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& Semiconductors

Adjusting Aggregation Modes and Photophysical and
Photovoltaic Properties of Diketopyrrolopyrrole-Based Small
Molecules by Introducing B !N Bonds

Shuting Pang+,[a] Miriam M#s-Montoya+,*[b, c] Manjun Xiao+,[a] Chunhui Duan,*[a]

Zhenfeng Wang,[a] Xi Liu,[a] Ren8 A. J. Janssen,*[b] Gang Yu,[a] Fei Huang,*[a] and Yong Cao[a]

Abstract: The packing mode of small-molecular semicon-

ductors in thin films is an important factor that controls the
performance of their optoelectronic devices. Designing and

changing the packing mode by molecular engineering is

challenging. Three structurally related diketopyrrolopyrrole
(DPP)-based compounds were synthesized to study the

effect of replacing C@C bonds by isoelectronic dipolar B !N
bonds. By replacing one of the bridging C@C bonds on the
peripheral fluorene units of the DPP molecules by a coordi-
native B !N bond and changing the B !N bond orientation,

the optical absorption, fluorescence, and excited-state life-
time of the compounds can be tuned. The substitution
alters the preferential aggregation of the molecules in the

solid state from H-type (for C@C) to J-type (for B !N). Intro-

ducing B !N bonds thus provides a subtle way of control-
ling the packing mode. The photovoltaic properties of the
compounds were evaluated in bulk heterojunctions with a
fullerene acceptor and showed moderate performance as a

consequence of suboptimal morphologies, bimolecular re-
combination, and triplet-state formation.

Introduction

Solution-processed organic solar cells (OSCs) are considered to

be a viable option in meeting the future global energy
demand if high efficiencies can be combined with fast printing

production techniques.[1] Tremendous progress has led to
power conversion efficiencies (PCEs) of OSCs exceeding 14 %

in both single- and multijunction devices.[2] This accomplish-

ment benefitted mainly from the development of highly effi-
cient materials by creating novel building blocks and employ-
ing elegant synthetic strategies to combine different units.[3]

So far, both small molecules and polymers exhibit promising
potential for photovoltaic applications.[1c, 4] However, it is still

highly challenging to achieve high device performance with
newly developed materials, because the device performance

not only depends on the functional properties of the individual
molecules, but also on their packing mode in the solid state.[5]

Compared to polymers, small-molecular photovoltaic materials
have a few merits, such as their well-defined molecular struc-
tures, ease of purification and characterization, and high repro-

ducibility of their synthetic procedures.[4] Particularly the well-
defined molecular structure is beneficial to developing reliable
structure–performance correlations.

One of the important factors that affects the performance of

small-molecule OSCs is the packing mode of molecules in
films, which influences the film morphology, charge transfer,
and charge-transport character.[6] H- and J-aggregation are two

common packing modes of conjugated small molecules in the
solid state. H-aggregates form if the adjacent molecules stack

predominantly in a face-to-face arrangement, and J-aggregates
if the molecules stack in a head-to-tail mode.[7] The formation
of such aggregates is manifested in the energies of the excited

states, the lifetime of the excitons, optical absorption spectra,
and emission spectra, from which one can infer the particular
aggregation motif as being predominantly H-type or J-type.[8]

The aggregated state of molecular semiconductors is affected

by many factors, such as the inherent electronic properties, the
special functional groups, and the molecular configuration.[8, 9]
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For example, changing the position of alkyl chains could tune
the packing of conjugated molecules in thin films between H-

and J-aggregates and thereby led to distinctly different photo-
voltaic performance.[9] Therefore, controlling and understand-

ing the packing mode of conjugated materials in the solid
state through molecular engineering is important to improve

the device performance of small-molecule OSCs and to estab-
lish structure–property relationships.

Herein, we demonstrate that the aggregated state of diketo-

pyrrolopyrrole (DPP)-based molecules can be influenced
through subtle changes in the structure of the terminal moie-

ties, that is, by replacing the bridging covalent C@C bonds on
the terminal fluorene units by polar B !N bonds and varying

the orientation of the B !N bonds (Scheme 1). The DPP frag-
ment has been widely used to design conjugated small mole-
cules and polymers for use in OSCs and field-effect transistors,

by making use of its strong optical absorption in the visible
region and excellent charge-transport properties.[10] The B !N
bond is isoelectronic to the C@C bond. Replacing C@C bonds
by polar B !N bonds can change the electronic properties of

conjugated molecules and offers additional intermolecular
dipole–dipole interactions due to the anionic character of the

boron atom and the cationic character of the nitrogen atom.[11]

In addition, incorporating B !N bonds into a conjugated
system allows for additional structural variation, due to the di-

rectional nature of the B !N bond. Therefore, introducing
B !N bonds into conjugated molecules provides a new ap-

proach to modulating the electronic properties and packing
modes of organic semiconductors.[12] By introducing B !N
bonds to replace the bridging C@C bonds on the terminal fluo-
rene units and changing the orientation of B !N bonds, the
aggregated state of the molecules can be tuned between H-

type and J-type. The different aggregated states consequently
lead to distinctly different photophysical properties and device

performance in bulk-heterojunction OSCs. Our work provides a
new approach to control the packing modes of organic semi-
conductors in thin films and favors the study of structure–

property relationships of small molecular photovoltaic materi-
als.

Results and Discussion

Design and synthesis

We use B !N units in our molecular design to modulate the
packing mode of molecules in the solid state. The B !N bond

is a coordination bond with a dipole moment of 5.2 D.[12d, 13]

The dipole orientation can affect the intermolecular p–p inter-

actions and the arrangement of adjacent molecules. We thus
synthesized two B !N-containing compounds, DPPBN-o and
DPPBN-i, in which the coordinative B !N bond is oriented out-

ward or inward, respectively, relative to the thiophene-flanked
DPP core. For comparison, structurally similar DPPCC without

B !N bond was also synthesized.
Compounds DPPCC, DPPBN-o, and DPPBN-i were synthe-

sized (Scheme 1) by palladium-catalyzed Suzuki cross-coupling

between dibrominated DPP core 1 and the corresponding bo-
ronic pinacol ester-bearing terminal units, that is, 2-(9,9-di-
methyl-9H-fluoren-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(2), 6,6-dimethyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-

6H-5l4,6l4-benzo[3,4][1,2]azaborolo[1,5-a]pyridine (3), and 6,6-
dimethyl-8-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-6H-

5l4,6l4-benzo[3,4][1,2]azaborolo[1,5-a] pyridine (4), respectively,

which were synthesized according to previously reported pro-
cedures.[12c, 14] The blue arrows in Scheme 1 represent the

dipole orientations of the B !N bonds, wherein N is positively
and B is negatively charged, and the dipole is from B@ to N+ .

The three DPP derivatives have good solubility in common or-
ganic solvents such as dichloromethane and chloroform.

The thermal properties of the DPP derivatives were charac-

terized by thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) measurements (Table 1). TGA (Fig-

ure 1 a) indicated that DPPBN-o and DPPBN-i have good ther-
mal stability with decomposition temperatures corresponding

Scheme 1. Synthetic route to the DPP derivatives and structures of DPPCC, DPPBN-o, DPPBN-i bearing different terminal units. Blue arrows indicate local
dipole moments.

Table 1. Thermal properties of the DPP derivatives.

Td [8C] DHm [J g@1] DHc [J g@1] Tm [8C] Tc [8C]

DPPCC 369 38.4 @33.2 207 154
DPPBN-o 395 61.1 @35.5 285 178
DPPBN-i 405 69.5 @59.4 294 244

Chem. Eur. J. 2019, 25, 564 – 572 www.chemeurj.org T 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim565

Full Paper

http://www.chemeurj.org


to a 5 % weight loss Td in nitrogen of 395 and 405 8C respec-
tively, that is, higher than Td = 369 8C of DPPCC under the same

conditions. These results indicate that introducing polar B !N
bonds can enhance the thermal stability. In DSC, endothermic
peaks corresponding to the melting process in the second

heating run were observed. Due to the presence of the polar
B !N bonds, DPPBN-o (Tm = 285 8C) and DPPBN-i (Tm = 294 8C)

showed much higher melting temperatures than DPPCC (Tm =

207 8C). The cooling scan featured distinct exothermic peaks

corresponding to the crystallization process for DPPCC (Tc =

154 8C), DPPBN-o (Tc = 178 8C), and DPPBN-i (Tc = 244 8C) (Fig-

ure 1 b). The melting enthalpy and crystallization enthalpy of

DPPCC, DPPBN-o, and DPPBN-i (Table 1) also increase in the
same sequence, and this suggests that the introduction of the

polar B !N bonds improves the crystallinity of the conjugated
compounds.

DFT calculations at the B3LYP/6-31G(d) level of theory were
performed to study the geometries of the molecules. The cal-

culations suggest that the conjugated segments of the DPP

molecules with the B !N bonds maintain their coplanarity, as
evidenced by the similar twist angles (Figure S1 and Table S1

in the Supporting Information).

Electrochemical properties

The electrochemical properties of the DPP compounds were

studied by square-wave voltammetry (SWV) measurements on

the thin films. The HOMO and LUMO energy levels were esti-
mated from the peak positions (Figure 2).[15] Replacing the C@C

bond by B !N bond shifts the HOMO and LUMO levels simul-
taneously downward by about 0.03–0.07 eV, consistent with

the electron-withdrawing character of B !N bonds reported in
the literature.[12c,d, 16] The differences in the energy levels be-

tween DPPBN-o and DPPBN-i are negligible and suggest that
the B !N orientation has little influence on the energy levels

of the molecules. The LUMO–LUMO offsets between the DPP
compounds and the electron acceptor [6,6]-phenyl-C61-butyric

acid methyl ester ([60]PCBM)[17] are much higher than the
threshold for efficient charge dissociation (&0.3 eV) and indi-
cate electron-donor character of the DPP compounds relative
to [60]PCBM. Moreover, all compounds have deep-lying HOMO

energy levels, which are expected to give high open-circuit
voltage Voc in bulk-heterojunction photovoltaic devices.[18]

Photophysical properties of DPP derivatives in solution and
film

The optical properties of the DPP derivatives were evaluated

by absorption and fluorescence spectroscopy in chloroform so-
lution and as spin-coated thin films (Figure 3, Table 2). In solu-

tion, the absorption spectra of the three derivatives exhibited

very similar spectroscopic features with two bands correspond-
ing to electronic transitions with p–p* character. The intense
longest-wavelength absorption bands in the range 470–

700 nm are ascribed to intramolecular charge transfer. The
weaker high-energy absorption bands in the 300–470 nm

range can be related to localized electronic transitions of the
conjugated moieties.

Compared to the solution spectra, a bathochromic shift is

observed in the spectra of the solid thin films, characteristic of
intermolecular interactions. According to Kasha’s molecular ex-
citon model, bathochromic (red) shifts of spectral bands are re-
lated to the presence of J-type aggregates in which molecules

are preferentially arranged in a head-to-tail configuration.[20]

Conversely, hypsochromic (blue) shifts are associated with H-

Figure 1. a) TGA and b) DSC thermograms of the DPP derivatives.

Figure 2. a) SWV measurements on the DPPs and b) energy levels of DPPCC,
DPPBN-o, DPPBN-i, and [60]PCBM. A value of @5.13 eV versus vacuum for
ferrocene/ferrocenium was used to determine the energy levels.[19]

Figure 3. a) Normalized absorption and b) fluorescence spectra of the DPP
derivatives in chloroform solution (dashed line), as-cast thin films (continu-
ous line), after thermal annealing (short dash dot line), and after SVA (dotted
line).
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type aggregates, in which molecules stack in a face-to-face ar-

rangement.[7a] However, this model only considers the long-
range Coulombic interactions between the transition dipole

moments. According to Spano’s model, when the short-range
interactions are also taken into account, the spectral shifts are

not always representative of H-like or J-like behavior, and such

aggregates can be discerned from the ratio of the first two vi-
bronic transitions (0–0/0–1) in the absorption spectra of thin

films.[21] H-aggregates exhibit a 0–0/0–1 intensity ratio smaller
than unity, whereas for J-aggregates this ratio is larger than

unity. In the pristine thin films of the DPP derivatives without
any post-deposition treatment a 0–0/0–1 intensity ratio of less

than unity was observed for the three materials, which can be

interpreted as an indication of the predominant formation of
H-aggregates (Figure 3 a).

Post-deposition treatment is an effective method to modify
the molecular packing. After post-deposition thermal or sol-

vent-vapor annealing (SVA) of the thin films, clear differences
the 0–0/0–1 peak ratios were observed between the three DPP

compounds. For DPPCC, the 0–0/0–1 peak ratio became signifi-

cantly less than unity and thus indicated more complete H-
type aggregation. In contrast, the peak intensity ratio for

DPPBN-o became distinctly larger than unity, consistent with
the formation of J-aggregates on annealing. For DPPBN-i the

small difference between the 0-0 and 0–1 peak intensities is
tentatively attributed to aggregation intermediate between H-

type and J-type.

The photoluminescence spectra of the DPPs in chloroform
solution showed an intense high-energy emission band at

656–658 nm and a vibronic shoulder at longer wavelengths
around 723 nm (Figure 3 b). The spectral features of the fluo-
rescence spectra of the thin films further confirmed the pres-
ence of both H-type and J-type aggregates. The photolumines-

cence spectra of the as-cast films (Figure 3 b) show a broad
and structureless band, consistent with the H-aggregation in-
ferred from the absorption spectra. Compared with the as-cast
pristine films, thermal annealing or SVA induces a redshift in
the fluorescence spectra of DPPCC but a blueshift for both

DPPBN-o and DPPBN-i. In particular for DPPBN-o and DPPBN-i,
the spectra become narrower and clear vibronic features can

be distinguished. These spectral changes are also clearly re-
flected in the magnitude of the (apparent) Stokes shifts Dl

(Table 2), which increased for DPPCC but decreased considera-

bly for DPPBN-o and DPPBN-i consistent with H-like and J-like
aggregation, respectively.

The photoluminescence lifetimes of the thin films were mea-
sured by time-correlated single-photon counting for the pris-

tine DPP films before and after post-deposition treatment

(Table 3 and Figure S2 in Supporting Information). In general,
the fluorescence lifetime traces were better fitted to biexpo-

nential decays. Theoretically, the emission from the lowest
electronically excited state to the ground state is dipole-forbid-

den in H-aggregates and, in consequence, they have longer
fluorescence lifetimes than J-aggregates, for which this radia-

tive transition is allowed and results in shorter lifetimes. The
average fluorescence lifetime of DPPCC became longer after

SVA (0.65!1.79 ns), likely as a result of the more pure H-type

behavior. Additionally, consistent with the J-type behavior,
shorter lifetimes were measured after SVA for DPPBN-o (0.46!
0.41 ns) and DPPBN-i (0.89!0.53 ns).

In summary, after thermal annealing or SVA, the three DPP

compounds fall into two classes: DPPCC forms H-aggregates,
whereas DPPBN-o and DPPBN-i form J-aggregates. Apparently,

the molecular arrangement in the solid state can be signifi-

cantly affected by small changes in the chemical structure, as
well as by post-treatment of the deposited thin films.

The formation and properties of long-lived excited states
were studied by near-steady-state photoinduced absorption

(PIA) spectroscopy for the DPP compounds in solution
(Figure 4). The PIA signal from direct excitation of the DPPs

was very weak. DFT calculations suggested that the triplet en-

ergies of the DPP molecules are less than 1 eV (Table 4). There-
fore, PIA experiments were carried out by using [60]PCBM as

triplet sensitizer, because the intersystem-crossing quantum
yield from the singlet to the triplet excited state in [60]PCBM is

close to unity and its T1 energy is about 1.5 eV.[22] Since the po-
larity of the solvent can affect the nature of the preferred excit-

Table 2. Optoelectronic properties of DPPCC, DPPBN-o, and DPPBN-i.

Sample Solution Film Eg
[a]

as-cast solvent-annealed [eV]
lonset [nm] lmax [nm] lonset [nm] labs

max [nm] lem
max [nm] Dl [nm] labs

max [nm] lem
max [nm] Dl [nm]

DPPCC 658 618 698 641 716 75 650 743 93 1.78
DPPBN-o 660 612 706 643 734 91 675 713 38 1.76
DPPBN-i 660 619 703 644 743 99 663 685 22 1.76

[a] Estimated from the onset of the absorption spectrum of the as-cast films.

Table 3. Time-resolved photoluminescence parameters of the films.

Material Treatment A1 t1

[ns]
A2 t2

[ns]
tavg

[a]

[ns]

DPPCC – 8.8 V 103 0.53 1.6 V 103 1.01 0.65
DPPCC SVA 7.3 V 103 1.27 2.7 V 103 2.51 1.79
DPPBN-o – 9.9 V 103 0.41 7.2 V 102 0.83 0.46
DPPBN-o SVA 1.1 V 103 0.41 – – 0.41
DPPBN-o-PCBM – 9.1 V 103 0.60 1.0 V 103 2.07 1.00
DPPBN-
o:[60]PCBM

SVA 1.1 V 103 0.37 3.8 V 102 1.24 0.84

DPPBN-i n/a 3.9 V 103 0.53 3.5 V 102 1.97 0.89
DPPBN-i SVA 9.9 V 103 0.40 6.3 V 102 1.19 0.53
DPPBN-i :[60]PCBM n/a 2.2 V 103 0.84 8.3 V 103 2.15 2.03

[a] tavg ¼
P

Ait
2
i =
P

Aiti

Chem. Eur. J. 2019, 25, 564 – 572 www.chemeurj.org T 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim567

Full Paper

http://www.chemeurj.org


ed states, solvents with low and high relative permittivity, that

is, toluene (er = 2.38) and ortho-dichlorobenzene (oDCB, er =

9.93), were used. In media with a low relative permittivity, trip-

let energy transfer from the [60]PCBM T1 state will occur. In
contrast, solvents with high relative permittivity stabilize the

charge-separated state and thus make electron transfer from

the DPPs to the [60]PCBM T1 state possible.
In the PIA spectra of the three DPP derivatives dissolved in

toluene, recorded with excitation of [60]PCBM at 364 nm, we
observed the ground-state bleaching band of the DPP com-

pounds in the 2.0–2.5 eV range and an intense peak at 1.83:
0.02 eV, corresponding to T1!Tn absorption (Figure 4). Besides,
two additional and less intense PIA signals were present at

lower energies (1.10 and 1.26 eV). Since charge transfer be-
tween the DPPs and [60]PCBM is not expected in toluene,
these low-energy bands are ascribed to other lower-energy
transitions of the triplet excited state of the DPP compounds.

The PIA spectra of the DPP compounds dissolved in oDCB,
recorded under identical conditions, closely resemble those in

toluene (Figure 4), but an additional signal at about 1.46 eV

can be seen, which is tentatively ascribed to the presence of
radical cations of the DPP derivatives. The characteristic spec-

tral features of the T1!Tn absorption of [60]PCBM, that is, a
shoulder at 1.52 eV and a maximum at 1.74 eV, were not de-

tected in the PIA spectra of the mixed solutions (Figure S3,
Supporting. Information). This indicates that triplet energy

transfer from the [60]PCBM T1 state to the DPP molecules is ef-

ficient and generates the DPP molecules in their T1 state, ac-
companied by some electron transfer in the more polar oDCB.

Photovoltaic properties

Photovoltaic properties were evaluated with an ITO/PE-
DOT:PSS/DPP:[60]PCBM/Ca/Al device structure under AM1.5G

illumination (100 mW cm@2). The photoactive layers were spin-
coated from chloroform solution with a 2:1 donor:acceptor

weight ratio. The device performance was fully optimized in
terms of device structure, donor:acceptor ratio, thermal an-

nealing, and SVA. Annealing with chlorobenzene (CB) vapor

could significantly change the device performance of the
DPP:[60]PCBM blends. The current density–voltage (J–V) char-

acteristics of the optimized devices are shown in Figure 5 a,
and the photovoltaic parameters are summarized in Table 5.

As-cast films without SVA showed low short-circuit current
densities Jsc and fill factors (FF). As a result, the devices show

low overall performance with PCEs less than 1 %. All devices

have good Voc values ranging from 0.75 to 1.01 V, consistent
with their deep-lying HOMO levels. However, the variation in

Voc (0.25 V) is much larger than the variation in HOMO levels,

Figure 4. Normalized near-steady-state PIA spectra in toluene and oDCB solutions of DPP compounds (10@4 m) sensitized with [60]PCBM (4 V 10@4 m), recorded
at room temperature, lexc = 364 nm. a) DPPCC. b) DPPBN-o. c) DPPBN-i.

Table 4. Calculated singlet and triplet excited-state energies.[a]

DPPCC DPPBN-o DPPBN-i

S1 [eV] 2.20 2.18 2.18
T1 [eV] 0.85 0.83 0.84

[a] The TDDFT calculations were performed at the w-B97X-D/6-311G(d)
level of theory.

Figure 5. a) J–V characteristics of OSCs based on DPP:[60]PCBM blends
under AM1.5G illumination (100 mW cm@2). b) EQE spectra of the corre-
sponding solar cells. c) Hole mobility of the DPP:[60]PCBM blended films ac-
quired from hole-only devices with a configuration of ITO/PEDOT:PSS/
DPP:[60]PCBM/MoO3/Ag. d) Current density versus light intensity of the
OSCs. ITO: indium tin oxide, PEDOT: poly(3,4-ethylenedioxythiophene), PSS:
polystyrene sulfonate.
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possibly due to different bulk-heterojunction morphologies.

After exposure to CB vapor, the PCEs of the solar cells based
on DPPCC and DPPBN-o dropped drastically to 0.26 and

0.02 %, respectively. In contrast, the PCE of the DPPBN-i-based

cell increased to 1.59 %. These differences are mainly caused
by the changes in Jsc, although Voc and FF are also affected. For

DPPCC and DPPBN-o, Jsc dropped from 3.30 and 1.11 mA cm@2

to 1.20 and 0.02 mA cm@2, respectively, whereas the DPPBN-i-

based device showed an increase in Jsc from 3.10 to
4.77 mA cm@2. These changes in Jsc are reflected in the external

quantum efficiency (EQE) spectra. After SVA, the EQE value de-

creased from 23.5 to 9.8 % at 590 nm for DPPCC and from
7.24 % to almost zero for DPPBN-o, whereas the EQE of

DPPBN-i increased from 18.8 to 36.7 % (Figure 5 b). In particular,
DPPCC has a maximum EQE corresponding to the 0–1 vibronic

peak at 594 nm, whereas the EQE spectrum of DPPBN-i shows
almost equivalent maxima corresponding to the 0–0 and 0–1

vibronic peaks at 660 and 605 nm, respectively. The EQE pro-

files of DPPCC and DPPBN-i are consistent with their optical
absorption spectra, which indicate that the aggregation is simi-

lar in pure films and in blends with [60]PCBM. For the DPPBN-
o-based solar cells the absorption also matches the EQE before

SVA, but after annealing the response is virtually zero.
The device metrics listed in Table 5 suggest that the devices

exhibit reasonable Voc values, but a common limitation of

these solar cells is their low Jsc (<5 mA cm@2) and FF (<0.4).
Hence, the charge-transport properties and bimolecular charge
recombination losses were investigated. Hole mobilities mh

were estimated from hole-only ITO/PEDOT:PSS/DPP:[60]PCBM/
MoO3/Ag devices after CB SVA by fitting the J–V data to a
space-charge-limited current model, which resulted in a mh

value of about 10@5 cm2 V@1 s@1 for all three donors (Figure 5 c).
The small mh values of the DPP:[60]PCBM films are likely re-
sponsible for the low FF. The hole mobilities of the blends de-

crease in the sequence DPPCC (3.6 V 10@5 cm2 V@1 s@1)>DPPBN-i
(1.8 V 10@5 cm2 V@1 s@1)>DPPBN-o (7.0 V 10@6 cm2 V@1 s@1), which

is in accordance with the type of aggregation. For H-aggrega-
tion, the face-to-face stacking of the molecules offers a large

area of p overlap among adjacent molecules, which results in

higher hole mobility, the predominately J-aggregated DPPBN-o
has the lowest hole mobility, and the predominately J-aggre-

gated DPPBN-o the lowest hole mobility.
The dependence of Jsc on light intensity Plight was measured

to investigate bimolecular recombination losses of the devices
on CB SVA (Figure 5 d). The Jsc of OSCs often shows a power-

law dependence on the light intensity (Jsc~Pa
light). The power-

law component a is unity if bimolecular recombination losses

are negligible.[24] The considerable deviation of the a values of
the solar cells from unity (Figure 5 d) indicates pronounced bi-

molecular recombination losses. SVA further decreases the a

values for the blends with DPPCC and DPPBN-i, but leads to an

increase in a for the DPPBN-i :[60]PCBM blend.

Morphology of DPP:[60]PCBM blends

The morphology of the blended films plays a key role in exci-
ton diffusion, exciton dissociation, and charge transport, which

determine the performance of bulk-heterojunction solar
cells.[25] The morphology was investigated by AFM and TEM.

The AFM measurements (Figure 6) showed that the films of
DPP derivatives blended with [60]PCBM without SVA were
smooth and uniform with similar and small root-mean square

(RMS) surface roughness of 0.49, 0.46, and 0.43 nm, respective-
ly. After SVA, the RMS roughness of the blended films in-
creased considerably to 3.55, 3.93, and 3.09 nm, respectively,
and this suggests that the domain sizes become larger as a
consequence of crystallization.

The TEM images show that as-cast blend films of DPPCC and

DPPBN-i are very uniform and lack detectable phase separation

(Figure 7). Such intimately mixed morphologies are not benefi-
cial to charge transport and can lead to severe geminate re-

combination. The blended film of DPPBN-o shows phase sepa-
ration, which suggests that other factors also cause the poor

device performance of DPPBN-o:[60]PCBM. After SVA, the
blended films with DPPCC and DPPBN-o form very large do-
mains that are detrimental to efficient charge transfer. The

blended film of DPPBN-i exhibits improved phase separation
with fibrillary structures after SVA, which is helpful for efficient

charge generation and transport. The morphologies thus ex-
plain why the DPPBN-i :[60]PCBM blended film offers the high-

est PCE among the solar cell devices. Moreover, the combina-
tion of the hole mobility, the bimolecular recombination, and

Figure 6. AFM height images for as-cast (a–c) and annealed (d–f) blends of
a), d) DPPCC:[60]PCBM, b, e) DPPBN-o:[60]PCBM, and c, f) DPPBN-i :[60]PCBM.
Image size: 5 V 5 mm.

Table 5. Solar cell characteristics of the DPP:[60]PCBM OSCs under AM
1.5 G illumination (100 mW cm@2).

Donor Treatment Voc [V] Jsc [mA cm@2] FF PCE [%]

DPPCC n/a 0.84 3.30 0.29 0.82
SVA 0.72 1.20 0.30 0.26

DPPBN-o n/a 1.01 1.11 0.27 0.31
SVA 0.66 0.09 0.31 0.02

DPPBN-i n/a 0.75 3.10 0.30 0.70
SVA 0.89 4.77 0.37 1.59
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the morphology rationalizes the moderate photovoltaic per-
formance of the DPP compounds in blends with [60]PCBM.

Photophysical properties of DPP:[60]PCBM blends

The photoluminescence spectra and lifetimes of the thin films
of DPPs blended with [60]PCBM were measured to investigate
the charge-transfer processes. The photoluminescence emis-

sion of the DPPs is considerably quenched after blending with
[60]PCBM as a consequence of exciton dissociation at the in-
terface between the donor and the acceptor (Figure S4, Sup-
porting Information). This quenching is particularly stronger for
DPPCC. Despite the strong quenching, the averaged fluores-
cence lifetimes of the blends of DPPBN-o and DPPBN-i with

[60]PCBM are larger than those of the pure compounds
(Table 3 and Figure S2 in the Supporting Information). Hence,
the luminescence is likely due to residual photoluminescence
from [60]PCBM (&700–800 nm) and cannot be used to deter-
mine the kinetics of the charge-transfer processes.

We also studied the PIA of the DPP derivatives in blends
with [60]PCBM at 77 K (Figure 8). Although the PIA spectra in

films are different from those in solution, the overall appear-

ance and several of salient features are similar. The strongest
peak is found at 1.74:0.01 eV. This band is redshifted relative

to the same band in toluene solution (1.83:0.02 eV), which
we attribute to the T1!Tn absorption. A second, less intense

peak is found at about 1.2 eV. The nature of this peak can be
either a lower-energy T1!Tn absorption or a signature of long-

lived charges.
By adding quenchers with known triplet energy to the

DPP:[60]PCBM mixtures, we can learn more about the nature
of these excitations. If the triplet energy of the DPP derivatives

is lower than the triplet energy of the quencher, the spectrum
will not be affected. However, if the triplet energy of the

quencher is lower than that of the DPP compound, the DPP

triplet is quenched, and the triplet absorption of the quencher
is observed. We used rubrene (E(T1) = 1.14 eV) and bis(trihexyl-
siloxy)silicon 2,3-naphthalocyanine (SiNc, E(T1) = 0.93 eV) to
assess the triplet energies.[26, 27] Figure 8 clearly shows that

adding rubrene has no significant effect on the PIA spectra,
but that SiNc quenches the entire spectrum and gives rise to

the bleaching band of SiNc at 1.56 eV. This supports the view

that the PIA spectra of the DPP:[60]PCBM blends are dominat-
ed by excitations in the triplet manifold. The quenching of the

DPP triplet states by SiNc, but not by rubrene, places the trip-
let energy of the DPPs between 0.93 and 1.14 eV, roughly in

agreement with the triplet energies obtained from the DFT cal-
culations (Table 4). The absence of clear signatures of long-

lived charges and the presence of DPP triplet states in the

blended films suggest that the charge-separated states can re-
combine to the lower-lying triplet states on the DPP molecules

in these blends. We note that the alternative explanation that
the triplet states of DPP are formed by singlet fission, that is,

DPP(S1) + DPP(S0)!2 DPP(T1), is energetically possible because
E(S1)>2E(T1) (Table 4), but does not occur (or does not result in

long-lived T1 states) because direct excitation of the DPP films

did not give detectable triplet signals in the PIA spectrum.

Conclusions

Introducing B !N bonds to replace C@C bonds and changing

the B !N bond orientation provides a means to change the
crystallization behavior, aggregation, energy levels, and solar-

cell performance of p-conjugated compounds. Substitution of

C@C units by B !N units does not significantly affect the pla-
narity of the molecules and has minor effect on the redox po-

tentials or the optical absorption in solution. However, optical
absorption and fluorescence spectra as well as excited-state

Figure 8. Normalized near-steady-state PIA spectra of spin-coated DPP:[60]PCBM (1:4 w/w) thin films without quencher (film) and with (w/) rubrene or SiNc as
triplet quencher. In the latter case the DPP:[60]PCBM:quencher ratio was 1:4:1 (w/w/w). PIA spectra were recorded at 77 K, lexc = 496 or 514 nm. a) DPPCC.
b) DPPBN-o. c) DPPBN-i.

Figure 7. TEM images of as-cast (a–c) and solvent-annealed (d–f) blends:
a), d) DPPCC:[60]PCBM, b, e) DPPBN-o:[60]PCBM, and c, f) DPPBN-i :[60]PCBM.
Scale bar: 200 nm.
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lifetime measurements indicate that after thermal and SV an-
nealing DPPCC forms H-aggregates in thin films, whereas

DPPBN-o and DPPBN-i form J-aggregates. Photovoltaic devices
with the three DPP compounds as donor and [60]PCBM as ac-

ceptor perform poorly. The best device, with PCE = 1.59 %, was
obtained for DPPBN-i after SVA. The devices exhibit similar Voc

values and hole mobilities, but bimolecular recombination and
morphology limit the FF and thus the PCE.

Experimental Section

All experimental details are given in the Supporting Informa-
tion.
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