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A polymer donor based on difluoro-quinoxaline
with a naphthalimide substituent unit exhibits

a low-lying HOMO level for efficient non-fullerene
polymer solar cellsy
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The design and synthesis of polymer donors with a low-lying highest occupied molecular orbital (HOMO)
level are crucial for increasing open-circuit voltages (Vo) and achieving high-performance non-fullerene
polymer solar cells. Here, we developed two copolymers using non-fluorinated or fluorinated thienyl-
conjugated benzodithiophenes as electron donor units, and difluoro-quinoxaline with a naphthalimide
substituent (DNB) as the electron acceptor unit. These copolymers, namely PDNB and PDNB-2F,
exhibited deep HOMO levels owing to the strong electron-withdrawing ability of the naphthalimide
substituent. Density-functional theory calculations demonstrated that the skeletons of the two
copolymers featured good coplanarity. Owing to the fluorination, PDNB-2F displayed an increased
absorption coefficient and deeper HOMO level than PDNB. Moreover, the blended film based on PDNB-
2F:Y6 demonstrated enhanced carrier mobility, decreased bimolecular recombination as well as
favorable phase-separation regions. Consequently, the PDNB-2F:Y6-based device yielded a superior

Received 18th August 2023 power conversion efficiency (PCE) of 12.18%, whereas the device based on PDNB:Y6 showed
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Introduction

Non-fullerene polymer solar cells (NF-PSCs), which have an
active layer comprising a polymer donor and a non-fullerene
acceptor, possess unique advantages like flexibility, porta-
bility, and solution processability." In recent years, the effi-
ciency of NF-PSCs has exceeded 18%, benefiting from
significant improvements in non-fullerene acceptors, such as
Y6 and its derivatives. These derivatives exhibit robust and
extensive absorption profiles in the near-infrared region,
thereby increasing the short-circuit current density (Jsc) of
devices.®'® However, the current efficiency of NF-PSCs is still
not suitable for commercial applications. To further enhance
the performance of NF-PSCs, improving the open-circuit volt-
ages (Voc) of devices is vital. Constructing polymer donors with
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PCE of 8.83%.
a naphthalimide substituent is a prospective electron-deficient building block to develop donor polymers
with low-lying HOMO levels to achieve efficient non-fullerene polymer solar cells.

These results indicate that difluoro-quinoxaline with

lower HOMO energy levels is a viable approach, because the
offset between the LUMO of the acceptor and the HOMO of the
donor is directly linked to Voc.'” Several research studies have
enhanced the Voc of NF-PSCs by attaching electron-
withdrawing substituents, e.g. fluorine atoms, cyano groups,
or ester groups, to the electron-deficient building blocks.***
The difluoro-quinoxaline unit is commonly employed as an
electron-deficient central core to construct high-performance
donor (D)-acceptor (A) copolymers.?>?® Extensive studies have
focused on altering the difluoro-quinoxaline motif through the
attachment of electron-withdrawing substituents to adjust the
energy levels of copolymers. For example, the Zou group,*”** and
the Li group'* have developed several difluoro-quinoxaline-
based copolymers with alkoxy-substituted fluorobenzene or
alkyl-substituted fluorothiophene side chains to fine-tuning the
energy levels of copolymers. PCEs of 9-18% could be achieved
through the use of ITIC or Y6 as an acceptor. Moreover,
numerous researchers have reported that naphthalene imide is
an exceptional electron-withdrawing unit often used to construct
n-type semiconducting materials. Such as, Yan et al. developed
the naphthalene diimide-based copolymer N2200,** and using
N2200 as polymer acceptor to construct all polymer solar cells
could achieve PCE over 11%.%*" Jenekhe and co-workers reported
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on tetraazabenzodifluoranthene diimides-based molecular BFIs
as n-type organic semiconductors,*>** Park groups reported
dicyanodistyrylbenzene-based compound NIDCS as small
molecular acceptor for organic solar cells** and Wu groups
designed naphthalenothiophene imide-based copolymer PNTB
as polymer donor for organic solar cells with an efficiency of
16.72%.%° These materials exhibited HOMO energy levels that
were relatively low. Additionally, the naphthalene imide moiety
could enhance the planarity of molecular backbone, thus
improving carrier mobility. Considering the above, the use of the
naphthalene imide unit as an electron-withdrawing substituent
to develop difluoro-quinoxaline-based polymer donors has the
capability to significantly decrease the HOMO value.

In this work, we report two copolymers, namely PDNB and
PDNB-2F, which are derived from non-fluorinated or fluorinated
thienyl-conjugated benzodithiophenes (BDT and BDT-2F) as the
electron-donating component, and difluoro-quinoxaline with
a naphthalimide substituent as the electron-accepting compo-
nent (Fig. 1a). The difluoro-quinoxaline with a naphthalimide
substituent not only could downshift copolymer HOMO level,
but also the rigid and good planarity backbone could promote
intra-molecular charge transfer. Besides, the N-alkyl side chain
could guarantee good solubility of copolymers. The Eyomo for
PDNB and PDNB-2F were —5.49 and —5.60 eV, respectively, due
to the strong electron-withdrawing ability of the naphthalimide
substituent. DFT calculation results showed that both copoly-
mers possessed a well-defined coplanar structure. Owing to
fluorination, PDNB-2F displayed a greater absorption coefficient
compared to PDNB. When small-molecular acceptor Y6 was
used, PDNB-2F:Y6-based device yielded a maximum PCE of
12.18%, while PDNB:Y6-based device displayed a PCE of 8.83%.

CazHzs

10H21

View Article Online

Paper

The enhanced in PCE is related to the blended film based on
PDNB-2F:Y6 displayed enhanced carrier mobilities and appro-
priate morphology. This work highlights the significant potential
of using difluoro-quinoxaline with a naphthalimide substituent
as an electron-deficient motif for constructing efficient polymer
donors in NF-PSCs.

Results and discussion

Polymer synthesis route

Fig. 2 illustrated the synthesis pathway for PDNB and PDNB-2F,
and comprehensive synthetic procedures are provided in the
ESI.{ Compounds M6 and M7 or M8 were used to synthesize the
copolymers PDNB and PDNB-2F, respectively, by using Stille
coupling reaction. The number-average molecular weights (M},)
were calculated as 35.99 and 39.31 kDa with a polydispersity
indices of 2.43 and 2.73 for PDNB and PDNB-2F, respectively.
Thermogravimetric analysis (Fig. S9, ESIt) showed the onset
decomposition temperatures at 5% weight loss were 461.7 and
463.2 °C for PDNB and PDNB-2F, respectively, indicating that
the resultant copolymers displayed exceptional thermal
stability.

Photophysical and electrochemical properties

The absorption coefficient for PDNB and PDNB-2F in chloro-
form (CF) solution (concentration: 1 x 10> M) and as neat
films are presents in Fig. 3, and the corresponding values are
provided in Table 1. In solution, both PDNB and PDNB-2F
exhibited wide absorption spectra. The m-m* transitions were
associated with the short wavelength range, whereas the

Glass

Fig. 1
PDNB-2F, and Y6.
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(a) Chemical structure for PDNB, PDNB-2F, Y6 and PFN-Br. (b) Device architecture of NF-PSCs. (c) Energy-level diagram for PDNB,
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Fig. 3 Absorption coefficient spectra of solution and as neat films of (a) PDNB and (b) PDNB-2F.
Table 1 Photophysical and electronic properties of PDNB and PDNB-2F
Copolymers M, (kDa) PDI 259 ¢ (nm) Aflm  (nm) EP (eV) HOMO? (eV) LUMO (eV)
PDNB 35.99 2.43 775 785 1.58 —5.49 —-3.91
PDNB-2F 39.31 2.71 733 753 1.65 —5.60 —3.95

“ Estimated from copolymers film: Egpt = 1240/Agpeer. © Determined using

intramolecular charge-transfer characteristics corresponded to
the absorption peak at longer wavelengths."” The maximum
absorption coefficients in the solution were 4.52 x 10" and 5.69
x 10* M~" em ™" for PDNB and PDNB-2F, respectively. In the
solid state, the absorption spectra exhibited a slight redshift,
with absorption onsets at 785 and 753 nm for PDNB and PDNB-
2F, respectively. Additionally, the maximum absorption coeffi-
cients were 5.7 x 10* and 7.2 x 10* cm™" for PDNB and PDNB-
2F, respectively. These results suggest that fluorination

© 2023 The Author(s). Published by the Royal Society of Chemistry

cyclic voltammetry.

enhanced the extinction coefficient of copolymer, which is
favourable for improving the Jsc in corresponding device.

The HOMO energy levels of PDNB and PDNB-2F were
determine via the electrochemical cyclic voltammetry method.
The onset oxidation (E,,) potentials for PDNB and PDNB-2F
were 1.18 and 1.07 V, respectively (Fig. S10, ESIf). Conse-
quently, the Eyopmo were calculated as —5.49 and —5.60 eV for
PDNB and PDNB-2F, respectively. The E;ymo were determined
using equation Eyymo = Enomo + Eg¥'. Compared with PDNB,

RSC Adv, 2023, 13, 29035-29042 | 29037
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PDNB-2F exhibited downshifted HOMO levels, thereby leading
to higher V¢ in resulting NF-PSCs.

Theoretical calculations

DFT calculations were performed at the B3LYP level using the 6-
31G* basis set to analyze the electronic properties and deter-
mine the optimal geometries of the copolymers.*® Fig. 4 shows
that the copolymers exhibited well-distributed HOMO surfaces
on whole conjugated chain, while LUMO surfaces are primarily
concentrated on DNB unit (Fig. 4), suggesting that notable
charge transport occurred between the acceptor and donor
motifs. Moreover, the PDNB and PDNB-2F displayed dihedral
angles of 0.42° and 1.71° between DNB and thiophene unit,
respectively, and the dihedral angles of 3.04° and 2.48° occurred
between thiophene and BDT units for PDNB and PDNB-2F

(2)

(b)

e s !

HOMO -5.07 eV
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(Fig. S11, ESIf), indicating that the fluorine atoms on BDT
unit did not considerably affect planarity of the resulting
copolymer skeleton.

Photovoltaic properties

NF-PSCs were fabricated with a conventional geometry of ITO/
PEDOT:PSS/copolymer:Y6/PFN-Br/Al to evaluate the photovol-
taic performance of PDNB and PDNB-2F. The cathode interlayer
using poly[(9,9-bis(3-((N,N-dimethyl)-N-ethylammonium)
propyl)-2,7-fluorene)-ait-2,7-(9,9-dioctylfluorene)]dibromide

(PFN-Br) due to its ability to form an interfacial dipole that
promotes electron collection.’”*® The power conversion effi-
ciency of NF-PSCs were systematically optimized using
PDNB:Y6 in terms of spin coating speed, D-to-A weight ratios,
annealing temperatures, and additive ratio (Fig. S12-S17 and

LUMO -3.26 ¢V

Fig. 4 Energy levels of optimized geometries of one repeating unit for (a) PDNB and (b) PDNB-2F.
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Fig. 5 J-V characteristics (a) and EQE spectra (b) for copolymer:Y6-based NF-PSCs.
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Table 2 Photovoltaic parameters for PDNB:Y6 and PDNB-2F:Y6-based devices

Blend films Voc (V) Jsc (mA cm™?) Jsc (cal” (mA cm™) FF (%) PCE* (%) (max)
PDNB:Y6 0.795 16.97 16.57 65.47 8.83
PDNB-2F:Y6 0.870 22.45 21.78 62.37 12.18

“ PCE was obtained from 10 separate NF-PSCs. ” Integrated Jsc values from EQE spectra.

Tables S1-S4, ESIt). The optimal copolymer-to-Y6 ratio was
determined as 1:1.2 (w/w). The spin coating speed of blended
film was 1200 rpm. The blended films were fabricated using
a CF solution in the absence of additive, then thermal annealing
at 100 °C. Fig. 5a and Table 2 presents the /-V curves and
parameters of photovoltaic devices. PDNB:Y6-based device
exhibited a moderate PCE of 8.83%, Jsc of 16.97 mA cm ™2, Voc
of 0.795 V, while PDNB-2F:Y6-based device yielded a remarkably
enhanced PCE of 12.18%, Jsc of 22.45 mA cm ™2, Vo of 0.870 V.
The enhanced Voc and Jsc of PDNB-2F:Y6-based device are
attributable to the deeper HOMO level and higher absorption
coefficient of copolymer PDNB-2F.

The external quantum efficiency (EQE) spectra of NF-PSCs
are shown in Fig. 5b. PDNB:Y6 and PDNB-2F:Y6-based NF-
PSCs displayed photo-responses from 300 to 900 nm. PDNB-
2F:Y6-based NF-PSCs exhibited stronger EQE responses than
the device based on PDNB:Y6 in the range of 300-800 nm,
consistent with the greater Jsc of the former. Moreover, the
integrated Jsc values were 16.57 and 21.78 mA cm > for
PDNB:Y6 and PDNB-2F:Y6-based devices, respectively, which
aligns with the values achieved from J-V curves.

Charge generation, transport, and recombination

To clarify the distinctions performance of PDNB:Y6 and PDNB-
2F:Y6-based devices, the charge dissociation and collection
properties of these two copolymer-based devices were estimated
using photocurrent density J,, (Jon =Ji. —Jp) and effective voltage
Veer (Vert = Vo — Vbias) Curves, where V; is the voltage at Jpj, is zero
and Vyias is the applied bias, Jp and J;, denote dark and light
current densities, respectively.” Fig. 6 shows that J, reaches

—e—PDNB:Y6
—=—PDNB-2F:Y6

10.1 1
Ver(V)

Fig. 6 Jon—Vesr curves of PDNB:Y6 and PDNB-2F:Y6-based devices.

© 2023 The Author(s). Published by the Royal Society of Chemistry

saturation current (Js,) at a Ve value greater than 2 V, indicating
that the photogenerated excitons separated into free charges. The
charge seperation probability P(E,T) can be calculated by the ratio
of JonlJsat (Table S71).** The P(E,T) values were 93.5% for
PDNB:Y6-based device and 94.4% for PDNB-2F:Y6-based device
under Jsc conditions, implying the device based on PDNB-2F:Y6
possessed highly efficient excitons separation and charge
extraction properties, consistent well with its higher Jsc.

The carrier mobilities of blend films were measured by using
the SCLC method to study the charge transport properties of the
devices (Fig. S18, ESIt).* The detailed values are presented in
Table 3. The hole mobility (uy)/electron mobility (ue) values of
PDNB:Y6- and PDNB-2F:Y6-based blended films were 1.18 x
107%2.23 x 10 * and 1.52 x 10 */2.47 x 10* em® V' 57},
respectively. Thus, PDNB-2F:Y6-based blended film displayed
greater and a better u./up balance than PDNB:Y6-based blended
film, leading to the higher Jsc in PDNB-2F:Y6-based device.
Moreover, a photoluminescence quenching experiment was
carried out to investigate exciton dissociation and charge
transfer in blend films (Fig. S19, ESIf). The quenching of the
photoluminescence intensity of PDNB-2F:Y6-based blended
film is more pronounced than that of PDNB:Y6-based blended
film, indicating more efficient exciton dissociation and charge
transfer in PDNB-2F:Y6-based blend film. These findings are
consistent with the enhanced PCE of PDNB-2F:Y6-based device.

Furthermore, to evaluate the bimolecular recombination
behaviour of NF-PSCs, the dependence of Jsc on light intensities
(Prignt) was conducted (Fig. 7a). The relationship between Pyigh¢
and Jsc can be expressed as Jgc (Pnght)s . In general, the devices
exhibited minimal bimolecular recombination when the S value
approaches 1.*> The S values were 0.988 and 0.991 for device
based on PDNB:Y6 and PDNB-2F:Y6, respectively. The PDNB-2F-
based device exhibited a higher S value, indicating bimolecular
recombination could be effectively suppressed in its device,
which corresponds to the improved Jsc. Additionally, Fig. 7b
illustrates the Pjgp versus Voc curves to study recombination
processes of NF-PSCs. The slopes derived from the curves of
PDNB:Y6 and PDNB-2F:Y6-based NF-PSCs were 1.25 and 1.01
kT/q, respectively, indicating reduced charge recombination in
the PDNB-2F:Y6-based device.*

Table 3 Carrier mobilities of PDNB:Y6 and PDNB-2F:Y6-based
devices

Blended films tn (em®>Vv's™h te (em®> Vs Heltny
PDNB:Y6 1.18 x 10°* 2.23 x 10°* 1.89
PDNB-2F:Y6 1.52 x 10°* 2.47 x 10°* 1.62

RSC Adv, 2023, 13, 29035-29042 | 29039
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Fig. 8 AFM height images of PDNB:Y6-based (a) and PDNB-2F:Y6-based (b). TEM images of PDNB:Y6-based (c) and PDNB-2F:Y6-based (d) of

the optimal blended films.

Morphology investigation

To analyze the morphologies of the blended films, atomic force
microscopy (AFM) and transmission electron microscopy (TEM)
measurements were performed. Fig. 8a and b illustrate PDNB:Y6
and PDNB-2F:Y6 displayed discernible surface morphologies,
characterized by root mean square values of 5.13 and 1.26 nm,
respectively. Compared to PDNB:Y6-based blended film, PDNB-
2F:Y6-based blended film exhibited a sleek and uniform
surface, which facilitated charge separation and collection, ulti-
mately leading to a higher Jsc.** Moreover, we conducted TEM
measurements to study the morphologies of the optimal active
layers. PDNB:Y6-based blended film exhibited large phase
domains, whereas PDNB-2F:Y6-based blended film displayed
a more suitable nanoscale phase separation morphology (Fig. 8c
and d). This favorable morphology contributed to efficient exci-
tons separation and charge transportation, thereby enhanced the
Jsc in PDNB-2F:Y6-based NF-PSCs.

Conclusion

We reported two copolymers, namely PDNB and PDNB-2F,
based on BDT or BDT-2F, as the donor motif and difluoro-
quinoxaline with naphthalimide substituent as the acceptor
motif. The two copolymers exhibited downshifted HOMO

29040 | RSC Adv, 2023, 13, 29035-29042

energy levels. PDNB-2F exhibited a higher absorption coeffi-
cient than PDNB. NF-PSCs based on PDNB-2F:Y6 gave the
maximum PCE of 12.18%, V¢ of 0.87 V, whereas the device
based on PDNB:Y6 showed a PCE of only 8.83%. The enhanced
performance of was due to weaker bimolecular recombination,
enhanced carrier mobilities, and favorable morphology in the
PDNB-2F:Y6-based blended film. The results demonstrate that
using difluoro-quinoxaline with a naphthalimide substituent as
an electron-deficient unit is a promising approach to fabricate
electron donors with downshifted HOMO levels for efficient NF-
PSCs.
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