Open Access Article. Published on 03 May 2017. Downloaded on 3/23/2026 10:07:28 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal | View Issue,

{ ") Check for updates ‘

Cite this: RSC Adv., 2017, 7, 23779

Received 14th February 2017
Accepted 17th April 2017

DOI: 10.1039/c7ra01859b

Efficient small molecule photovoltaic donor based
on 2,3-diphenyl-substituted quinoxaline core for
solution-processed organic solar cellsT

Bao Xie,i? Sheng Bi,1® Rui Wu,1? Lunxiang Yin,® Changyan Ji,> Zhengjiang Cai®
and Yangin Li{®*2

A novel D-mt—A-m—-D-type organic small molecule (OSM) named (TPACN),Qx was designed and
synthesized for solution-processible organic solar cells (OSCs), which contained 2,3-diphenyl-
substituted quinoxaline (Qx) as the central acceptor (A) unit, triphenylamine (TPA) as terminal electron-
donor (D) moieties, and acrylonitrile as the m-linkage segment. With an effective electron-withdrawing
property and relatively stable quinoid geometry of Qx, (TPACN),Qx exhibits a narrow band-gap of
1.88 eV and strong and broad absorption at 300-700 nm. As a consequence, an excellent power
conversion efficiency (PCE) of 6.25% was achieved based on the (TPACN),Qx:PCgBM blend using
a simple spin-coating process in a solution, which is the highest efficiency achieved to date for Qx-core
based solution-processed OSM photovoltaic (PV) devices. The impressive result demonstrates that OSMs
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Introduction

OSCs have emerged as a competitive alternative to inorganic
solar cells for their prominent advantages of light weight, low
cost and flexibility in large-scale fabrication.* Over the past two
decades, solution-processed bulk heterojunction (BH]J) photo-
voltaic (PV) devices based on a blend of electron donors and
acceptors have attracted much attention and extensive investi-
gation due to their higher internal quantum efficiency and the
easier fabrication technology.” Nowadays, most research efforts
have been focused on donor materials because fullerene
derivatives, such as [6,6]-phenyl-Ce;-butyric acid methyl ester
(PCs;BM) and [6,6]-phenyl-C,;-butyric acid methyl ester
(PC,;BM), have proven to be ideal acceptor materials and have
already been commercialized.®* Among the OSC donor mate-
rials, OSM materials have shown numerous promising advan-
tages over conjugated polymers in terms of well-defined
structure, easier purification, better batch-to-batch reproduc-
ibility and high charge carrier mobility.* In particular, an
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employing quinoxaline derivative as an electrophilic unit can compete with their polymer counterparts.

encouraging PCE of 11.30% has been achieved based on OSM
donor materials,® which is comparable to the PV performance of
the best polymers.® However, the overall performance of OSMs,
to date, is still behind those of their polymer counterparts.
Therefore, BH] OSCs based on OSMs still require intensive
investigation for the design of materials.

To design ideal OSM donor materials, the following issues
should be considered:” (I) possessing broad and strong
absorption via reducing the band-gap (Eg) of molecules, which
results in an increased short-circuit current density (Js.); (II)
lowering the highest occupied molecular orbit (HOMO) of
materials, which correlates with the improved open-circuit
voltage (Vi); (III) possessing better solubility, miscibility and
film-forming characteristics to improve the morphology of the
active layer and increase the fill factor (FF) of the PV device. To
address these issues, developing new D-A conjugated molecules
has become an effective strategy as the E, and energy levels of
D-A-type OSMs can be effectively tuned through chemical
structure modifications.® In our previous study, we found that
OSMs with alternating D-A conjugated configuration could
possess both lower HOMO level and narrow band-gap by tuning
their building blocks.” We have reported a D-m-A-1-D-type
OSM donor material, BDCTBT,' in which benzothiadiazole
(BT) as the A unit and TPA as the D unit were connected by a 7t-
bridge containing an acrylonitrile segment, and the chemical
structure of BDCTBT is shown in Fig. 1. In practical photovoltaic
testing, the devices based on BDCTBT as donor and PCs;BM as
acceptor exhibited a PCE of 3.85%,' and after subsequent
device optimization, a relatively high PCE of 4.84% was obtai-
ned.”” Our research demonstrates that D-A-D-type molecules

RSC Aadv., 2017, 7, 23779-23786 | 23779


http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra01859b&domain=pdf&date_stamp=2017-05-01
http://orcid.org/0000-0001-5107-1296
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra01859b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007038

Open Access Article. Published on 03 May 2017. Downloaded on 3/23/2026 10:07:28 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

Q NN
N\ /
RERPSasy « NSeSAY
RO OR
/BDCTBT
\ Ph  Ph
¥ . &
ch\ Sava l 20xW, é"b
ey

"
O

R=n-CgHyr

(TPACN),Qx

Fig. 1 Chemical structures of (TPACN),Qx and BDCTBT.

with a m-bridge containing an acrylonitrile segment are
a successful configuration for OSM donor material. To date, we
have found that the PCEs of solution-processed BHJ devices
based on D-A-D-type OSM with BT as the electrophilic core
have never exceeded 5%.5*>'* Based on above design concepts,
we synthesized a new D-A-D-type OSM named (TPACN),Qx as
shown in Fig. 1, in which the central A unit of BDCTBT was
replaced by a strong electron-withdrawing unit, which was 2,3-
diphenyl-substituted quinoxaline (Qx).

Quinoxaline, as one significant class of high performance
pigments, is widely considered as a promising building block
for OSCs due to the strong electron-withdrawing property of two
imine nitrogens and relatively stable quinoid geometry.” Qui-
noxaline derivatives can be easily structurally modified, and
their electronic properties can be changed with various
substituents. Among a wide variety of quinoxaline derivatives,
Qx has shown to be an easily synthesized excellent electron-
withdrawing unit for the synthesis of narrow band gap conju-
gated polymers used in high efficiency polymer solar cells
(PSCs).** Thus far, PSCs based on Qx have achieved promising
PCEs over 8% with careful device optimization.** In addition,
important progress has also been made on Qx-based dye
sensitized solar cells (DSSCs) with a PCE near 10%."> Although
Qx shows outstanding PV performance in PSCs and DSSCs, it
seems to be hysteretic in OSM solar cells.'® Consequently, we
believe that Qx-based OSMs possess tremendous development
potential for BHJ-OSCs.

Accordingly, (TPACN),Qx was designed and synthesized
successfully, and its photoelectric properties were fully investi-
gated. Remarkably, an excellent PCE of 6.25% has been achieved
for BHJ devices based on (TPACN),Qx as the donor and PC¢;BM
as the acceptor, which is the highest efficiency reported to date
for solution processed Qx-based OSM BHJ-OSCs. This study
clearly indicates that Qx-based OSMs possess great potential in
obtaining high performance for solution-processed PV devices.

Experimental
Reagents and materials

All reagents were purchased commercially and used without
further purification unless specified. All reactions were carried
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out with the standard Schlenk technique unless otherwise
indicated. Toluene and tetrahydrofuran (THF) were pretreated
over sodium/benzophenone under nitrogen atmosphere before
reaction.

Photovoltaic device fabrication

The BH]J device was fabricated via solution-processable spin-
coating process with a typical architecture of ITO/PEDOT:PSS/
donor:PCq;BM/AlL. The ITO-glass substrates were cleaned in an
ultrasonic bath in deionized water, methanol, acetone, toluene
and isopropanol for 5 min, successively. After being dried with
high pressure nitrogen gas-flow, a thin layer of poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT : PSS)
was spin-coated onto the pretreated substrate at 4000 rpm s~ for
60 s. After being baked at 120 °C for 15 min, all prepared
substrates were transferred into the nitrogen-filled glovebox.
Then, the blended solution of (TPACN),Qx and PCg;BM in
chloroform with various weight ratios was spin-coated on the top
of the prepared substrate at 1500 rpm s~ for 60 s. Finally, an
aluminium layer as the electrode was deposited on top of the
active layer by thermal evaporation under vacuum (ca. 10~* Pa),
yielding six individual cells with 5 mm? effective area for each.
The hole-only devices using high work-function metal gold (Au)
as the electrode for hole mobility measurement were fabricated
with a structure of ITO/PEDOT:PSS/donor:PCs;BM/Au.

Measurements and characterization

'"H-NMR and "C-NMR spectra were recorded by Bruker
AVANCE 1II 400 MHz spectrometer with CDCIl; as solvent and
tetramethylsilane (TMS) as internal standard substance. High
resolution mass spectra (HRMS) were recorded with a MALDI
Micro MX spectrometer. The UV-Vis absorption spectra of the
material in chloroform solution and in the film state were taken
on an Agilent Cary 5000 spectrophotometer. Cyclic voltammetry
(CV) experiments were conducted using a CHI610D electro-
chemical workstation from CH Instruments, Inc., and it was
performed in 0.1 M anhydrous Bu,NBF,/CH,Cl, solution at
a scan rate of 100 mV s~ ' under nitrogen atmosphere, using the
glass-carbon electrode, Ag/Ag" electrode (Ag in 0.1 M AgNO;
solution of MeCN) and platinum wire electrode as the working
electrode, reference electrode and counter electrode, respec-
tively. In addition, the ferrocene-ferrocenium (Fc/Fc') couple
was selected as the internal standard. Electrochemical band
gaps (Eg') and the pertinent energy levels (HOMO®Y and
LUMO®Y) could be achieved according to the following empir-
ical equations:'” HOMO®V/LUMO®Y = —[Egyreq — EL5° ™ +
4.8] eV and Eg' = LUMO®Y — HOMO®Y, where E,, was the
measured onset oxidation potential and E,.q was the measured
onset reduction potential relative to Ag/Ag", and Efyocne —
0.05 eV versus Ag/Ag’. Thermogravimetric analysis (TGA) was
carried out on a TA Instruments Q50 thermogravimetric
analyzer at a heating rate of 10 °C min "' under nitrogen
atmosphere. Differential scanning calorimetry (DSC) was per-
formed under nitrogen atmosphere at a heating/cooling rate of
10 °C min~" with a TA Instruments Q20 differential scanning
calorimeter. Atomic force microscopy (AFM) measurement was

This journal is © The Royal Society of Chemistry 2017
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conducted with a DI Nanoscope Dimension 3100 atomic force
microscope. The current density-voltage (/-V) characteristics of
PV devices were measured with a computer-controlled Keithley
2400 Source Measure Unit under simulated AM 1.5 G illumi-
nation with an intensity of 100 mW cm?, calibrated with
a standard silicon solar cell. The incident-photons-to-current
efficiency (IPCE) measurement was recorded on a SM-25
photoelectric conversion analyzer. The hole-mobility (up)
measurement of the material was performed with the Keithley
2400 Source Measure Unit system in dark. The u;, data can be
received by fitting the /-V curves in a double logarithmic scale
with a space-charge-limited current (SCLC) model according to
the Mott-Gurney law:*® ] = (9/8) &, & un(V?/L?), where J is current
density, ¢, is the permittivity of free space, ¢, is the relative
permittivity and assumed as approximately 3.0, uy is the hole
mobility value, Vis the effective voltage, and L is the thickness of
the active layer.

Synthetic procedures

The synthetic process of (TPACN),Qx is described in Scheme 1.

The quinoxaline-based acceptor (compound A) was synthe-
sized in six steps starting from commercially available 1,2-
benzenediamine following the procedures reported in liter-
ature.'®*?»'* Starting from the commercialized triphenylamine
as original material, a solution of POCIl; and N,N-dime-
thylformamide (DMF) was dropped carefully via Vilsmeier
reaction to obtain compound 1. Knoevenagel condensation
reaction of 4-bromophenyl acetonitrile and 4-(diphenylamino)
benzaldehyde was carried out using NaOH as a base in EtOH,
resulting in compound 2 in a yield of 91%. The donor unit
(compound D) was synthesized by Miyauraborylation of
compound 2 and bis(pinacolato)diborane in a yield of 81%.
Finally, (TPACN),Qx was prepared by Pd(PPhs;),-assisted Suzuki
coupling reaction of compound D and compound A in a yield of
90%. Detailed synthetic procedures and characterization are
given in ESL{ Mp: 290-293 °C. 'H-NMR (400 MHz, CDCl,):
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Scheme 1 Synthetic routes of (TPACN),Qx.
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6 8.10 (s, 2H), 7.78 (d, J = 8.0 Hz, 10H), 7.66 (m, 8H), 7.48-7.39
(m, 10H), 7.32 (t, ] = 8.0 Hz, 8H), 7.17-7.11 (m, 12H), 7.07 (d, ] =
8.0 Hz, 4H). *C-NMR (100 MHz, CDCl;): § 151.67, 149.99,
146.66, 146.63, 146.06, 140.90, 138.60, 137.14, 134.89, 133.84,
130.95, 130.73, 130.61, 129.60, 129.25, 128.27, 127.48, 126.47,
126.37, 126.08, 125.89, 125.77, 124.43, 123.33, 120.86, 118.69,
107.19. MALDI-TOF HRMS: 1187.3934 [M'] (caled for
CgoH55NgS,: 1187.3930).

Results and discussion
Material characterization and thermal properties

The chemical structure of the newly synthesized compound
(TPACN),Qx was confirmed by "H-NMR, "*C-NMR spectroscopy
and MALDI-TOF HRMS, as shown in the Experimental section.
These results are consistent with the proposed structure and
molecular weight. Furthermore, (TPACN),Qx possesses excel-
lent solubility in common organic solvents such as chloroform,
dichlorobenzene, and toluene, which meets the requirement for
solution-processable PV device fabrication.

The thermal stability properties of the material were investi-
gated first by means of thermogravimetric analysis (TGA). The 5%
weight loss temperature (T4) of (TPACN),Qx was determined from
TGA curves, as shown in Fig. 2(a). It exhibits particularly high
thermal stability with a T4 greater than 494 °C, which is 151 °C
higher than Ty of the reference compound BDCTBT as plotted in
the inset of Fig. 2(a). In addition, the thermal properties of
(TPACN),Qx were investigated by differential scanning calorim-
etry (DSC) analysis. Fig. 2(b) shows the DSC curves of (TPACN),Qx
at a heating/cooling rate of 10 °C min " under a nitrogen flow.
When (TPACN),Qx was heated, the endothermic peak due to the
melting temperature was observed at 319 °C. Cooling process
exhibited an opposite exothermic peak due to crystallization at ca.
227 °C, and the corresponding enthalpy was 78.8 k] mol~". The
larger crystallization enthalpy indicates that it has a tendency to
crystallize to keep its stability. In should be noted that the crys-
tallization of the materials in the active layer is beneficial to
charge separation and transport in PV applications.*®

Theoretical calculations

The computational analysis can be used to screen a variety of
OSMs and highlight some promising chemical structures to
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Fig. 2 (a) TGA curve of (TPACN),Qx at a heating rate of 10 °C min™!
under a nitrogen atmosphere. Inset: TGA analysis of BDCTBT as
a contrast. (b) DSC curves of (TPACN),Qx at a heating/cooling rate of
10 °C min~* under a nitrogen flow.
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pursue synthetically, which is also desirable for investigation of
the theoretical optical and electronic properties of new mate-
rials.”* In this study, we preliminarily predict the molecular
geometry and investigate the theoretical optical and electronic
properties of (TPACN),Qx with density functional theory (DFT)
and time dependent-density functional theory (TD-DFT) using
Gaussian 09 software with the Becke's three-parameter
gradient-corrected functional (B3LYP) with a polarized 6-
31G(d) basis set.”> The summary of the computational results is
represented in Fig. 3, with the calculated data of electronic
transitions included in the ESIf. The optimized geometry of
(TPACN),Qx and calculated dihedral angles are shown in
Fig. 3(a). According to the optimized molecular geometry, the
torsion angles between the Qx and thiophene units are ca. 14°,
resulting in the molecular backbone being slightly distorted
from planarity, and this distortion is a result of steric demand of
the molecular structure. As expected, the torsion angles
between the acrylonitrile linker and terminal TPA unit are only
ca. 4°, which depict a considerably coplanar structure. As we
know, the coplanar properties of the molecular backbone could
probably have a pronounced influence on the optical and
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Fig. 3 Theoretical computational analysis for (TPACN),Qx (a) opti-
mized ground-state geometry and dihedral angles; (b) calculated
energy levels and molecular orbital depictions; and (c) predicted
absorption spectrum and electronic transitions.
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electronic properties of materials. Herein, a theoretically effec-
tive intramolecular charge transfer (ICT) process between
terminal TPA and central Qx via the w-linker could be predicted.

The computational energy levels and molecular orbital
depictions are plotted in Fig. 3(b), with detailed electronic
transition data included in Table S1 of ESI{. The electronic
densities of the HOMO are highly distributed on the entire
molecular backbone without a significantly biased distribution,
whereas those of lowest unoccupied molecular orbital (LUMO)
are predominantly localized at the central electrophilic core
(Qx), revealing an apparent ICT process from the electron-
donating segment to the electron-withdrawing unit. Further-
more, the electronic densities of HOMO-1 are predominantly
located on their terminal segments with a greater proportion.
This feature reveals that the terminal TPA group could probably
play an important role in stabilizing the separated hole and
thus improve the hole transporting capacity.>® The calculated
energy levels of the HOMO”"" and LUMO""" are —4.72 eV and
—2.21 eV, respectively. Despite the error between theory and
experimental results, the computational analysis has proven to
be desirable for early design of new materials.**

The theoretical optical absorption spectrum of (TPACN),Qx
with the related electronic transitions is shown in Fig. 3(c).
Accordingly, two primary absorption bands were observed. The
long wavelength absorption band resulted from the first singlet
excited state, which could be attributed to the electron transi-
tion from HOMO to LUMO. The short one primarily resulted
from the sixth singlet excited state, which is a result of the
electron transition from HOMO to LUMO+2. Despite the
discrepancy between simulation and experiment caused by
solvent effects and intermolecular interactions and so on, the
computational results could provide important reference for the
experimental data.

Optical properties

The optical properties of (TPACN),Qx were studied using UV-Vis
absorption measurement. The absorption profiles in chloro-
form solution and in the film state are shown in Fig. 4 with the
corresponding optical data summarized in Table 1. This
compound exhibits two primary absorption peaks in a broad
absorption range covering 300-600 nm in solution and 300-
700 nm in film. Moreover, the quantitative measurement of
absorption in solution (inset of Fig. 4) shows that this
compound possesses strong absorption capacity with a high
molar extinction coefficient (¢) of 1.08 x 10 and 9.08 x 10* M ™"
cm ' at 433 and 482 nm, respectively. In comparison with the
ICT-induced maximum absorption peak in the long wavelength
(2*°) of (TPACN),Qx, the spectrum in the film state is greatly
broadened, and the ICT-induced absorption peak (21™) is red-
shifted 25 nm, indicating a strong intermolecular 77 inter-
action in the solid state. Accordingly, the optical band gap
(EgP") of (TPACN),Qx estimated with its absorption onset is
1.94 eV, which is smaller than EgP* of the reference compound
BDCTBT as listed in Table 1. This result is in accordance with its
experimental band gap via the electrochemical method.

Therefore, (TPACN),Qx obtained a smaller value of

©
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Fig. 4 Normalized UV-Vis absorption spectra of (TPACN),Qx in
chloroform solution and in the film state. Inset: quantitative
measurement of absorption spectra in chloroform solution at
a concentration of 1.0 x 107> mol L™,

EgP* compared to that of BDCTBT, which could probably
contribute to an efficient short-circuit current.

Electrochemical properties

To investigate the electrochemical property of (TPACN),Qx,
cyclic voltammetry (CV) measurement was carried out in 0.1 M
Bu,NBF,/CH,Cl, solution under the protection of nitrogen (the
experimental details are described in the Experimental section).
The cyclic voltammogram of (TPACN),Qx and corresponding
electrochemical energy-level diagram are depicted in Fig. 5,
with the pertinent data summarized in Table 1. The onset
oxidation potential (Ex) at 0.4 V is clearly observed in the anode
potential region as a result of the oxidation of the TPA unit. On
the other hand, the onset reduction potentials (E.q) at —1.48 V
are easily obtained in the cathodic potential region due to the
reduction of Qx as the electron-withdrawing core. The electro-
chemical energy levels (HOMO® and LUMO®) and band gap
(ES") could be calculated from Eoy and Ey.q (the calculation
methods are recorded in the Experimental section). Accord-
ingly, the HOMO®" of (TPACN),Qx is —5.15 eV, and the LUMO®Y
is —3.27 eV, resulting in a narrow EgCV of 1.88 eV. Therefore,
(TPACN),Qx obtained a smaller value of Eg" relative to that of
BDCTBT, which could be rationally ascribed to the strong
electron-withdrawing effect of Qx with electrophilic character-
istics. This result is in good agreement with the spectral data.
Herein, the improvement of J,. of the PV device will be expected
as a result of the decreased energy gap of (TPACN),Qx relative to
that of BDCTBT. The electrochemical energy level of
(TPACN),Qx together with PCs;BM was plotted in Fig. 5(b).
These results clearly indicate that this compound in principle
can behave as a donor in the BHJ PV device with PC4;BM as the
acceptor material.

Table 1 The optical and electrochemical data of (TPACN),Qx
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(a) Cyclic voltammogram of (TPACN),Qx in 0.1 M Bu4sNBF4/

CH,Cl, solution at a scan rate of 100 mV s *; (b) energy-level diagram
of the components for (TPACN),Qx-based photovoltaic device.

a)~ 8 b)100

( )"E -+ D:A =1:1 e
G 41 -« D:A=1:2 80
< -=D:A =1:3 S
E O = 60
z 4 4
7] a 40
£ B
- 12 20
= -12
£ 16
~ T T v T T v M
g 00 03 06 09 1.2 300 400 500 600 700

Voltage (V) Wavelength (nm)
Fig. 6 (a) J-V curves of the PV devices based on a blend of

(TPACN),Qx and PCg;,BM with varied D/A weight ratios (1: 1, 1: 2 and
1: 3) under an illumination of AM 1.5 G (100 mW cm™2); and (b) IPCE
spectra of the related devices.

Photovoltaic properties

To fully investigate the PV characteristics of (TPACN),Qx, the
BH] devices with a conventional structure of ITO/PEDOT:PSS/
(TPACN),Qx : PCs;BM/Al fabricated by a solution-
processed spin-coating technique. The optimization of
(TPACN),Qx and PC¢BM (D/A) weight ratios was studied in
particular; herein, the blend of (TPACN),Qx and PC¢BM with
varied weight ratios (1: 1,1 : 2 and 1 : 3) was performed. The J-V
curves of the devices with varied D/A weight ratios are shown in
Fig. 6(a), and the relevant PV parameters are listed in Table 2.
The initial device was fabricated from the blend solution of
(TPACN),Qx and PC¢;BM in a 1:1 (w/w) ratio, and it showed
a PCE of 3.53% with Jsc of 8.23 mA cm ™2, Vo of 0.94 V and FF of
0.46. After the D/A composition ratio was increased to 1 : 2 (w/w),
the PCE greatly increased to 6.25% with a high jsc of 14.08 mA
em™?, Vo of 0.95 V and FF of 0.47. A 5.09% drop in efficiency
was observed on increasing the fullerene loading at the D/A
composition ratio of 1 : 3 (w/w), with a decreased Jsc of 12.86
mA cm™ >, Voc of 0.92 V and FF of 0.43. Remarkably, the device
based on (TPACN),Qx : PCs;BM composition in a 1 : 2 weight

were

Compound 2°' (nm)/e M~ em™) AT () B (eV)

Eqx (V)/HOMO® (eV) Ered (V)/LUMO®Y (eV) By (eV)

(TPACN),Qx 433/108 338, 482/90 762 507

“ Data of the reference compound BDCTBT."
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1.94 (2.05)°

0.40/—5.15 ~1.48/-3.27 1.88 (1.99)°
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Table 2 The hole mobility data and PV parameters of devices based on blend of (TPACN),Qx and PCg;BM with varied D/A weight ratios

(TPACN),Qx : PC¢;BM

(w/w) pn (em®>V ~'sTh R, (Q cm?) Rgp, (kQ cm?) Jsc (mA em™?) Voc (V) FF PCE (%)
1:1 5.19 x 107° 25 0.26 8.23 0.94 0.46 3.53
1:2 1.29 x 107* 13 0.32 14.08 0.95 0.47 6.25
1:3 8.66 x 10° 20 0.30 12.86 0.92 0.43 5.09

ratio showed the optimal PV performance. This value is the
highest efficiency reported so far for a solution-processed OSM
PV-device using Qx as the electrophilic core. It should be noted
that high efficiency might be closely related to a more optimized
morphology of the active layer. The better PV performance of the
device with D/A ratio of 1:2 (w/w) was further supported by
atomic force microscopy (AFM) analysis of the blended
(TPACN),Qx : PC4;BM active layer (Fig. S14 in ESI}). Although all
the blend films with various D/A composition ratios (1: 1,1 : 2,
1:3, w/w) correspond to the favourable bicontinuous inter-
penetrating networks, the blend with a D/A ratio of 1 : 2 (w/w)
records the lowest surface roughness of 0.50 nm and the best
interpenetrating network due to its smooth and homogeneous
morphology, in agreement with its best PV performance. More-
over, the series resistance (Ry) of the device with D/A ratio of 1 : 2
was reduced from 25 Q cm 2 to 13 Q cm ™2, and the shunt
resistance (Rs,) was increased from 0.26 KQ cm™> to 0.32 KQ
cm %, which contributes to the slightly improved FF and PCE
values. The good performance of the (TPACN),Qx-based device
demonstrates that Qx is a type of effective central-acceptor
building block applied in OSM-PV materials.

Further experiment of PV characteristics was carried out with
incident photon-to-current efficiency (IPCE) measurement, as
shown in Fig. 6(b). All devices based on (TPACN),Qx with
various D/A composition ratios demonstrated significant
photon-to-current responses in the range of 300-700 nm with
the maximum IPCE of 96%, 79%, and 58% at around 350 nm,
91%, 79%, and 62% at around 410 nm and 62%, 60%, and 43%
at around 500 nm for D/A ratios of 1:2, 1:3 and 1:1,
respectively, which were in accordance with the trend of their
PCE values. In contrast, the device based on a D/A composition

400
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Fig. 7 J-V curves of the hole-only devices with different D/A
composition ratios in dark. Inset: the J—V curves at double logarithmic
scale, and the solid lines are fitting plots of the data points by a SCLC
model.
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ratio of 1 : 2 showed relatively high IPCE response, in line with
its best PV performance.

To deeply understand the optoelectronic properties of
(TPACN),Qx and have an insight into its PV performance, the hole-
only devices were fabricated and measured to obtain the hole-
mobility (uy,) with the space charge limitation of current (SCLC)
method (the details are described in the Experimental section).'®
The uy, is often regarded as one of the most important physical
parameters for the design of PV donors, and it can be achieved in
the dark with the structure of ITO/PEDOT:PSS/donor:PCg, BM/Au.
As a result, the J-V characteristics of the devices at different weight
ratios (1 : 1,1 : 2 and 1 : 3) are depicted in Fig. 7. Accordingly, the
fitting plots of the data points in the SCLC regime are depicted in
the inset of Fig. 7, and the u;, data can be derived in the region
with a slope of 2 as shown in Table 2.>° The pertinent uy, values are
5.19 x 107>, 1.29 x 10~ * and 8.66 x 10> cm* V ~* 57! for D/A
ratios of 1:1, 1:2 and 1 : 3, respectively, which keeps a consis-
tent trend with their Jsc and PCE values as expected. In contrast,
the device based on a D/A ratio of 1 : 2 possesses the optimal hole
transporting capacity, in agreement with the greatest w; value
among them. The results would probably give some valuable hints
on the PV performance of devices and provide an important guide
for developing new donor materials.

Conclusions

In summary, a novel D--A-t-D-type OSM donor material,
(TPACN),Qx, containing Qx as the electrophilic core, was
designed and synthesized for solution-processable OSCs. The
excellent PCE of 6.25% has been achieved based on an opti-
mized D/A ratio of 1:2 using a simple spin-coating process
from solution, which is the highest efficiency so far for solution-
processed Qx-core based OSM BHJ-OSCs. The good PV perfor-
mance is mainly attributed to the narrow E,, lower HOMO
energy level and high uy, value caused by the effective electron-
withdrawing property, relatively stable quinoid form of Qx and
high hole-mobility capacity of (TPACN),Qx-based devices. The
impressive result demonstrates that OSM donors employing
a quinoxaline derivative as the electrophilic unit can compete
with their polymer counterparts. This study clearly indicates
that Qx-based OSMs possess great potential for obtaining high
performance solution-processed PV devices. Further device
optimization is underway in our laboratory.
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