mmol) was
added at once. One hour later, (i-Pr),EtN (15 mL) was added to the
purple reaction mixture followed by BF;-Et,O (15 mL) immediately.
The reaction was quenched by adding 100 mL of water after 1 h. The
mixture was extracted three times with CH,Cl,, and the organic phase
was collected and evaporated under vacuum. Finally, the crude product
was purified by column chromatography (eluent CH,Cl,/petroleum =
1/3) to give a red solid as the desired product (867 mg, yield 35%). 'H
NMR (300 MHz, CDCl,): § 7.50 (d, ] = 5.1 Hz, 1H), 7.13 (t, ], = 3.3
Hz, ], = 5.1 Hz, 1H), 6.99 (d, ] = 2.4 Hz, 1H), 6.00 (s, 2H), 2.55 (s,
6H), 1.58 (s, 6H).

Synthesis of Compound 3. The procedure is similar to synthesis of
compound 2, except that S-bromothiophene-2-carboxaldehyde (1.43 g,
7.5 mmol) was used instead of 2-thiophenecarboxaldehyde. After the
crude product was purified, a red solid (900 mg, yield 36%) was
collected. 'H NMR (300 MHz, CDCl;): 6 7.10 (d, J = 3.6 Hz, 1H),
6.77 (d, J = 3.9 Hz, 1H), 6.02 (s, 2H), 2.55 (s, 6H), 1.70 (s, 6H).
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Synthesis of H-T-BO. A dry Schlenk tube was charged with
compound 1 (317.0 mg, 0.96 mmol), compound 2 (552.0 mg, 2.00
mmol), and 30 mL of toluene. Afterward, the tube was purged with N,
for 30 min. Then a small amount of molecule sieves was added
followed by 1 mL of piperidine and 1 mL of CH;COOH. The mixture
was heated at 80 °C overnight. After cooling, the green mixture was
poured into 50 mL of water and extracted three times with CH,Cl,,
and the organic phase was collected and evaporated under vacuum.
The residue was purified by column chromatography (eluent CH,CL,/
petroleum = 2/5). Recrystallization from EtOH can afford H-T-BO as
a purple powder (326.0 mg, 40%). '"H NMR (400 MHz, CDCL,): §
751 (d, ] = 5.2 Hz, 1H), 7.50 (d, ] = 16.0 Hz, 2H), 7.31 (d, ] = 16.0
Hz, 2H), 7.10-7.15 (m, SH), 7.05—7.02 (m, 3H), 6.72 (d, ] = 3.6 Hz,
2H), 6.62 (s, 2H), 2.82 (t, ] = 7.6 Hz, 4H), 1.69 (m, 4H), 1.64 (s, 6H),
1.26—1.42 (m, 12H), 0.90 (t, J = 7.6 Hz, 6H). *C NMR (100 MHz,
CDCLy): 6 152.15, 14644, 141.81, 140.61, 140.01, 135.12, 134.83,
134.68, 129.73, 129.15, 129.04, 128.38, 127.55, 127.46, 125.15, 124.27,
123.80, 118.22, 117.97, 31.59, 31.57, 30.29, 28.79, 22.61, 14.13, 13.76.
MS (MALDI-TOF): caled for C,;H,,BF,N,S;, 850.26; found m/z
850.5 (M"). Anal. Calcd for C,;H,0BF,N,S;: C, 66.33; H, 5.80; N,
3.29. Found: C, 66.55; H, 5.86; N, 3.25.

Synthesis of Br-T-BO. The procedure is similar to that of H-T-BO,
except compound 3 (3932 mg, 0.96 mmol) was used instead of
compound 2. After being purified, a dark green crystal was afforded
(339.8 mg, 38%). "H NMR (400 MHz, CDCL,): 5 743 (d, ] = 15.6
Hz, 2H), 7.32 (d, ] = 15.6 Hz, 2H), 7.05—7.14 (m, 7H), 6.81 (d, ] =
3.6 Hz, 1H), 6.72 (d, ] = 3.6 Hz, 2H), 6.63 (s, 2H), 2.82 (t, ] = 7.6 Hz,
4H), 1.75 (s, 6H), 1.66—1.74 (m, 4H), 1.25—1.42 (m, 12H), 0.90 (t, J
= 6.8 Hz, 6H). *C NMR (100 MHz, CDCL,): § 152.44, 148.26,
146.55, 141.53, 140.54, 140.23, 136.93, 134.64, 130.30, 129.94, 129.38,
128.98, 125.17, 124.33, 123.84, 118.45, 117.82, 116.01, 113.78, 31.59,
31.56, 30.29, 28.78, 22.60, 14.12, 14.10. MS (MALDI-TOF): calcd for
C4H sBBrF,N,Ss 930.16; found m/z 930.7 (M*). Anal. Calcd for
C,HBBIE,N,S.: C, 60.70; H, 5.20; N, 3.01. Found: C, 60.95; H,
5.18; N, 3.02.

Synthesis of DIMER. Br-T-BO (200 mg, 0.21 mmol), 2,5-
bis(tributylstannyl)thiophene (63.0 mg, 0.095 mmol), and 1S mL of
anhydrous toluene were added into a dry Schlenk tube. After being
purged with argon for 30 min, Pd(PPh;), (20 mg, 0.017 mmol) was
charged. Then the mixture was heated at 110 °C overnight. After
cooling to room temperature, the mixture was poured into water and
extracted with CH,Cl, three times. The organic phase was collected
and washed with brine and water and then dried over Na,SO,. The
residue was then loaded on a silica gel column (eluent CH,Cl,/
petroleum = 1/1) to produce DIMER as a black powder (67.8 mg,
40%). "H NMR (400 MHz, CDCL,): § 7.53 (d, ] = 16.0 Hz, 4H), 7.33
(d, J = 16.0 Hz, 4H, overlapped with CDCly), 7.24 (d, J = 3.6 Hz, 2H,
overlapped with CDCL;), 7.05—7.17 (m, 14H), 6.95 (d, ] = 3.6 Hz,
2H), 6.73 (d, J = 3.6 Hz, 4H), 6.65 (s, 4H), 2.82 (t, ] = 8 Hz, 8H),
1.84—1.81 (d, 12H), 1.67—1.74 (m, 8H), 1.26—1.41 (m, 24H), 0.91 (t,
J = 6.4 Hz, 12H). '*C NMR (100 MHz, CDCL,): § 152.46, 146.64,
141.75, 140.71, 140.28, 139.21, 136.02, 134.93, 134.90, 134.79, 134.37,
130.03, 129.55, 129.40, 128.01, 125.30, 125.09, 124.44, 123.96, 118.50,
118.04, 31.72, 31.70, 30.42, 28.92, 22.74, 1428, 1426. MS (MALDI-
TOEF): calcd for CogHggB,F,N,S;; 1781.49; found m/z 1781.9 (M").
Anal. Caled for CogHygB,E,N,S,;: C, 66.05; H, 5.54; N, 3.14. Found:
C, 65.72; H, 5.58; N, 3.15.
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