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A class of acceptor–donor–acceptor chromophoric small-molecule non-fullerene acceptors, 1–4, with

difluoroboron(III) b-diketonate (BF2bdk) as the electron-accepting moiety has been developed. Through

the variation of the central donor unit and the modification on the peripheral substituents of the terminal

BF2bdk acceptor unit, their photophysical and electrochemical properties have been systematically

studied. Taking advantage of their low-lying lowest unoccupied molecular orbital energy levels (from

�3.65 to �3.72 eV) and relatively high electron mobility (7.49 � 10�4 cm2 V�1 s�1), these BF2bdk-based

compounds have been employed as non-fullerene acceptors in organic solar cells with maximum power

conversion efficiencies of up to 4.31%. Moreover, bistable resistive memory characteristics with charge-

trapping mechanisms have been demonstrated in these BF2bdk-based compounds. This work not only

demonstrates for the first time the use of a boron(III) b-diketonate unit in constructing non-fullerene

acceptors, but also providesmore insights into designing organicmaterials withmulti-functional properties.
Introduction

Due to their favorable properties including light weight,
mechanical exibility and cost-effectiveness, solution-
processable bulk-heterojunction (BHJ) organic solar cells
(OSCs) have received enormous attention in the past two
decades.1–3 Most of the high-performance OSCs reported so far
are made from fullerene derivatives as the acceptor materials.4,5

However, the intrinsic drawbacks of fullerene derivatives, such
as challenging purication process, low absorptivity in the
deep-red region and morphological instability, limit the
commercial interest for practical applications.6,7 Non-fullerene
acceptors (NFAs), especially molecular NFAs with well-dened
structures, have become more attractive as compared to the
fullerenes. Particularly, the electronic absorption molar
absorptivity, the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) energy
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levels and charge carrier transport properties of the NFAs can be
facilely tuned by structural modications.7,8

In recent years, the development of NFAs has boosted the
power conversion efficiencies (PCEs) of NFA-based OSCs,
making them comparable or even superior to those of their
fullerene-based counterparts.9 From the molecular design point
of view, the introduction of electron-donating and electron-
accepting chromophores is the key strategy for constructing
a charge-transfer-type NFA molecule, which could readily yield
the resultant molecule with high charge carrier mobilities and
extend its absorption prole into the deep-red region.10,11

Among all electron-accepting chromophores, boron(III)-con-
tainingmoieties are anticipated to be promising candidates due
to the vacant p-orbital on the boron center, making them
inherently electron decient.12–14 To date, a number of molec-
ular NFAs using three-coordinate boranes or four-coordinate
borates as electron-accepting chromophores for solution-
processable OSCs have been reported in the literature;15–22

however, only those NFAs containing double B ) N bridged
bipyridine-based four-coordinate borates show PCEs exceeding
4%.21,22

On the other hand, air-stable boron(III) b-diketonates,
a family of classical four-coordinate borates, have proven to
show strong luminescence, large extinction coefficients and
nonlinear optical properties.23 Notably, they have been exten-
sively applied in materials science and bioimaging in the past
decades.23 The rich photophysical properties of boron(III) b-
diketonate moieties also make them an attractive organic p-
Chem. Sci., 2020, 11, 11601–11612 | 11601
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Fig. 1 Chemical structures of 1–4, J52 and J61.
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system in the construction of functional materials for various
optoelectronic applications.24–32 For instance, Ono and
coworkers demonstrated that the integration of diuorobor-
on(III) b-diketonates into oligothiophene skeletons endowed the
compounds with high electron mobilities in an order of 10�3

cm2 V�1 s�1 in organic eld-effect transistors (OFETs).27 Taking
advantage of the strong electron-withdrawing ability of the
acetylacetonate boron(III) diuoride unit, Adachi and coworkers
were able to prepare a high-performance near-infrared (NIR)
thermally activated delayed uorescence (TADF) emitter based
on a boron(III) diuoride-chelated curcuminoid dye for appli-
cation in organic light-emitting diodes (OLEDs).29 Additionally,
our group successfully designed and synthesized a class of
boron(III) b-diketonate functionalized photochromic dithieny-
lethenes with interesting NIR photochromic behavior and
donor–acceptor small molecules with distinct conductance
switching behavior, showing great potential for optical and
electronic memory storage applications.31–34 Despite the
promise of this class of compounds in various potential appli-
cations, none of the reports were found to involve the incor-
poration of boron(III) b-diketonate into NFAs for OSCs. In light
of the aforementioned scenarios, it is envisaged that the
incorporation of the boron(III) b-diketonate core in NFAs can
yield NIR-absorbing materials, which could capture more light
for photocurrent generation, and hence improve the PCE. With
our continuous interest in the development of new
organoboron-based functional materials,31–38 herein we report
the design and synthesis of a class of acceptor–donor–acceptor
(A–D–A) type NFAs containing diuoroboron(III) b-diketonate
(BF2bdk) moieties as acceptor units, i.e. 1–4, and their molec-
ular structures are depicted in Fig. 1. The BF2 moiety is partic-
ularly chosen for enhancing the electron-accepting properties,
as well as minimizing the steric bulkiness of the BF2bdk moiety
and thus planarizing the molecular framework, all of which are
anticipated to be promising to achieve excellent electron-
transport properties. Noticeably, solution-processable BHJ
OSCs using two dimensional (2D)-conjugated bithienyl-benzo-
dithiophene-alt-uorobenzotriazole copolymers (J61 and J52,
Fig. 1) as the donor materials and 1–4 as the acceptor materials
exhibit satisfactory PCEs of up to 4.31%, demonstrating for the
rst time the potential of the BF2bdk moiety for constructing
NFAs. In addition, the versatility of these BF2bdk end-capped
compounds in the fabrication of organic resistive memory
devices has been demonstrated and the corresponding
conductance switching mechanism has also been explored.

Results and discussion
Synthesis and characterization

All the trimethylstannyl precursors were synthesized according
to literature procedures,39,40 and were subsequently reacted with
the corresponding 1-(5-bromo-4-octylthiophen-2-yl)ethan-1-one
and 1-(5-bromothiophen-2-yl)ethan-1-one41 via Stille cross-
coupling reactions to afford diacetyl substituted intermediates
Flu-(Th-oct-Th-COMe)2 and IDT-(Th-COMe)2, respectively. The
target compounds 1–4 were then prepared via Claisen conden-
sation reactions of Flu-(Th-oct-Th-COMe)2 and IDT-(Th-COMe)2
11602 | Chem. Sci., 2020, 11, 11601–11612
with the corresponding methyl 4-(triuoromethyl)benzoate and
methyl 4-cyanobenzoate, followed by the coordination with
BF3$OEt2. The synthetic routes of 1–4 are provided in the ESI.†
All the reaction intermediates and the target compounds 1–4
were characterized by 1H NMR spectroscopy, high resolution
electron ionization (EI) or electrospray ionization (ESI) mass
spectroscopy. Target compounds 1–4were also conrmed by 19F
{1H} and 11B{1H} NMR spectroscopy and elemental analyses.
Compound 1 was structurally characterized by single-crystal X-
ray crystallographic analysis (Fig. 2 and S1, and Tables S1 and
S2†). All the compounds 1–4 show good solubilities in common
organic solvents, such as dichloromethane, chloroform and
chlorobenzene, which is favorable for fabricating solution-
processable electronic devices. The thermal properties of 1–4
were investigated by thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC). TGA data demonstrate
that 1–4 exhibit good thermal stabilities with decomposition
temperatures of $309 �C (Fig. S2 and Table S3†). According to
the DSC curves (Fig. S3†), no obvious thermal transitions are
observed for 1–4 below 230 �C, indicative of the amorphous
nature of these compounds in the solid state.42,43 This is also
supported by preliminary 2D-GIWAXS experiments, which do
not show well-dened diffraction signals.
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) Top and (b) side views of the crystal structure of compound 1. (c) “Y” and (d) “S” shape J-aggregations with selected interaction
distances. Here the molecules of different layers are shown in different colors for clarity. (e) Molecular layer-by-layer packing diagram and (f) 3D
interpenetrating network of compound 1.
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X-ray crystal structure studies

Solid state packing of organic semiconductors has been
demonstrated to have signicant impacts on the electronic
coupling interactions and thus the charge transport proper-
ties.44,45 Therefore, efforts were made to grow single crystals of
these BF2bdk end-capped compounds. X-ray-quality crystals of
compound 1 were successfully obtained from a concentrated
chlorobenzene solution via slow solvent evaporation at room
temperature. As shown in Fig. 2a and Table S1,† multiple
conformational locks caused by intramolecular noncovalent
C–H/S (2.721 and 2.745 Å), S/S (3.111 and 3.117 Å), S/O (2.858
and 2.879 Å) and C–H/O (2.376 and 2.378 Å) interactions are
revealed, which endow the molecule with high planarity, with
small torsion angles (2.71–10.89�) between adjacent aromatic
rings (Fig. 2b). Such a highly coplanar backbone is benecial to
promote p-conjugation and electron delocalization, leading to
enhanced light-harvesting and charge carrier transport.46 Partic-
ularly, small torsion angles of 2.71–5.93� and 5.50–7.62� between
This journal is © The Royal Society of Chemistry 2020
the dioxaborine rings and their adjacent thiophene and phenyl
rings, respectively, as well as the small size of the uorine atoms
on the boron centers are anticipated to favor the formation of
intermolecular p–p stacking interactions between the terminal
BF2bdk-based acceptor moieties, which have been demonstrated
to facilitate electron transport in A–D–A type NFAs.47,48 Mean-
while, the octyl chains on the central uorene moiety and the
thiophene rings are oriented perpendicular to the p-conjugated
backbone, which could help to increase the solubility required
for solution processing and alleviate overly large domain aggre-
gate formation to achieve a reasonably small domain size in the
corresponding blend lm.46 Interestingly, two types of J-
aggregations dominated by p–p interactions between the inter-
molecular terminal BF2bdk-based acceptor moieties are found in
the crystal packing (Fig. 2c and d). Specically, the intermolecular
C–H/F interaction (2.53 Å) and the intermolecular S/p inter-
action between dioxaborine rings (3.48 Å) lead to the formation of
“Y” shape J-aggregates with a p–p stacking distance of 3.48 Å
(Fig. 2c). Besides, intermolecular interactions involving C–H/F
Chem. Sci., 2020, 11, 11601–11612 | 11603
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and S/p contacts also lead to the formation of “S” shape J-
aggregation with a p–p stacking distance of around 3.49 Å,
which would be favorable for long distance charge transport
(Fig. 2d).49 The p–p interactions together with other intermo-
lecular interactions, such as C/F, C–H/F, C–H/S, and
C–H/O interactions (Table S1†), enable the molecules to
undergo self-assembly into a layer-by-layer packing (Fig. 2e) and
eventually a three-dimensional (3D) interpenetrating network
(Fig. 2f), in which isotropic electron transport could be envis-
aged.49–51 The single crystal structure of compound 1 and its
packing not only suggest the favorable packing motif for the
potential application of the BF2bdk-based acceptor moiety in
constructing A–D–A type NFAs, but also provide for the rst time
molecular geometry insights into A–D–A type NFAs with a central
tricyclic donor moiety.
Optical and electrochemical properties

In dichloromethane solution, the electronic absorption spectra
of 1–4 generally show similar characteristics, featuring strong
Fig. 3 (a) Electronic absorption spectra of 1–4 in dichloromethane so
annealed pristine thin films of 1–4 spin-coated from their chlorobenz
solution (0.1 M nBu4NPF6) according to IUPAC conventions. (d) Energy l

Table 1 Optical and electrochemical data of 1–4

Compound lsolmax
a/nm (3max/dm

3 mol�1 cm�1) llmmax
b/nm

1 539 (105 360) 553
2 552 (109 440) 580
3 615 (140 860) 638
4 628 (121 180) 695

a Absorption maximum of the lowest energy absorption band measured in
energy absorption bandmeasured in pristine thin lm. c Determined from th
4.80] eV. e ELUMO ¼ �[Ered1/2 (vs. Fc+/Fc) + 4.80] eV. f Ecvg ¼ EHOMO � ELUMO. E

11604 | Chem. Sci., 2020, 11, 11601–11612
absorptions in the range of 500–700 nm with molar extinction
coefficients (3) in the order of 105 dm3 mol�1 cm�1. The elec-
tronic absorption spectra of 1–4 in dilute dichloromethane
solution and the normalized electronic absorption spectra of 1–
4 in pristine thin lms at 298 K are shown in Fig. 3a and b,
respectively. The corresponding UV-vis absorption spectral data
are summarized in Table 1. Changing the peripheral substitu-
ents from triuoromethyl groups in 1 and 3 to cyano groups in 2
and 4 has led to a red shi in the absorption maxima from
539 nm for 1 to 552 nm for 2 and from 615 nm for 3 to 628 nm
for 4, respectively, due to the enhanced intramolecular charge
transfer (ICT) character induced by the more electron-accepting
cyano groups. On the other hand, by employing the indaceno-
dithiophene (IDT) moiety instead of the uorene moiety as the
donor unit, a remarkable red shi by ca. 2200 cm�1 was
observed from 1 to 3 as well as from 2 to 4. In the pristine thin
lm, the absorption maxima of 1–4 were further red-shied by
470–1535 cm�1, which can be attributed to the existence of
intermolecular interactions in the thin lm state. It is note-
worthy that an intense shoulder at 695 nm is observed in the
lution. (b) Normalized electronic absorption spectra of the thermally
ene solutions. (c) Cyclic voltammograms of 1–4 in dichloromethane
evel diagram showing the alignment of J52, J61, 1–4 and PC70BM.

Eoptg
c/eV HOMOd/eV LUMOe/eV Ecvg

f/eV

1.82 �5.57 �3.65 1.92
1.74 �5.57 �3.68 1.89
1.69 �5.47 �3.67 1.80
1.59 �5.47 �3.72 1.75

dichloromethane solution (10�5 M). b Absorption maximum of the lowest
e onset of absorption band of the thin lm. d EHOMO¼�[Eox1/2 (vs. Fc

+/Fc) +
�(Fc+/Fc) ¼ +0.46 V vs. SCE in dichloromethane (0.1 M nBu4NPF6).

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) J–V characteristics and (b) IPCE spectra of devices fabri-
cated with the J61:1–4 and J52:4 blends (1 : 1, w/w; thermal annealing
at 110 �C for 10 min; under the illumination of AM1.5G, 100mW cm�2).
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thin lm absorption spectrum of 4, which could be indicative of
a high degree of molecular ordering in the solid state.52 The
corresponding optical bandgaps (Eoptg , dened as 1240/lonset) of
1–4 are estimated to be 1.82, 1.74, 1.69 and 1.59 eV, respectively.
Meanwhile, as shown in Fig. 3b and S4,† the pristine thin lm
absorption proles of 3 and 4, when compared with those of 1
and 2, are found to be more complementary to those of poly-
meric donors J61 and J52 (Fig. 1), which is benecial to the
enhancement of light-harvesting. In addition, the trends in
their electronic absorption behaviors are further supported by
time-dependent density functional theory (TDDFT) calculations
(see the ESI†).

To investigate the electrochemical properties of 1–4, cyclic
voltammetry (CV) was carried out in dichloromethane solution
(0.1 M nBu4NPF6) at room temperature. Generally, all
compounds exhibit two quasi-reversible oxidation couples with
potentials from +1.13 V to +1.48 V vs. saturated calomel elec-
trode (SCE), which can be attributed to the successive one-
electron oxidation of the donor units. For the reduction, 1
and 3 with triuoromethyl-substituted diuoroboron(III) diket-
onates show one quasi-reversible reduction couple and two
irreversible reduction waves, while 2 and 4 with cyano-
substituted diuoroboron(III) diketonates show two quasi-
reversible reduction couples, respectively. The rst quasi-
reversible reduction couple of 1–4 is assigned to the one-
electron reduction of their respective diuoroboron diketo-
nate. The cyclic voltammograms of 1–4 are depicted in Fig. 3c,
and the corresponding electrochemical data are tabulated in
Tables 1 and S4.† The HOMO and LUMO energy levels, which
are estimated from the rst redox potentials for oxidation and
reduction, are found to be at ca. �5.57 to �5.47 eV and at ca.
�3.72 to �3.65 eV, respectively. It is found that the HOMO
energy levels are sensitive to the central donor moiety, while the
LUMO energy levels can be affected by both the terminal
acceptor and central donor moieties. Particularly, the LUMO
levels of 1–4 are lower-lying than those of J61 (�3.08 eV) and J52
(�2.99 eV),53 which allows them to serve as promising electron
acceptors with these polymers in OSCs. Meanwhile, the LUMO
levels of 1–4 are higher-lying than that of the fullerene acceptor
PC70BM (�3.91 eV),54 which is favorable for achieving a high
open circuit voltage (Voc). The energy level diagram showing the
alignment of J52, J61, 1–4 and PC70BM is shown in Fig. 3d. The
trend in their electrochemical behavior is consistent with that
of their optical properties and is further supported by density
functional theory (DFT) calculations (see the ESI†).
Photovoltaic properties

To explore the potential of 1–4 as electron acceptors for
photovoltaic applications, thermally annealed OSCs with an
inverted structure were fabricated using J61 and J52 as the
photovoltaic donor materials.53 The current density–voltage (J–
V) characteristics are depicted in Fig. 4a and S5a,† and the
corresponding photovoltaic parameters are summarized in
Tables 2 and S5.† Comparing 1 and 2, which have the same
central uorene moiety, the device fabricated with the J61:1
blend exhibits a higher PCE of 1.49% with a Voc of 0.77 V,
This journal is © The Royal Society of Chemistry 2020
a short-circuit current density (Jsc) of 4.10 mA cm�2 and a ll
factor (FF) of 0.47. The better performance of the device fabri-
cated with the J61:1 blend can be primarily ascribed to its
higher Jsc. Interestingly, the Voc of the device fabricated with the
J61:2 blend is approximately 140 mV higher than that with the
J61:1 blend although 2 shows a lower-lying LUMO energy level
than that of 1. This result can be explained by the studies of
charge carrier recombination dynamics (vide infra), in which
a longer charge carrier lifetime under the working conditions
for the device fabricated with the J61:2 blend is revealed. On the
other hand, by employing IDT as the central donor moiety,
devices fabricated with the J61:3 and J61:4 blends generally
show signicantly higher Jsc as compared to those with the J61:1
and J61:2 blends, which could be ascribed to the more
complementary absorption between the IDT-centered small
molecules (i.e. 3 and 4) and J61 (Fig. S4†). Particularly, the
device fabricated with the J61:4 blend achieves the best
performance, in which a PCE of 4.06% with a Voc of 0.89 V, a Jsc
of 9.27 mA cm�2 and a FF of 0.50 is obtained. The much higher
Jsc and the slightly lower Voc of the device fabricated with the
J61:4 blend are in good agreement with the broader absorption
band and lower-lying LUMO energy level of 4, respectively, when
compared with those of 3. Moreover, devices fabricated with
J52:1–4 also show moderate photovoltaic performances (Tables
2 and S5†). Notably, by using J52 instead of J61 as the donor
material, the PCE of the device fabricated with the J52:4 blend
was boosted to 4.31% with a simultaneously improved Jsc of
10.58 mA cm�2 and FF of 0.52. For comparison, the as-cast
device fabricated with the J52:4 blend was also fabricated, in
Chem. Sci., 2020, 11, 11601–11612 | 11605
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Table 2 Photovoltaic parameters of devices using 1–4 as acceptor materials under the illumination of AM1.5G, 100 mW cm�2

Active layera Jsc/mA cm�2 Voc/V FF PCE/%

J61:1 4.10 (4.05 � 0.05) 0.77 (0.76 � 0.01) 0.47 (0.43 � 0.03) 1.49 (1.35 � 0.13)
J61:2 2.99 (2.90 � 0.09) 0.91 (0.91 � 0.01) 0.46 (0.42 � 0.04) 1.29 (1.14 � 0.15)
J61:3 8.09 (8.02 � 0.06) 0.92 (0.92 � 0.01) 0.43 (0.40 � 0.03) 3.17 (3.02 � 0.14)
J61:4 9.27 (9.10 � 0.15) 0.89 (0.88 � 0.01) 0.50 (0.45 � 0.04) 4.06 (3.90 � 0.16)
J52:4 10.58 (10.45 � 0.12) 0.78 (0.78 � 0.01) 0.52 (0.47 � 0.05) 4.31 (4.16 � 0.14)

a Thermal annealing at 110 �C for 10 min; average values and deviations in parentheses, calculated from 10 devices.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
O

ct
ob

er
 2

02
0.

 D
ow

nl
oa

de
d 

on
 4

/8
/2

02
6 

4:
11

:3
8 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
which a relatively lower Jsc of 6.52 mA cm�2 and thus a lower
PCE of 2.90% are obtained.

In addition, devices made with the J61:1 and J61:2 blends
show the incident photon-to-current efficiency (IPCE) in the
range of 300–750 nm with maximum IPCEs of 33% at 560 nm
and 19% at 560 nm, respectively (Fig. 4b). The pronounced
improvement in the IPCE for the device made with the J61:1
blend is in good agreement with the corresponding Jsc value
and suggests the occurrence of higher exciton dissociation
efficiency.55 Broader and more intense IPCEs are obtained for
devices fabricated with the J61:3 and J61:4 blends, in which
maximum IPCEs of 53% at 560 nm and 44% at 550 nm could be
achieved, respectively. By replacing J61 with J52 as the donor
material in the devices based on 4, the photovoltaic response
can be further enhanced, in which much higher IPCEs, espe-
cially in the range of 600–800 nm, are achieved. All these
observations in the IPCE spectra are in good agreement with the
absorption proles of the corresponding thermally annealed
blend lms (Fig. S4b†) and are in line with the trend of the Jsc
values measured from J–V curves (Fig. 4b).

Charge carrier mobility studies

To get a better understanding of the impact of charge trans-
port properties on the photovoltaic responses, the hole (mh)
and electron mobilities (me) of thermally annealed J61:1–4 and
J52:4 blend lms were measured using the space-charge-
limited current (SCLC) method from the hole-only and
electron-only devices, respectively (see the ESI† for details).56

Generally, mh and me of all the blend lms are determined to be
in the range of 1.27–4.37 � 10�4 cm2 V�1 s�1 and 1.41–7.49 �
10�4 cm2 V�1 s�1, respectively, suggesting efficient charge
transport in the domain of donor (J61 and J52) and acceptor
materials (1–4) (Fig. S6† and Table 3). Particularly, the me
Table 3 Hole and electron mobilities of devices fabricated with the
J61:1–4 and J52:4 blends

Active layera mh/cm
2 V�1 s�1 me/cm

2 V�1 s�1
mh/me
ratio

J61:1 1.83 � 10�4 1.41 � 10�4 1.30
J61:2 1.27 � 10�4 1.62 � 10�4 0.78
J61:3 2.73 � 10�4 7.49 � 10�4 0.34
J61:4 2.99 � 10�4 6.39 � 10�4 0.47
J52:4 4.37 � 10�4 4.06 � 10�4 1.08

a Thermal annealing at 110 �C for 10 min.

11606 | Chem. Sci., 2020, 11, 11601–11612
values are comparable to those of the structurally related
efficient electron acceptors for OSCs.57,58 Compared to J61:1
and J61:2 blend lms, J61:3 and J61:4 blend lms exhibit
higher me, which could be ascribed to the more rigid and
extended p-conjugation of the IDT-based backbone than the
uorene-based backbone58,59 as well as smaller dipole
moments of 3 (0.88 D) and 4 (0.84 D) when compared to those
of 1 (15.45 D) and 2 (12.70 D), as revealed by DFT calculations.
Similar observations have also been made in other systems,
where a smaller dipole moment can avoid a large energetic
disorder and thus facilitate charge-carrier transport of donor–
acceptor type materials in the solid state.60–63 Moreover, the
qualitative photoluminescence (PL) quenching studies show
that the PL intensities of J61, J52 and 1–4 are severely
quenched in the thermally annealed blend lms upon excita-
tion at the corresponding absorption maximum of the pristine
thin lms, respectively (for details see ESI Fig. S7 and S8, and
Table S6†). Specically, the mh and me for the J61:3 and J61:4
blends are found to be almost two and ve times higher than
those for the J61:1 and J61:2 blend lms, respectively. These
increased charge carrier mobilities support the higher Jsc for
the devices fabricated with the J61:3 and J61:4 blends.55,64 It is
also noted that the device based on the J61:3 blend exhibits
the lowest FF, which can be attributed to a relatively unbal-
anced mh/me ratio of 0.34. By replacing J61 with J52, more
balanced charge carrier mobilities with a mh/me ratio of 1.08
have been achieved for the J52:4 blend. This may explain the
slightly higher Jsc and FF for the device based on the J52:4
blend when compared with those based on the J61:4 blend.64,65
Morphology studies

The surface morphologies of thermally annealed J61:1–4 and
J52:4 blend lms were investigated on quartz substrates by
tapping mode atomic force microscopy (AFM). As shown in the
height images (Fig. 5), all the J61-based blend lms show
uniform surface morphologies, with root-mean-square (RMS)
roughnesses of 6.40 nm, 1.44 nm, 0.74 nm and 3.69 nm for the
J61:1–4 blend lms, respectively. Comparing the J61:1 and J61:2
blend lms, the larger RMS of the J61:1 blend lm reveals the
presence of a pronounced phase separation with enhanced
domain purity, which is advantageous for charge transport.66–68

These ndings are in good agreement with the higher Jsc and FF
in the corresponding OSC devices. Similar results are also
observed for the OSC devices fabricated with the J61:4 blend
when compared to those fabricated with the J61:3 blend.
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 AFM height and phase images of the thermally annealed J61
doped with (a) 1, (b) 2, (c) 3 and (d) 4 blend films.
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Surprisingly, a slightly decreased RMS of 2.66 nm along with
ne-grained texture is observed in the J52:4 blend lm, which is
benecial for exciton dissociation and charge carrier genera-
tion, probably explaining the improved Jsc and FF in the device
fabricated with J52:4 as compared with those with J61:4 (Fig. 5
and S9†).68–70 For comparison, the surface morphology of the as-
cast J52:4 blend lm was also studied, in which a rather large
RMS of 11.11 nm with excessive phase separation is observed
(Fig. S9†). This indicates that the thermal annealing treatment
can improve the miscibility between the donor and acceptor
materials in the blend, which could explain the much higher Jsc
and PCE of the corresponding thermally annealed J52:4-based
OSC device as compared to those of the as-cast device. These
results reveal that appropriate manipulation of the surface
morphology is highly important to balance and optimize the
resultant exciton dissociation and charge transport in the
blend.
This journal is © The Royal Society of Chemistry 2020
Charge carrier recombination dynamics

To gain quantitative insights into the charge carrier recombi-
nation dynamics within the OSC devices using J61 as the
donor material, transient photocurrent (TPC) and transient
photovoltage (TPV) measurements were carried out.71,72 Fig. 6a
shows the charge carrier densities as a function of Voc for
different bias light intensities.71,73 For all the devices, the
charge densities are found to follow an approximately expo-
nential dependence on Voc over the voltage range studied.
Surprisingly, at the same light intensity, the J61:2 device shows
the highest charge density, which can be assigned to more
efficient photocurrent generation and/or a lower non-
geminate recombination rate, as shown below. On the other
hand, the J61:2 device shows a low Jsc of 2.99 mA cm�2, sug-
gesting that the overall performance is mainly limited by
charge transport and extraction.55,74 Fig. 6b shows the carrier
lifetimes (sDn) as a function of carrier density (n) for different
bias light intensities. For all the devices, the charge carrier
lifetime decreases as the charge carrier density increases,
following a power-law dependence through sDn ¼ sDn0

n�l,
suggesting non-geminate recombination as the predominant
recombination pathway.71,72,75,76 It is found that the device
fabricated with the J61:2 blend shows the longest charge
carrier lifetime, consistent with the charge transport/
extraction limited behavior and the observed device perfor-
mance parameters, such as enhanced Voc and decreased Jsc.74

Comparing 1, 3 and 4 at a given charge carrier density, the
device based on J61:4 shows a longer lifetime than those of the
devices fabricated with the J61:1 and J61:3 blends, corre-
sponding to a lower decay dynamics and in good agreement
with its higher charge carrier density at the same light inten-
sity (Fig. 6a).77 In addition, by tting sDn(n) curves (Fig. 6b), the
recombination order (l + 1) is found to be 4.60, 4.84, 4.15, and
3.69 for the devices fabricated with the J61:1–4 blends,
respectively. These empirical reaction orders, which are
considerably larger than 2, can be interpreted by the shape of
the density of states in combination with the spatial distri-
bution of carriers.71,73,78,79 Particularly, the relatively smaller
reaction order for the J61:4 device suggests a lower trap
density, which is favorable for charge carrier extraction and
transport, in accordance with its higher FF. Additionally, with
the data in Fig. 6a and b, the non-geminate recombination loss
can be further quantied by the recombination rate coefficient
k(n), which is given by k(n) ¼ 1/(s(n)n) ¼ 1/(sDn(l + 1)n), as
a function of charge carrier density (Fig. 6c).73 The device
fabricated with the J61:4 blend shows a lower non-geminate
recombination rate coefficient than those with the J61:1 and
J61:3 blends at the same charge carrier density. In other words,
the relatively high charge carrier density and low recombina-
tion rate in the J61:4 device are believed to contribute to the
device performance enhancement as compared to the other
three devices using the same J61 donor material. Although the
J61:2 device shows the lowest non-geminate recombination
rate coefficient as a result of the high charge density and long
lifetime, the device performance is limited by charge transport
and extraction as mentioned above.
Chem. Sci., 2020, 11, 11601–11612 | 11607
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Fig. 6 Plots of (a) measured charge densities as a function of Voc for different bias light intensities, (b) derived charge carrier lifetimes as
a function of charge density and (c) measured non-geminate recombination rate coefficients as a function of charge densities in the devices
based on J61:1–4.
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Organic resistive memory characteristics

To further explore the potential applications of this class of
diuoroboron(III) b-diketonate end-capped small molecules in
organic electronics, 1, 3 and 4 were employed to fabricate
organic resistive memory devices (see the ESI† for details).
Scanning electron microscopy (SEM) of the cross-sections of the
Fig. 7 (a) I–V characteristics, (b) retention time in “OFF” and “ON” states
voltage (12 devices) and (d) SEM image of the cross-section of the mem

11608 | Chem. Sci., 2020, 11, 11601–11612
devices was performed to determine the thicknesses of the
active layer and the aluminum electrode (Fig. S10†). As illus-
trated in Fig. 7a, when applying external voltages exceeding the
threshold voltage (Vth) of ca. 2.0 V (sweep 1), the memory device
of 1 is found to be switched from a low-conductivity state (“OFF”
state) to a high-conductivity state (“ON” state) with a sharp
under a constant bias of 1 V, (c) distribution of the switching threshold
ory device fabricated with 1.

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Plots of log(I) vs. log(V) obtained by fitting the I–V characteristics of (a) the “OFF” state (from 0.78 to 1.80 V) and (b) the “ON” state (from
0.02 to 0.78 V) of the memory device fabricated with 1.
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current increase from 10�9 to 10�3 A. Such “ON” state can be
maintained in a subsequent sweep (sweep 2), and shows good
stability upon applying a reverse bias (sweep 3). In addition, the
“ON” state would be relaxed to the “OFF” state aer the removal
of applied voltage for a week, and then switched back to the
“ON” state by applying a bias again, indicative of the static
random-access memory (SRAM) nature of the memory device
fabricated with 1.80–82 Further examination of the stability of the
two distinctive conduction states by consecutively applying
a constant bias of 1 V was performed, in which no signicant
current degradation for both “ON” and “OFF” states for over 104

seconds is observed, indicating a high durability and reliability
of the binary memory performance (Fig. 7b). The reproducibility
of the device performance was also demonstrated by analyzing
12 individual cells, in which a relatively narrow Vth distribution
is obtained (Fig. 7c). Binary resistive memory behavior with
similar current–voltage (I–V) characteristics, stability of the ON/
OFF states and distribution of the Vth was also obtained in the
devices fabricated with 3 (Fig. S11†). These results suggest that
the replacement of the uorene-centered donor moiety in 1with
the IDT-centered moiety in 3 shows no notable differences in
the memory behavior. In contrast, the variation of the periph-
eral substituent on the terminal diuoroboron(III) b-diketonate
moiety has clear impacts on the Vth and stability of the memory
devices. Specically, changing the substituents from tri-
uoromethyl groups in 3 to cyano groups in 4 leads to a rela-
tively higher Vth of ca. 3.0 V and lower stability of the “OFF” state
when compared with those with 3 (Fig. S12†). Similar I–V
characteristics are obtained by applying a reverse bias voltage. A
threshold switching voltage of �2.5 V is observed in compound
1 (Fig. S13†). The resistive memory performances achieved by
this series of compounds were also compared with those
attained by some recently reported organic resistive memories
(Table S7†). Comparable performance parameters, such as
a long retention time, a high ON/OFF ratio of >103 and a narrow
Vth distribution, were observed in the resistive memories based
on 1, 3 and 4. These results suggest that this series of air-stable
four-coordinate BF2bdk-based small molecules hold promise in
serving as potential functional materials for electronic
memories.

Various mechanisms, such as the charge-transfer and the
charge-trapping mechanisms, have been proposed to explain
This journal is © The Royal Society of Chemistry 2020
the eld-induced conductance switching behaviours achieved
by organic active materials possessing donor–acceptor struc-
tures.80–89 In order to gain further insights into the conductance
switching mechanism of memory devices fabricated with these
boron(III) b-diketonate end-capped compounds, the I–V char-
acteristics of the “OFF” and “ON” states were analyzed with
appropriate charge transport models.90,91 As shown in Fig. 8, S14
and S15,† the I–V characteristics of devices fabricated with 1, 3
and 4 in the “OFF” and “ON” states can be appropriately tted
with the SCLC models (I z Vm+1, m > 1)83–85 and the ohmic
conduction models,86–88 respectively. Based on these results, the
conductance switching of the memory devices fabricated with
this series of compounds is believed to originate from the
charge trapping mechanism.89,92,93 In the OFF state, the organic
active layer is electrically insulating due to the presence of the
electron-withdrawing boron(III) b-diketonate moieties, which
can function as charge traps and impede the migration of
charge carriers in the bulk material, resulting in the trap-
limited SCLC conduction.92–94 When the applied bias voltage
exceeds the Vth of the devices, more electrons will be injected
into the active layer. As such, the trapping sites originating from
the boron(III) b-diketonate moieties will be lled, and thus the
newly generated charge carriers will not be affected by the traps,
leading to the ohmic conduction in the ON state.92–94 From the
molecular structure point of view, the stronger electron-
accepting ability of the cyano substituent as compared to the
triuoromethyl substituent could increase the charge trapping
properties of the terminal boron(III) b-diketonate moiety, which
could therefore be responsible for the relatively higher Vth
observed in 4-fabricated memory devices as compared to that
observed in 3-fabricated ones. The better electron-accepting
ability of boron(III) b-diketonate moieties in 4 is also sup-
ported by the electrostatic potential (ESP) surfaces obtained
from DFT calculations, in which a lower electron density is
found with the cyano substituent when compared with the tri-
uoromethyl substituent (see the ESI†).
Conclusion

In summary, BF2bdk-based molecular materials 1–4 have been
applied as A–D–A type NFAs for the rst time. It is found that the
introduction of an appropriate electron-donating core and
Chem. Sci., 2020, 11, 11601–11612 | 11609
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simple modication of peripheral substituents on the BF2bdk
can ne-tune their photophysical and electrochemical proper-
ties. Particularly for 4, in which IDT serves as the central donor
unit and the cyano-substituted BF2bdk serves as the terminal
acceptor unit, a broad absorption prole extending to 782 nm
and a low-lying LUMO energy level of �3.72 eV have been
realized. Moreover, these BF2bdk end-capped electron acceptors
feature excellent electron-transport properties with a me of up to
7.49 � 10�4 cm2 V�1 s�1 in the bulk heterojunction blend. A
PCE of 4.31% for the device based on J52:4 has been achieved,
which is comparable to those of high-performance IDT-
centered electron acceptors for OSCs, demonstrating the
potential of the BF2bdk as a promising electron-accepting
building block in the construction of A–D–A type small-
molecule NFAs for OSCs. In addition, organic resistive
memory devices fabricated with these BF2bdk end-capped
compounds are found to follow a charge-trapping mecha-
nism, resulting in stable binary memory devices with distinctive
ON/OFF current ratios > 106, as well as a tunable Vth achieved by
changing the electron-accepting end-groups from tri-
uoromethyl to cyano moieties.
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