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hain of a non-fullerene acceptor
enables efficient organic solar cells with reduced
recombination loss and energetic disorder†

Guangkun Song,‡a Yuzhong Huang,‡b Fangfang Huang,b Xiangjian Wan, b

Chenxi Li,b Zhaoyang Yao,b Yongsheng Chen *b and Yanhui Hou*a

Suppressing intramolecular vibration of non-fullerene acceptors (NFAs) by molecular rigidification has been

proven to be an effective way to reduce the non-radiative recombination loss and energetic disorder of

organic solar cells (OSCs). Thus far, extensive attention has been drawn on rigidifying the fused-ring

backbones of NFAs, whereas the highly flexible alkyl side chains are barely concerned. Herein, an

effective strategy of side chain rigidification by introducing a spiro-ring is developed for the first time and

applied to construct the NFA of Spiro-F. Compared to its counterpart F-2F, the rigid spirocyclic side

chain can constrain the vibrational–rotational motion and control the orientation of two highly flexible

n-octyl chains effectively. As a result, an optimal molecular packing with enhanced intermolecular

actions and lower energetic disorder is achieved by Spiro-F, endowing the OSC based on the as cast

blend of PM6:Spiro-F with a significantly improved PCE of 13.56% and much reduced recombination loss

compared to that of PM6:F-2F. This work provides a feasible strategy to achieve efficient OSCs through

the rigidification of the side chain and could boost the PCEs further if applied to some other efficient

systems with smaller bandgaps.
Introduction

Organic solar cells (OSCs) as a green photon-to-current
conversion technology have been extensively investigated
owing to their excellent merits of light weight, mechanical
exibility, potential low cost etc.1–3 Due to the rapid develop-
ment of acceptor–donor–acceptor4 (A–D–A) type non-fullerene
acceptors (NFAs), especially the emergence of super-star Y6
and its analogs, the current certied efficiencies of more than
18% (ref. 5–10) and 20% (ref. 11) have been reached by single-
junction and multi-junction OSCs, respectively. In spite of the
rapidly increasing PCE of OSCs, there is still a huge efficiency
gap between OSCs and perovskite solar cells or inorganic silicon
solar cells due to the much higher energy loss (Eloss) of OSCs in
the charge generation process compared to that of the other two
counterparts.12,13 Note that the best-performing inorganic solar
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cell displays a very low Eloss in gallium arsenide (0.32 eV) and
crystalline silicon (0.38 eV),14 while the record value for perov-
skite solar cells is 0.34 eV.15 In sharp contrast, the state-of-the-
art OSCs still suffer from a much larger Eloss in the range of
0.6–0.9 eV (ref. 16) than that of not only the inorganic or
perovskite counterparts, but also the ideal value of 0.25–0.30 eV
predicted by Shockley–Queisser (SQ) theory.17 Therefore, for the
sake of further improving PCEs of OSCs, the last but probably
most crucial challenge confronted by OSCs should be sup-
pressing Eloss to reach comparable open-circuit voltage (VOC) to
that of inorganic solar cells with the similar bandgaps (Eg). For
instance, if reducing the Eloss of OSCs towards similar values
0.4 eV or less to that of PSCs etc., over 20% PCEs could be
achieved immediately based on our semi empirical model.18

Unfortunately, despite the signicant progress having been
made thus far,4 it is still unclear in mechanism or lack of
effective routes to reduce Eloss greatly in OSCs.

Extensive theoretical investigations have indicated that the
non-radiative recombination from the lowest-energy charge-
transfer (CT) state to ground states (GS) at donor (D)/acceptor
(A) interfaces should account for the majority of energy loss in
OSCs,19,20 which is tightly related to the intramolecular vibra-
tions of light-harvesting molecules.21–24 Moreover, organic
semiconductors generally possess the relatively larger energetic
disorder than that of inorganic semiconductors, resulting in
a substantial broadening of electronic density of states
(DOS)25–27 which is reected in the absorption of CT states at the
RSC Adv., 2022, 12, 6573–6582 | 6573
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D/A interface.17 Note that the enlargement of energetic disor-
ders, and thus the broadening of DOS could invariably lead to
the larger recombination loss including not only the non-
radiative but also radiative energy loss.28–31 The features of CT
states are closely related to the components with small bandgap
in the D/A blends,32 indicating that the structure of NFAs is very
crucial in reducing energy losses of OSCs due to its dominant
role in harvesting low-energy photons. Generally, the state-of-art
NFAs usually possess an A–D–A type of molecular architecture,
which contributes to not only their superior exciton separation
and charge transport, but also the potential to greatly reduce
charge generation incurred Eloss.33 Therefore, a lot of structural
modications on NFAs, especially the rigidication of back-
bones through fused ring strategy to constrain the intra-
molecular vibrations,24,34–40 have been explored for mitigating
the recombination loss and improving PCEs of OSCs success-
fully. Note that the highly exible side chains, e.g. alkyl chains,
are widely employed in both NFAs and polymeric donors to
increase the solubility of materials. However, the resulting
severe intramolecular vibrational–rotational motion may cause
undesirable molecular packing and more importantly increase
the energetic disorders, thus enlarging the recombination
loss.41 Although extensive side chains engineering has been
conducted thus far, they are mainly focusing on the length or
isomerization of aliphatic chains, where the impact of exibility
has not been investigated.42–44 Thereby, unveiling the potentially
signicant effects of side chain exibility/rigidication on
energy losses of OSCs and more importantly, exploring the
effective strategies to reduce energy losses should be highly
demanded in the studies of OSCs. Note that the above issue still
confronts great challenges in terms of molecular design/
Fig. 1 The chemical structures and optimized geometries of (a) F-2F an

6574 | RSC Adv., 2022, 12, 6573–6582
synthesis and very few attentions have been drawn on that so
far.

In this work, an effective strategy of side chain rigidication
by introducing spiro-ring structure is developed for the rst
time and applied to our previously reported NFA of F-2F45 to
construct the target Spiro-F (Fig. 1a). As a result, the spirocyclic
side chain on Spiro-F reduces its degree of freedom for vibra-
tional–rotational motion and tunes its orientation, leading to
a red-shied lm absorption, further enhanced intermolecular
packing and more importantly reduced energetic disorder with
respect to those of the control molecule F-2F. When blending
with a well-known polymer donor PM6, the OSCs employing
Spiro-F as the acceptor achieves an impressive PCE of 13.56%
compared with 12.67% of the control molecule F-2F based
OSCs, along with an overall ungraded Jsc and FF. What is more
important, a signicantly suppressed Eloss was achieved for
Spiro-F based OSCs with respect to that of F-2F, demonstrating
the effectiveness of side chain rigidication as a feasible
strategy to reduce Eloss of OSCs.

The synthetic route to Spiro-F was shown in Scheme 1 and
the detailed procedures and characterizations were presented
in the (ESI†). 2,3-Dimethylbuta-1,3-diene (1) was rstly reacted
with n-BuLi and t-BuOK at room temperature and following by
addition of 1-bromoheptane to afford compound 2 in a good
yield (86%). Then compound 2 underwent a borohydride
oxidation at the present of B2H6 and H2O2 to generate
compound 3, in which the two hydroxy groups were subse-
quently protected by OTs-groups through reacting with tosyl
chloride to yield compound 4 with an excellent yield of 91%.
Compound 4 was further dissolved in acetonitrile and reacted
with lithium bromide to give 9,10-bis(bromomethyl)octadecane
5 (yield: 74%). Then at the present of KOH, 2,7-dibromo-9H-
d (b) Spiro-F from top view and side view.

© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra00253a


Scheme 1 The synthetic route to Spiro-F.
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uorene (6) was performed a very high yield (92%) alkylation
using compound 5 as the alkylating regent to obtain compound
7. Furthermore, compound 7 underwent a halogen–lithium
exchange with n-butyllithium at a cryogenic temperature and
then transformed to its correlated boric acid ester (8), which was
reacted with ethyl 2-bromothiophene-3-carboxylate directly via
the Suzuki cross-coupling to afford compound 9 in an overall
yield of 83%. Later, compound 9 was hydrolyzed with NaOH as
the catalyst, and the hydrolysate was thoroughly acidied with
an aqueous hydrochloric acid (1 M) to give compound 10 almost
quantitatively. Thereaer, an intramolecular Friedel–Cras
acylation of compound 10 with oxalyl chloride was carried out
with the catalysis of acidic AlCl3 to generate the diketone
compound 11, which was further transformed into compound
12 by a reduction using hydrazine. Then the alkylation of
compound 12 using 1-bromooctane as the alkylating regent was
conducted to afford compound 13with amoderate yield of 67%,
which was further converted into its corresponding dialdehyde
(14) via the Vilsmeier–Haack reaction. Eventually, the target
A–D–A type NFA Spiro-F was afforded with a decent yield of 78%
through a condensation reaction between above dialdehyde and
2-(5,6-diuoro-3-oxo-2,3-dihydro-1H-inden-1-ylidene)
malononitrile. The chemical structures of key intermediates
and target Spiro-F were characterized and conrmed by 1H and
13C NMR spectra (Fig. S8–S18 in ESI†), and high-resolution
mass spectrometry (Fig. S18 in ESI†). Note that Spiro-F exhibi-
ted good solubility in widely used organic solvents, such as
dichloromethane, chloroform and chlorobenzene, in favor of its
solution-processing during the device fabrication.

Fig. 1a displayed the chemical structures of F-2F and Spiro-F.
Note that both NFAs possess the same uorene based conju-
gated backbones, enabling spirocyclic side chain the only
© 2022 The Author(s). Published by the Royal Society of Chemistry
difference, so that the side chain effects on energy levels,
absorptions, molecular packing, lm morphology, even PCEs of
OSCs can be clearly investigated below. Density functional
theory (DFT) calculations at single molecular level were rstly
performed to evaluate the variation of frontier molecular orbital
energy levels aer introducing the spirocyclic side chain. As it
can be expected, both the distributions of frontier molecular
orbitals and the corresponding energy levels are not affected by
spirocyclic side chain due to the unconjugated property of
spiro-rings, thus affording the same highest occupied molec-
ular orbitals (HOMOs) of �5.65 eV and lowest unoccupied
molecular orbitals (LUMOs) of�3.45 eV for both F-2F and Spiro-
F (Fig. S1†). However, the plane of introduced spiro-ring is
perpendicular to the uorene backbone as observed obviously
from the geometry of Spiro-F (Fig. 1b), restricting the orienta-
tion of two n-octyl groups. This constraint molecular confor-
mation may result in more ordered and tighter intermolecular
packing of Spiro-F than that of F-2F, which should be benecial
to better carrier transportation, lower energetic disorders,
smaller recombination loss, and eventually higher PCE of OSCs.

In order to investigate the absorption change of NFAs aer
substituting by spirocyclic side chain, UV-Vis spectra of F-2F
and Spiro-F in diluted chloroform solutions and nest lms were
recorded in Fig. 2a. Both F-2F and Spiro-F possess almost the
identical absorption with the maximum absorption peaks
lsolmax at 677 and 678 nm, respectively, which can be expected
from the same energy levels and bandgaps predicted by the DFT
calculation at single molecular level. Note that the greatly red-
shied maximum absorption peaks llmmax can be observed for
both F-2F and Spiro-F from solutions to solid lms, indicating
the strong intermolecular interactions.46,47 What is more inter-
esting, the as cast solid lm of Spiro-F displays the llmmax at
RSC Adv., 2022, 12, 6573–6582 | 6575

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra00253a


Fig. 2 (a) Normalized absorption spectra of F-2F and Spiro-F in diluted solutions of chloroform and neat films. (b) Normalized absorption spectra
of PM6:F-2F and PM6:Spiro-F based blend films. (c) Energy level diagram of PM6, F-2F and Spiro-F derived from the electrochemical cyclic
voltammetry. (d) TheOSCwith an architecture of ITO/ZnO/PFN-Br/active layer/MoOx/Ag. (e) EQE curves and (f) current density–voltage (J–V) of
the optimized devices.
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727 nm, bathochromically shied by nearly 27 nm comparing to
that of 700 nm for F-2F, suggesting the enhanced intermolec-
ular p–p stacking of Spiro-F with a rigid spirocyclic side chain.48

Furthermore, the absorption edge (lonset) of Spiro-F is located at
799 nm, also signicantly redshied with respect to that of
773 nm for F-2F, corresponding to the optical bandgaps of 1.55
and 1.60 eV, respectively. Note that the polymeric donor PM6 49

has been selected as the best to blend with F-2F according to our
previous work,45 therefore we further measured the absorption
of blend lms of PM6:F-2F and PM6:Spiro-F (Fig. 2b). As it can
be observed that both NFAs show the complementary absorp-
tion with PM6, rendering an efficient light harvesting in a broad
range of 500–800 nm.

The experimental energy levels of F-2F and Spiro-F in solid
states were investigated by electrochemical cyclic voltammetry
(CV) measurements (Fig. S2†). As shown in Fig. 2c, the similar
LUMO energy levels of �3.93 eV and �3.92 eV can be observed
by Spiro-F and F-2F, respectively. However, the HOMO energy
level of Spiro-F can be estimated at �5.76 eV, having a nearly
0.1 eV unshiing comparing to that of �5.86 eV for F-2F.
Table 1 Optical properties and electronic energy levels of F-2F and Spi

Comp. lsolmax [nm] llmmax [nm] HOMO [eV]

F-2F 677 700 �5.86
Spiro-F 678 727 �5.76

a The energy gap derived from CVs. b The optical bandgap estimated from

6576 | RSC Adv., 2022, 12, 6573–6582
Therefore, the energy gap of Spiro-F could be calculated as
1.83 eV, smaller than that of 1.94 eV for F-2F, which is in good
accordance with the redshied absorption of Spiro-F lm. The
detailed parameters for optical absorption and energy levels
were listed in Table 1 for a clear comparison.

To evaluate the photovoltaic properties of the two acceptors,
bulk heterojunction OSCs with a device structure of ITO/ZnO/
PFN-Br/active layer/MoOx/Ag (Fig. 2d) were fabricated. In the
device optimization, polymer PM6 was used as the donor, in
considering its well complementary absorption and matched
energy levels with both F-2F and Spiro-F. The detailed data of
device optimization were listed in Tables S1 and S2 in ESI.†
Fig. 2e displayed the external quantum efficiencies (EQEs) of F-
2F and Spiro-F based OSCs. Among them, over 80% EQE can be
achieved in a broad range of 490–725 nm for Spiro-F based
OSCs, indicating the efficient photon harvesting, exciton
dissociation, charge transport and collection. Therefore, the
Spiro-F based OSCs afford a much larger integrated Jsc of 18.89
mA cm�2 than that of 17.96 mA cm�2 for F-2F, in good accor-
dance with the redshied absorption of Spiro-F.
ro-F

LUMO [eV] ECVg
a [eV] lonset [nm] Eoptg

b [eV]

�3.92 1.94 773 1.60
�3.93 1.83 799 1.55

the absorption onset.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Photovoltaic performance parameters of OSCs based on PM6:F-2F and PM6:Spiro-Fmeasured under the illumination of AM 1.5G (100
mW cm�2)

Devices VOC [V] Jsc [mA cm�2] FF [%] PCE [%]

PM6:F-2F 0.913 (0.913 � 0.02)a 18.63 (18.27 � 0.29) 74.49 (75.30 � 0.63) 12.67 (12.55 � 0.19)
PM6:Spiro-F 0.912 (0.909 � 0.03) 19.45 (19.37 � 0.28) 76.35 (75.69 � 0.69) 13.56 (13.31 � 0.19)

a The values in parenthesis are average parameters obtained from 10 devices.
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Fig. 2f recorded the current density–voltage (J–V) curves of
OSCs based on F-2F and Spiro-F. For a clear comparison, the
related photovoltaic parameters of OSCs were summarized in
Table 2. The OSC based on PM6:F-2F blend exhibits a good PCE
of 12.67% with a VOC of 0.913 V, short-circuit current density
(Jsc) of 18.63 mA cm�2 and ll factor (FF) of 74.49%, which is
comparable to that reported in our previous work.45 Aer
replacing the two n-octyl groups on uorene of F-2F with a spi-
rocyclic alkyl chains, it is worth noting that the OSC based on
PM6:Spiro-F blend exhibits an impressive PCE of 13.56% with
a comparable VOC of 0.912 V. However, both upgraded Jsc of
19.45 mA cm�2 and FF of 76.35% with respect to that of PM6:F-
2F based OSCs. In comparison with the OSCs based on F-2F, the
enlarged Jsc of Spiro-F should be mainly ascribed to the
redshied absorption, which agrees well with the integrated Jsc
from the EQE spectrum. The improved FF of Spiro-F based
device should be attributed to the spirocyclic alkyl chains,
which can result in the tighter intermolecular packing,
Fig. 3 (a) Jph versus Veff plots. (b) Light intensity (P) dependence of Jsc
PM6:F-2F and PM6:Spiro-F based OSCs. (d) The hole (mh) and electron

© 2022 The Author(s). Published by the Royal Society of Chemistry
improved and well-balanced charge mobilities discussed below.
The greatly improved PCE of Spiro-F based OSCs indicates the
effectiveness of introducing rigid spirocyclic alkyl chains to
boost the efficiency of OSCs.

In order to reveal the origin of improved Jsc and FF for Spiro-
F based OSCs, the exciton dissociation efficiencies (Pdiss) were
rstly evaluated by measuring the photocurrent densities (Jph)
versus effective voltages (Veff) plots for the optimized devices
(Fig. 3a). The Jph is obtained from the formula of Jph ¼ JL � JD,
where JL and JD are the current densities under illumination and
in the dark, respectively. Veff is dened as V0 � V, where V0 is the
voltage when Jph is zero and V is the applied voltage.50 It is
supposed that all photogenerated excitons would be dissociated
into free carriers at Veff ¼ 2 V where the photocurrent reaches
saturation condition (Jsat). Therefore, the Jph/Jsat ratio can be
used to characterize the exciton dissociation and charge
collection efficiency. Under short circuit conditions, the Jph/Jsat
values for F-2F and Spiro-F based OSCs are 97% and 96%,
and (c) light intensity (P) dependence of VOC plots for the optimized
(me) mobilities of PM6:F-2F and PM6:Spiro-F devices.

RSC Adv., 2022, 12, 6573–6582 | 6577
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respectively, indicating the highly efficient exciton dissociation
in both devices. Furthermore, the dependence of Jsc on the light
intensity (P) has been performed to investigate the bimolecular
recombination of OSCs51 (Fig. 3b). The relationship between Jsc
and P follows the equation of Jsc f Pa, and the bimolecular
recombination can be regarded as negligible when a is close to
unit.51 As shown in Fig. 3b, the a values of the optimized PM6:F-
2F and PM6:Spiro-F devices are 0.961 and 0.968, respectively.
The indicative negligible charge recombination will be in favor
of the high VOC and FFs for both devices. Thereaer, Fig. 3c
recorded the VOC dependence of light intensity (P) for the
optimized OSCs to evaluate the trap-assist recombination. The
slopes (S) of VOC versus the natural logarithm of P were calcu-
lated to be 1.40 and 1.26 kT/q for PM6:F-2F and PM6:Spiro-F
based OSCs, respectively. The smaller slope for PM6:Spiro-F
based OSCs indicates the lower trap-assisted recombination
loss,52 which can be further conrmed by its lower energetic
disorders below.

The dynamics of free charge were further investigated by
employing transient photocurrent (TPC) and transient photo-
voltage (TPV) measurements in Fig. S3,† respectively, to unveil
the carrier transport chrematistics in PM6:F-2F and PM6:Spiro-
F blends. Among them, TPCs were measured at the short circuit
condition and can reveal the charge extraction process of
OSCs.53 As displayed in Fig. S3a,† the PM6:Spiro-F device
demonstrates a faster charge extraction (0.99 ms) comparing to
that of PM6:F-2F device (1.03 ms), which is benecial for the
charge transport in blend lms45 and also in good agreement
with the improved charge mobility of PM6:Spiro-F device
Fig. 4 AFM images for (a) PM6:F-2F blend film and (b) PM6:Spiro-F blend
PM6:Spiro-F blend. (e) In-plane (red lines) and out-of-plane (blue lines)

6578 | RSC Adv., 2022, 12, 6573–6582
discussed below. On the other hand, the TPV measurement
could disclose the charge recombination kinetics in OSCs.54 As
shown in Fig. S3b,† the PM6:Spiro-F device possesses a longer
carrier lifetime of 52 ms than that of 38 ms for PM6:F-2F device,
indicating a suppressed charge recombination in PM6:Spiro-F
based OSCs.55 Moreover, the charge carrier transport ability
including the electron mobility (me) and hole mobility (mh) of the
blended lms were estimated by the space-charge limited
current (SCLC) method56 (Fig. S4 and S5†). As shown in Fig. S4,†
the electron mobilities of the neat lms for F-2F and Spiro-F are
1.51 and 2.25 cm2 V�1 s�1, respectively. The slightly increased
electron mobility of Spiro-F should be attributed to its rigid
spirocyclic side chain. As displayed in Fig. 3d, the PM6:F-2F
based device exhibits a hole and electron mobility of 2.84 �
10�4 and 1.48 � 10�4 cm2 V�1 s�1, respectively, rendering a mh/
me ratio of 1.92. Note that for the PM6:Spiro-F based device,
a similar hole mobility of 2.92 � 10�4 cm2 V�1 s�1, but much
larger electron mobility of 2.32 � 10�4 cm2 V�1 s�1 can be
achieved with respect to that of PM6:F-2F, resulting in a more
balanced mh/me ratio of 1.26. Apparently, the higher and more
balanced charge mobilities for the PM6:Spiro-F blend may be
caused by the more ordered molecular packing of Spiro-F with
a rigid spirocyclic alkyl side chain, and should account for the
improved FF of Spiro-F based device. Note that all the param-
eters discussed above have been summarized in Table S3† for
a clear presentation.

The introduction of rigid spirocyclic alkyl chain on Spiro-F
will inevitably result in the variation of microscopic morphology
of the active layer, which should play a dominant role in the
film. Two dimensional GIWAXS patterns for (c) PM6:F-2F blend and (d)
line cuts of the corresponding GIWAXS patterns.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) The total energy losses analysis in OSCs. (b) EQEEL of the
devices based on the as-cast PM6:F-2F and PM6:Spiro-F blended
films. (c) Radiative and non-radiative energy losses in the OSCs studied
here. (d) FTPS-EQE of the PM6:F-2F and PM6:Spiro-F based devices at
the absorption onset.
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improved Jsc, FF and thus PCE for Spiro-F based OSCs discussed
above. Therefore, it is crucial to unveil the morphology change
of active layers from PM6:F-2F to PM6:Spiro-F at a level of
nanoscale. Fig. 4a and b exhibited the images of atomic force
microscope (AFM) for PM6:F-2F and PM6:Spiro-F blends,
respectively. The relatively smooth surface can be observed by
both PM6:F-2F and PM6:Spiro-F blends with a root-mean-
square (RMS) roughness of 1.57 and 1.32 nm, respectively,
due to the good miscibility of PM6 with both F-2F and Spiro-F.
The smooth surface morphologies in both blended lms will be
benecial for the effective contact between active layer and
electrode, and thus efficient interfacial charge transfer.

The introduction of a rigid spirocyclic alkyl side chain on
central uorene unit of Spiro-F should affect the intermolecular
packing markedly, thereby the grazing incidence wide-angle X-
ray diffraction (GIWAXS) was further carried out to study the
molecular packing and orientation in blended lms of PM6:F-
2F and PM6:Spiro-F. Fig. 4c and d displayed the two dimen-
sional GIWAXS patterns for PM6:F-2F and PM6:Spiro-F blends,
respectively. The derived in-plane and out-of-plane line cuts
were exhibited in Fig. 4e and the detailed parameters were
summarized in Table 3. Note that both blended lms possess
the preferential face-on orientation as evidenced by the strong
(010) p–p stacking peaks at �1.7 Å�1 in the out-of-plane
direction. When taking a more in-depth observation, we
found that the PM6:Spiro-F lm demonstrates a (010) p–p

stacking peak at 1.78 Å�1, corresponding to a distance of 3.52 Å.
This is smaller than that of 3.75 Å for PM6:F-2F lm indicated
by the (010) p–p stacking peak at 1.68 Å�1. Moreover, the crystal
coherence length (CCL) in the (010) region for PM6:Spiro-F
blend can be estimated as 32.9 Å, much larger than that of 20.8
Å for PM6:F-2F blend. The enhanced CCL of PM6:Spiro-F indi-
cates the more ordered molecular packing,39 in good accor-
dance with the improved hole/electron mobilities comparing to
that of PM6:F-2F. Generally, the rigid spirocyclic alkyl side chain
in Spiro-F constraints the vibrational–rotational motion and
controls the orientation of two highly exible n-octyl chains, in
favour of the preferred face-on orientation, ordered and
enhanced molecular p–p stacking and increased CCL. The
above superior characteristics of Spiro-F facilitate the efficient
charge transport and suppressed charge carrier recombination,
accounting for the better photovoltaic performance of
PM6:Spiro-F based OSCs comparing to that of PM6:F-2F based
one.

As we discussed above, the rigid spirocyclic alkyl side chain on
Spiro-F could facilitatemore ordered and enhancedmolecularp–
p stacking, thus suppress the recombination loss in OSCs.
Table 3 Summary of the GIWAXS parameters for PM6:F-2F and PM6:Sp

Blends qa (010, Å�1) db (010, Å) FWHMc (0

PM6:F-2F 1.68 3.75 0.27
PM6:Spiro-F 1.78 3.52 0.17

a The location of diffraction peaks. b The p–p stacking distance. c The full w
from the Scherrer equation: CCL ¼ 2pk/FWHM.57

© 2022 The Author(s). Published by the Royal Society of Chemistry
Therefore, we analysed the energy losses of OSCs based on both
PM6:F-2F and PM6:Spiro-F blends to disclose the inner rela-
tionship of structure-energy loss. The total Eloss in OSCs can be
categorized into three contributions (DEloss ¼ DE1 + DE2 + DE3)
based on the detailed balance theory58 (Fig. 5a): (1) DE1 (¼ Eg �
qVSQOC) is the energy offset between the bandgap edge (Eg) and qVOC
in the Shockley–Queisser (SQ) limit (qVSQOC); (2) DE2 (¼ qVSQOC �
qVradOC) is the energy offset between the qVSQOC and qVOC in the
radiative limit (qVradOC); (3) DE3 (¼ qVradOC – qVOC) is the energy offset
between the qVradOC and qVOC in a realistic OPV devices. As shown
in Fig. S6,† the Eg can be accurately determined by the crossing
point of normalized absorption and photoluminescence (PL)
spectra, being 1.715 and 1.656 eV for PM6:F-2F and PM6:Spiro-F
blends, respectively. Thereby the total Eloss can be calculated as
0.802 and 0.744 eV for PM6:F-2F and PM6:Spiro-F based OSCs,
respectively, demonstrating a 0.058 eV reduction aer the spiro
cyclization of alkyl chains. Among them, the DE1 is the inevitable
loss in any types of solar cells58 and can be calculated to be the
nearly identical values of 0.284 and 0.280 eV for PM6:F-2F and
PM6:Spiro-F based OSCs, respectively. The DE2 can be regarded
as the additional radiative recombination loss from absorption
below the bandgap,59 which are 0.145 and 0.111 eV for PM6:F-2F
and PM6:Spiro-F based OSCs, respectively. The DE3 is non-
radiative energy loss, which usually contributes to the largest
part of Eloss. Herein, the DE3 for PM6:Spiro-F based OSCs is
iro-F films

10, Å�1) CCLd (010, Å) q (100, Å�1) d (100, Å)

20.8 0.48 13.09
32.9 0.33 19.04

idth at half maxima of peaks. d The crystal coherence lengths calculated
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Table 4 Measured energy losses for PM6:F-2F and PM6:Spiro-F based devices

Devices Eg [eV] VSQOC [V] DE1 [eV] VradOC DE2 [eV] DE3 [eV] qVOC [eV] DE3
a [eV] Eloss [V]

PM6:F-2F 1.715 1.431 0.284 1.286 0.145 0.373 0.913 0.386 0.802
PM6:Spiro-F 1.656 1.376 0.280 1.265 0.111 0.353 0.912 0.357 0.744

a The derived non-radiative energy loss from EQEEL.
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0.353 eV, smaller than that of 0.373 eV for PM6:F-2F based ones.
The detailed calculation of three parts energy losses above were
described in ESI.† Moreover, the reduced DE3 of PM6:Spiro-F
based OSCs is also conrmed by the much higher external elec-
troluminescence quantum efficiency (EQEEL) of devices in
Fig. 5b, based on the equation: DE3 ¼ �kBT ln(EQEEL),60 where kB
is Boltzmann's constant and T is absolute temperature. As shown
in Fig. S7,† we have measured the PL and PL quenching yields
(PLQY) of F-2F and Spiro-F lms. The PLQY of F-2F and Spiro-F
lms are 0.87% and 1.07%, respectively. The increased PLQY for
Spiro-F lm with respect to that of F-2F could reduce the non-
radiative decay, which should be in favor of the smaller DE3 for
corresponding OSCs.20 Note that low photon energy losses or
recombination losses achieved by the PM6:Spiro-F device is
mainly a combined result of both reduced DE2 and DE3 (Table 4).

As discussed in recent dedicated studies,29,30,61,62 the
absorption edge broadening effects63 (reecting the DE2) and
the non-radiative recombination loss (DE3) are closely corre-
lated to the energetic disorder which is determined by the
microscopic properties of blended lms. For an organic semi-
conductor, the relatively larger energetic disorder than that of
the inorganic semiconductor is generally observed, accounting
for a substantial broadening of the electronic density of states
(DOS) of light-harvesting materials.25–27 The broadening of the
DOS invariably thrusts tail states further into the bandgap,
resulting in the large recombination losses in OSCs.28 In the
range of low photon energy, the optical absorption coefficient
(a(E)) of disordered organic semiconductors obeys the Urbach
rule: a(E) ¼a0e

(E�Eg)/EU, where a0 represents the optical absorp-
tion coefficient at the band edge, E is the photon energy, EU is
the Urbach energy,64 which is usually described as the width of
the tail of the DOS and a measure of energetic disorder.33 Note
that a smaller Urbach energy generally suggests a smaller
degree of energy disorder. As shown in Fig. 5d, the blend lms
of PM6:Spiro-F showed a smaller Urbach energy of 32.89 meV
than that of 35.16 meV for PM6:F-2F, which could be also sug-
gested by the slightly sharper absorption onset (Fig. 2b) and
enlarged CCL (Table 3) relative to those of PM6:F-2F blend.39

Obviously, the orderedmolecular stacking in PM6:Spiro-F blend
caused by the introduction of rigid spirocyclic alkyl chain,
should account for the smaller energetic disorder and thus
migrate the recombination loss of OSCs.
Conclusions

To summarize, rigidifying backbones of NFAs through the
constraint of vibrational–rotational motion of highly exible
aliphatic side chains could lead a smaller energy loss. Based on
6580 | RSC Adv., 2022, 12, 6573–6582
a typical NFA of F-2F, a rigid spirocyclic alkyl side chain is
applied in NFAs for the rst time to replace the two highly
exible n-octyl chains on uorene unit, affording an optimal
molecular packing with enhanced intermolecular actions and
lower energetic disorders for Spiro-F. As a result, the OSC based
on as cast PM6:Spiro-F blended lm achieves a signicantly
higher PCE of 13.56% and much reduced recombination loss
comparing to that of the control device of F-2F. This work
demonstrated an effective strategy to reduce the energy loss and
even improve the PCE of OSCs through the rigid spirocyclic
alkyl side chain. Moreover, we believe this strategy could be
applied for other efficient systems with much smaller bandg-
aps, though the molecule design might be challenging.
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