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Abstract: We report on the site-selective synthesis of
PCBM-like [70]fullerene site-isomers, where the elusive f3-
site-isomers are, for the first time, the major product in a
(cyclo)addition chemical reaction involving [70]fullerene.
The reaction involves an straightforward cyclopropanation
of [70]fullerene from sulfonium salts, affording a mixture
of a and B site-isomers in good yields. Amazingly, the
preference for the a- or [-site-isomer can be efficiently
controlled by means of the solvent polarity! DFT theoreti-
cal calculations (DMF and toluene) nicely predict that, al-
though the formation of the a-adduct is, as expected,
thermodynamically favored, the selectivity of the process
is determined by the energy difference of the respective
transition states. Furthermore, the employ of o or/and 3
site-isomers, as pure materials or as a mixture of them,
used as templating agent, has been evaluated in perov-
skite solar cells. The positive influence of the [70]fullerenes
by passivating the voids/pin-holes and/or deep slits, is re-
flected in highly efficient and stable bulk heterojunction
perovskite solar cells, whose performance (around 20 %) is
slightly but consistently depending on the isomeric fuller-
ene composition. These experimental findings pave the
way to investigate a new reactivity on C,, and to explore
the properties of the less-known (-derivatives. )

Fullerene derivatives, namely C4, and C,,, have been tradition-
ally considered as the ideal components for organic solar cells
due to their exceptional optoelectronic and chemical proper-
ties."? Actually, films of fullerene derivatives have shown to
possess a good electronic mobility and, therefore, to be effec-
tive solution-processable organic n-type semiconductors in dif-

ferent organic electronic applications.®>* Interestingly, [70]ful-
lerene derivatives are preferentially used as compared to their
[60]fullerene counterparts, due to a significant increase in their
absorption coefficients in the visible region.”’ However, the
control of the isomeric purity (up to four site-isomers are possi-
ble due to the Dy, symmetry of the C,, cage) of the involved
higher fullerene derivatives remains challenging.””

Despite various non-fullerene electron acceptors have been
reported,” the fullerene derivative PC,,BM ([6,6]-phenyl C;, bu-
tyric acid methyl ester) is still considered as the reference ac-
ceptor in photovoltaic systems because of its low reorganiza-
tion energy and appropriate molecular orbital energy.!"™"

In the last few years, the photovoltaic field has experienced
an important breakthrough due to the development of perov-
skite solar cells (PSCs).®! PSCs have reached a power conver-
sion efficiency (PCE) up to 23.7%.” In inverted device architec-
ture, perovskite layer is sandwiched in between an electron
transporting layer (ETL),"” typically a fullerene derivative, and a
hole transporting layer (HTL)."" In regular device architectures,
fullerene derivatives can be easily integrated into the PSCs as
template to control the nucleation and crystal growth, result-
ing in a considerable increase in both the overall efficiency
and long-term stability. However, in addition to the chemical
composition of the fullerene derivative, the isomeric purity
also plays a significant role for the structural control and final
performance of the photovoltaic cells.

In particular, the isomeric effects of fullerene-based electron
acceptors have led to some contradictions on isomer-depen-
dent photovoltaic performance.'”? Recently, Gritzel etal. re-
ported the use of pure bis-[60]PCBM in PSCs leading to higher
photovoltaic performance."™ The use of pure isomers for im-
proving the performance of the device has been demonstrated
in a recent work in which PSCs based on pure isomers of
[70]fullerene monoadducts, separated all of them by HPLC,
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achieved greater efficiencies than the devices based on the
mixture of isomers."”® Furthermore, a slightly beneficial per-
formance has been found for a-pure [70]PCBM site-isomer de-
vices when compared with commercially available a+f iso-
meric mixture in organic photovoltaic devices.”'? Despite
the interest in isomerically pure samples of [70]fullerene deriv-
atives, these are obtained by tedious and time-consuming
HPLC techniques.®

In this work, we report an alternative and highly efficient
methodology based on mild conditions to obtain [70]Jmetha-
nofullerenes PCBM-like derivatives that allows us to direct the
site-selectivity of the cycloaddition to the alpha or to the beta
isomer, depending on the solvent polarity. This approach en-
ables to obtain substantial amounts of both o and f site-iso-
mers. This new set of pure [70]fullerene derivatives was ap-
plied as interface passivation materials in PSCs in order to de-
termine the isomer effect on the photovoltaic properties.

Cyclopropanation is one of the most common chemical
modifications in fullerenes chemistry due to the robustness
and the easy preparation of the resulting methanofullerenes."”
Among the different synthetic approaches to obtain methano-
fullerenes, the reaction of stabilized sulfur ylides derived from
halocarbonyl compounds, leads only to [6,6]-closed methano-
fullerenes."™ This methodology was selected for the synthesis
of new fullerene derivatives with a high isomeric purity. In par-
ticular, we have used the a-bromo-derivative 1 whose struc-
ture resembles that contained in the well-known PCBM mole-
cule.

a-Bromo-acetophenyl methyl ester 1 reacted with dimethyl-
sulfide and silver tetrafluoroborate to afford the sulfonium salt
2. To a solution of C,, and 2 in 0-DCB was added triethylamine,
and the reaction mixture was stirred at room temperature for
2 hours affording exclusively the expected a-site isomer 3 in
70% vyield (based on recovered C,,) (Scheme 1). The selectivity
of this reaction was determined by HPLC analysis and NMR
spectroscopy (see Supporting Information).
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Scheme 1. Selective synthesis of a-site-isomer 3 from a sulfonium salt.

Compound 3 was isolated by silica-gel column chromatogra-
phy and characterized by standard spectroscopic techniques
(see the Supporting Information).

It is well-known that in a-bonds the curvature strain is
higher than that of (3-double bonds. Therefore, the a-bond in
[70]fullerene is the most reactive and, as a consequence, the f3-
site isomers are typically obtained as minor products in signifi-
cantly lower yields. For this reason, the reactivity and electro-
chemical properties of these isomers have been barely studied.
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Thus, we first focused our attention on developing an alter-
native [70]methanofullerene synthesis by switching the site se-
lectivity toward the less reactive -double bond. Under stan-
dard Bingel cyclopropanation conditions, a solution of [70]ful-
lerene and a-Br-acetophenyl methyl ester 1 in the presence of
a base, gives rise to a mixture of a- and [3-site-isomers in a
75:25 ratio. In sharp contrast, if the reaction is carried out in a
polar solvent (DMF) the ratio a:f is significantly inverted to
32:68 (Scheme 2).

Czo

e DBU
o/
toluene / DMF

Br

35%

1

32% 68%
a-siteisomer B-siteisomers

Scheme 2. Synthesis of enriched p-site isomers 4a,b.

To the best of our knowledge, this is the first time that a -
site isomer is obtained as the main product of an addition re-
action on [70]fullerene. This experimental finding paves the
way to investigate a new reactivity on C,, and to explore the
properties of these less-known [-derivatives.

Cyclic voltammetry of a-site-isomer 3 and [-site-isomers
4a,b was carried out in 0-DCB/ACN 4:1 using a GCE (glassy
carbon electrode) as the working electrode, Ag/AgNO; as the
reference electrode and Bu,N-PF¢ as the supporting electrolyte.
The first reversible reduction potentials of 3 (-1.10V) and
4a,b (—1.07 V) reveal that these compounds are slightly better
electron acceptors (around 20-30 mV) than the corresponding
[70]PCBM site-isomers. These data could be accounted for by
the direct binding of the electron-withdrawing ester group to
the bridgehead carbon of [70lmethanofullerenes (see Support-
ing Information).

Density functional theory (DFT) calculations were carried out
at the PCM(DMF)-B3LYP-D3/def2-TZVPP//PCM(DMF)-B3LYP-D3/
def2-SVP level" to gain more insight into the site-selectivity
of the above transformation. To this end, the reaction between
C, and the carbanion derived for 1 (readily formed upon reac-
tion of 1 with the BDU base) was explored. As previously de-
scribed for related Bingel reactions,”"” the transformation pro-
ceeds via an initial barrierless addition of the carbanion to the
C,, followed by a Sy2-type reaction which affords the corre-
sponding cyclopropane adduct releasing the bromide anion.
As shown in Figure 1, although the formation of the a-adduct
is, as expected, thermodynamically favored, the corresponding
initial intermediate INT1 as well as the transition state (TS) as-
sociated with the S\2 reaction are favored for the (3-pathway.
Therefore, it can be assumed that the selectivity of the process
is determined by the energy difference of the respective transi-
tion states. Indeed, the computed AAG” (a-TS-B-TS) =0.35 kcal
mol~' (at 298 K) is translated into a a:p ratio of 36:64, which is
fully consistent with the experimentally observed ratio of
32:68.
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Figure 1. Computed reaction profile for the reaction between C,, and 1(—).
Relative free energies (AG, at 298 K) and bond distances are given in kcal
mol™" and angstroms, respectively. All data have been computed at the
PCM(DMF)-B3LYP-D3/def2-TZVPP//PCM(DMF)-B3LYP-D3/def2-SVP level.

We repeated these calculations by replacing the DMF sol-
vent by toluene. In these conditions, the corresponding transi-
tion states for both pathways are nearly degenerate (AAG” (a-
TS-B-TS) ~0.0 kcalmol™"), which although does not perfectly
match the experimental ratio, is consistent with the observed
influence of the polarity of the solvent on the site-selectivity of
the transformation.

Bare chlorobenzene (CB, anti-solvent) and 0.4 mgmL™' of
PCBM-like derivatives (3, 4 and 3+4 in a 32:68 ratio) contain-
ing CB anti-solvents were prepared to investigate the effect of
the use, as templating agent, of these PCBM-like derivatives
and their composition on the photovoltaic performance of de-
vices.

The impact of anti-solvent treatment on the surface mor-
phology of perovskite films was investigated by FE-SEM
images (see Figure S10a-f). As clearly seen in the top-view FE-
SEM image of perovskite film treated with only CB (Fig-
ure S10a), several pin-holes (marked with red circles) located at
grain boundaries can be observed. Owing to this poor and
highly rough morphology, the undesirable direct contacts
(shunt paths) between the HTM and TiO, will exist and charge
recombination will increase accordingly."® Furthermore, deep
slits (marked with yellow rectangular) extending along the
grain boundaries promote critical current leakages due to the
lack of inter-connection between grains."? As a result, a re-
markable degradation in the overall device performance will
be inevitable. On the other hand, the density of pin-holes and/
or deep slits along the grain boundaries was significantly pre-
vented for a-site isomer 3 and f-site isomer 4 containing pe-
rovskite surfaces whereas anti-solvent treatment with 3+4
presented a pin-hole free and smoother perovskite formation.
The effect of PCBM-like derivatives-containing anti-solvent
treatment can be ascribed to being occupied of vacancies/pin-
holes by PCBM molecules, indicating a compact/dense and
highly smooth perovskite surface.”” The enhancement of sur-
face morphology was further supported by the contact angle
measurements between corresponding perovskite films and
water molecules (inset of Figure S10a-d). The only CB contain-
ing perovskite film exhibited a 48°, while, 3, 4, and 3 +4 anti-
solvents treated perovskite films exposed a prevailing hydro-
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phobicity of 63-65°, leading to a long-term tolerance humidity
of the device by prohibiting the water ingression into the pe-
rovskite film.”'*? The cross-sectional FE-SEM images of devices
with only CB (Figure S10e) and 3 +4 (Figure S10f) anti-solvent
treated perovskite layers indicated not only well defined/inter-
connected interfaces but also similar perovskite thickness (ca.
500 nm).

It is clear that perovskite films processed with PCBM deriva-
tives-containing anti-solvent treatment have similar absorption
profiles, with a strong absorption ranging from 450 to 800 nm
(Figure S10g). A comparable absorption between 600 and
800 nm was observed, but the absorption intensity of only CB
treated perovskite film is relatively lower in the range of 450-
600 nm. This difference leading to a better light harvesting effi-
ciency may be originated from highly smooth and/or fully cov-
ered compact surface.”? All the perovskite films possess a simi-
lar absorption edge (~785nm) and the optical band gap
almost remains the same (&1.58 eV) for various anti-solvent
treatments. This result was further confirmed by steady-state
PL measurements of the perovskite films. As can be seen in
Figure S10h, there is no obvious shift in the peak position of
perovskite films. On the other hand, the highest PL intensity
was observed for only CB treated perovskite film while the
lowest one observed for 3+ 4 anti-solvent-treated perovskite.
The reduced PL intensity can be ascribed to better charge in-
jection into the ETL, which is promising for higher J..*®' Fur-
thermore, a slight blue-shifting and narrowing for PCBM-deriv-
atives anti-solvent treated perovskite films can be clearly seen
in normalized steady-state PL spectra of corresponding films
compared to only CB treated one (inset of Figure S10h). These
changes (quenching, blueshifting, and narrowing) in PL peaks
of PCBM-derivatives can be attributed to the decrease of re-
combination center’s density between trap states in perovskite
structure, indicating a fast charge collecting efficiency.”® There-
fore, the incorporation of PCBM-derivatives as dopants into CB
anti-solvent was highly encouraging in the PSCs in terms of
void-free and dense morphology, indicating a superior charge
transportation."**?? Figure S10i shows time-resolved PL (TR-PL)
decay measurements. The PL decay curves were fitted as re-
ported in our previous work.?? The o-site isomer, B-site isomer,
and o+ p-mixture containing perovskite films, respectively
showed average lifetimes of (z,,) 229, 259, and 321 ns while
only CB treated control film gave 174 ns. A long decay time in-
dicates a long exciton diffusion length and low defect concen-
tration in the perovskite structure, hence better electronic
quality for all PCBM-containing perovskite film. This is a prom-
ising preliminary result for obtaining high V.. values of the cor-
responding devices.”>?* After the examination of PCBM-deriva-
tives treatments on perovskite films, PSCs were prepared to in-
vestigate the effect of current approach on the overall photo-
voltaic performance. Table 1 shows the output characteristics
of the all devices. As compared to only CB (19.1+0.1) treated
control device, a-site isomer 3 (19.840.3), B-site isomer 4
(19.7£0.1), and o+ p-mixture of 3+4 (20.3+0.2) treatments
showed a remarkable improvement in the photovoltaic param-
eters, which resulted in an average power conversion efficiency
(PCE) increment for devices. The highest PCE value of 20.5%

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

85U8017 SUOWIWOD BA 181D 3 qedt dde au Aq peusenob afe safoNe YO ‘9SO Sa|nJ o} Aeiq18UlUO A8]IAN UO (SUOTPUOD-PUR-SLUB)WI0Y A8 |1 Afe.d 18U JUo//:Sdny) SUORIPUOD pue swie | 8y} 88s *[9202/T0/£Z] Uo ARiqiTauliuo 48|11 PLpe N 9@ 8susin|dwod pepsieAlun Ad £50908T0Z WeUO/Z00T OT/I0p/W0d A8 | Ake.q 1 puljuo adoins-Ans iueyo;/sdiy wo.y pepeojumod ‘eT ‘6T0Z ‘SILETZST


http://www.chemeurj.org

:S\?: ChemIEubSoc

CHEMISTRY

A European Journal

urope Communication

Table 1. Best and average photovoltaic performances of only CB and PCBM-derivatives treated PSCs.

Device® Vo (V) Je (MACm™2) FF PCE (%)

Best (average) Best (average) Best (average) Best (average)

Only CB 1.08 (1.06 £0.01) 23.7 (234+0.2) 0.75 (0.75+0.01) 19.3 (19.1£0.1)
3 1.11 (1.09+0.01) 23.9(23.740.2) 0.76 (0.76 +0.02) 20.1 (19.8+0.3)
4 1.09 (1.08 +£0.01) 23.9(23.8+0.2) 0.77 (0.76+0.01) 19.8 (19.7£0.1)
3+4 1.10 (1.09+0.01) 24.0 (23.94+0.1) 0.78 (0.774+0.01) 20.5(20.3+0.2)

[a] 5 devices for 3 and 4 and 10 devices for control and 3 +4; The voltage scan rate for all scans was 10 mV's
light soaking or forward voltage bias applied for a long time, was applied before starting the measurement.

~" and no device preconditioning, that is,

were achieved for o+ [-mixture of 344+ CB treated perov-
skite devices, and their current density-voltage (J-V) curves
under AM 1.5G irradiation of 100 mWcm™2 were depicted in
Figure 2 along with the best performed cell treated only with
CB.

25
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<
g 15
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Figure 2. J-V and maximum power point (mpp) tracking (as the inset)
curves of the champion cells based on only CB (black) and o -+ [3-mixture of
3+4-+CB (purple) treated perovskites.

The integrated J,. values and perceivable increase in EQE
spectra (Figure S11a) are consistent with the J,. values deter-
mined from J-V curves and absorption spectra, respectively.
The stabilized power was monitored at maximum power point
(mpp) as a function of time (inset of Figure 2), showing the re-
sulting power output of 18.1 and 20.2 mWcm™, for only CB
and 3+4+CB treated PSCs, respectively. The difference in
PCEs can be ascribed to the J-V hysteresis effect in the device.
The scan direction measurements were then performed to
evaluate the hysteresis behaviors of only CB and 3+4+CB
treated PSCs (Figure S11b). These results showed a similar ten-
dency with the mpp outputs. The hysteresis in 3+4+CB
device is negligible, with a small PCE discrepancy between for-
ward and reverse scans (~0.3% absolute PCE), whereas the
control device exhibits a considerable hysteresis in J-V scans
(~1.5% absolute PCE). The higher degree of hysteresis in only
CB treated control device is mainly owing to higher density of
traps in the perovskite film.”! The best cell performance of 3 +
4+ CB treatment, among 10 devices, afford an open-circuit
voltage (V,) of 1.10V, a short-circuit current density (J,) of
24.0 mAcm~? and a fill factor (FF) of 0.78. This enhancement
can be ascribed to the compact and smooth surface morphol-
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ogy obtained by hindering of pin-holes and deep borders. This
can help to inhibit undesirable current leakages and thus im-
prove the photovoltaic performance, especially in terms of FF.
Statistical results for the photovoltaic parameters with respect
to the anti-solvent treatment can be found in Figure S12
(please see Sl). The excellent reproducibility of 3+ 4+ CB treat-
ed PSCs with narrow statistical distribution of the photovoltaic
metrics is tabulated in Table 1.

Finally, we assessed the long-term shelf stability of the non-
encapsulated devices in the dark with a relative humidity of
40-60% (Figure S11c). After 30 days, the 3-+4 anti-solvent
treated PSC retained 80% of its initial efficiency, while the PCE
of the control PSC dropped to 44%, as revealed by contact
angle measurement. We can ascribe the improved stability of
PCBM-derivatives containing PSC to less pin-holes and lack of
obvious deep-slits, which minimizes the decomposition of the
active layer via moisture, current leakage, and immigration of
Li ions from spiro-OMETAD into perovskite and ETL.

In conclusion, we have selectively synthesized o and [ site-
isomers of [70lmethanofullerenes PCBM-like derivatives and
employed them as interface passivation materials in PSCs to
determine the isomer effect on the photovoltaic properties.
This facile approach positively addresses the issues of poor sur-
face morphology of perovskites by passivating the voids/pin-
holes and/or deep slits, resulting in a highly efficient and
stable bulk heterojunction PSCs. Interestingly, these experi-
mental findings pave the way to investigate a new reactivity
on C,, and to explore the properties of the less-known [70]ful-
lerene B-derivatives.

Experimental Section

Experimental details are included in the Supporting Information.
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