
Q2The synergy between the CsPbBr3 nanoparticle
surface and the organic ligand becomes manifest
in a demanding carbon–carbon coupling
reaction†
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We demonstrate here the suitability of CsPbBr3 nanoparticles as

photosensitizers for a demanding photoredox catalytic homo- and

cross-coupling of alkyl bromides at room temperature by merely

using visible light and an electron donor, thanks to the cooperative

action between the nanoparticle surface and organic capping.

Lead halide perovskites with the formula APbX3, where A is a
small-sized monocation (such as CH3NH3

+, Cs+) and X is a
halide anion (Cl� Br�, I�), present a three-dimensional inor-
ganic framework consisting of corner-sharing PbX6 octahedra
and small-sized cations in the voids between them (Fig. S1,
ESI†). These are promising semiconductors for low-cost solar
energy conversion, due to their effectiveness in charge separa-
tion as well as hole and electron transport.1–4 These qualities
are also essential for their application in photocatalysis, since
the photogenerated charges are trapped at different surface
sites and concerted interfacial electron transfer reactions with
electron acceptor and electron donor substrates can occur if
their reduction potentials are within the bandgap. The perfor-
mance of APbX3 in photovoltaics has proved to be superior to
that of II–VI semiconductors,5 and this can also apply to light-
induced catalytic organic transformations.6–10

APbX3 perovskite nanocrystals (NCs) share some similarities
with CdSe and CdTe quantum dots, in particular, a strong
absorption and a wide spectrum extending well into the Vis range,
a narrow emission peak and electronic properties tuneable with
the composition and size of the NCs.11–15 However, contrary to
them and due to their defect tolerance, core APbX3 perovskite NCs
can be synthesized with a photoluminescence quantum yield

(QYPL) of up to 100%16–18 without the need of any electronic
passivation with an inorganic material that has a wider bandgap.
The tolerance of APbX3 perovskites is attributed to the formation
of defect states near the band edges.19–21 Moreover, they can
present considerable luminescence as bare nanoparticles.22 On
the contrary, in common semiconductors, the intrinsic defects are
deeply located in the middle of the gap and, consequently, they
can trap the carriers generated after excitation of the NCs,
reducing the QYPL.23 In terms of photosensitized reactions, APbX3

NCs have a higher conduction band (CB) edge, but also a higher
valence band edge24–26 therefore, APbX3 NCs can be more effective
photosensitizers for reduction of organic substrates, while CdS,
CdSe and TiO2

27–30 can be more effective for oxidation of organic
substrates.31–35 Y. Yan et al. have recently reported on the
potential of the CsPbBr3 NCs as photosensitizers for reductive
Csp3–Csp3 formation,6,7 demonstrating the capacity of these per-
ovskites to promote a-alkylation of aldehydes with a-
bromoacetophenones. This process requires the presence of an
organic co-catalyst (bis(2-chloroethyl)amine hydrochloride) and a
base (2,6-lutidine). The C–C homocoupling of the acetophenone
was selectively achieved by using (5S)-(�)-2,2,3-trimethyl-5-benzyl-
4-imidazolidinone as the co-catalyst.7

Taking into account the CB edge energy of CsPbBr3 and the
redox potential of a-bromoacetophenone of about �0.96 V11 and
�0.25 V (vs. SHE),36,37 respectively, the photoreduction of a-
bromoacetophenone is thermodynamically exergonic, due to the
fact that the excited state of the perovskite is a potent reductant
and would enable the heterolytic cleavage of the C–Br bond.

A more demanding process is that of the photoredox a-
benzylation of aldehydes with a less activated C–Br bond, such
as that of benzyl bromide with a reduction potential, E1/2, of
�1.61 V vs. SHE in CH3CN.38 In fact, the strong reductant
Ir(ppy)3 excited state, *Ir(ppy)3, (E1/2 of �1.49 V vs. SHE in
CH3CN) fails to promote this process.39

These results motivated our study of the reductive C–C coupling
of benzyl bromides by using CsPbBr3 NCs as the photocatalyst and
a tertiary amine as the electron donor (ED), bearing in mind that
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the encapsulating effect of a NC lipophilic organic capping could
approach the substrate and the ED to the perovskite surface, thus
assisting the process and improving the photocatalysis.

Here is reported for the first time that the combination of
visible light irradiation, DIPEA (N,N-diisopropylethylamine),
and colloidal CsPbBr3 enables the photocatalytic single-
electron transfer to benzyl bromides, eventually leading to the
benzyl radical and finally to the C–C homocoupling products.
Turnover numbers (TON, moles of substrate transformed/
moles of CsPbBr3 NCs) higher than 17 500 were obtained. The
formation of cross-coupling products was also tested by using
two different benzyl bromides in the reaction.

First, colloidal CsPbBr3 capped with dodecylamine (DDA)
was prepared by the ligand assisted reprecipitation technique
with some modifications (Fig. S1, ESI†).40 The colloid concen-
tration was estimated as 3.6 mM by using the molar coefficient
reported for CsPbBr3 nanocubes of 11 nm (e = 3.5 � 106 M�1

cm�1 at l = 510 nm).41 This material presented a major
absorption peak at 500 nm and PL maximum at 510 nm in
toluene (full width at half maximum, FWHM, of 20 nm, Fig. S2,
ESI†), average PL lifetime (tav) of 34 ns and QYPL of 31%.40

The CsPbBr3 colloid was first evaluated as photocatalyst for
the coupling of benzyl bromide 1a to yield 1b, using an in-
house developed 48-well parallel photoreactor with the capacity
to control the temperature and the radiation of the reactions
(Fig. S3, bottom, ESI†). Two solvents of different polarity
(toluene and ethyl acetate) and three EDs (trimethylamine,
TEA; tri-phenylphosphine, PPh3; DIPEA in 20, 10 and 3 equiv.)
were tested. The mixture containing the perovskite (1.44 mM),
1a (34 mM) and the ED was irradiated with Vis light (LED 447 �
20 nm) at 30 1C for 20 h under nitrogen while soft stirred using
a shaker (see details in ESI†). Screening of reaction conditions
was first carried out; the yields were calculated by Gas
Chromatography-Flame Ionization detector (GC-FID) analysis
of the reaction crude using biphenyl as internal standard (see
Table S1 in ESI† for further details). DIPEA was the best ED of
the tested ones. In the case of using TEA and PPh3, the
formation of some white precipitate was seen with the naked
eye. This is consistent with the formation of the corresponding
quaternary salts (see Fig. S4, ESI†), whose precipitation may
partly justify their lower efficacy as ED. Therefore, DIPEA was
selected as the ED for the rest of the study. Table 1 shows the
results of the photocatalyzed homo- and cross-coupling of
benzyl bromides in toluene; the values reported are GC-FID
yields and/or isolated yields. Results in parenthesis represent
isolated yields from 3 reactions irradiated at 447 nm (LED 1 W)
for 60 h at 30 1C using an in-house developed 25-well parallel
photoreactor (Fig. S3, top, ESI†).42 In general, the chromato-
gram and 1H-NMR spectrum analysed after the reaction were
clean, showing only unreacted starting material, coupling
products and internal standard (see Fig. S5–S13, ESI†). The
mass loss could be attributed to the formation of the dehalo-
genation product, which for 1a is toluene.

Formation of the homocoupling product 1b was successful;
the yield decreased slightly when using 10 instead of 20 equiv.
of DIPEA. The the product yield depended on the nature of the

p-substituent of the benzyl bromide and decreased in the
following order: H, tBu, OMe 4 Cl 4 Br. Considering the
concentration of NCs in solution, TON up to 17 500 was
estimated, illustrating these NCs are self-sufficient, in the sense
that they do not require a co-catalyst, and are highly active to
engage the demanding catalytic transformations (see below).

The reduction of the benzyl bromides used in this study was
registered in toluene/CH3CN (85 : 15, v : v) and they proved to be
irreversible (see Fig. S14–S19, ESI†), with an onset potential at
�1.50 V vs. SHE. DFT calculations for the one-electron
reduction of benzyl bromide were in agreement with a found
redox potential of �1.44 vs. SHE (see computational studies
and Fig. S20 in ESI†). These values are significantly lower than
the CsPbBr3 redox potential considering the CB edge energy
(�0.96 V vs. SHE), and therefore the formation of the benzyl
radical is thermodynamically disfavoured. This is also true for
the rest of the benzyl bromide series.

Then, we studied electronic effects by evaluating the reac-
tion between different p-substituted benzyl bromides using the
optimized conditions: CsPbBr3 (1.44 mM), DIPEA (20 equiv.),
toluene as solvent, irradiation at 447 nm of the as-prepared
mixture at 30 1C for 48 h under nitrogen. Remarkably, homo-
coupling product 2b was produced selectively vs. 1b (run 8,
Table 1), and there was some selectivity in the production of
products 1b and 3b vs. the cross-coupling product 7 (run 9,
Table 1). A nearly statistical mixture of products was obtained
in the reaction of 2a and 3a (run 10, Table 1).
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Table 1 Homo- and cross-coupling of benzyl bromides photocatalyzed
by colloidal CsPbBr3 perovskitea

a General conditions of the reaction: CsPbBr3 (1.44 mM), total substrate (34
mM; 17 mM of each substrate in the cross-coupling assays), 20 equiv. of
DIPEA, solvent (toluene, total volume: 1 mL), irradiation at 447 � 20 nm
during 48 h at 30 1C under N2, conversion 100%. b The results are average
of at least 2 duplicates. c The values reported are GC-FID/1H-NMR yields.
Results in parenthesis represent isolated yields from 3 reactions at 30 1C
irradiated for 60 h. d DIPEA (10 equiv.). e Two hours soft stirring in the
shaker prior irradiation. f Cross-coupling obtained from run 8–10.
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The small selectivity in the cross-coupling products observed
for all cases together with the thermodynamically disfavoured
formation of the benzyl radical intermediate is puzzling. How-
ever, it could be rationalized by substrate pre-concentration and,
consequently, a high concentration of the generated radical
anions in the nanoparticle surface (see discussion in ESI,†
Section 6), favoured by the van der Waals interactions between
the alkyl chains of the capping groups and the substrates.

Therefore, a very high substrate concentration could build
enough benzyl bromide radical to facilitate the exergonic C–C bond
formation driving the reaction forward but at expenses of selectivity
(Fig. 1). Control experiments without either perovskite NCs or light,
under otherwise same conditions, corroborated that C–C products
did not form for any of the substrates included in Table 1 (experi-
ments performed at least twice, Table S1, ESI†).

To gain some insight into the mechanism, we monitored the
UV-Vis spectrum of a solution containing CsPbBr3 under dif-
ferent conditions. First, a fresh solution of the perovskite in
toluene while irradiating with the LED showed the appearance
of two negative bands at 450 nm and at 510 nm assigned to
scattered radiation and emission of the perovskite, respectively
(Fig. S21, ESI†). The addition of benzyl bromide to this solution
under irradiation did not change significantly the spectrum,
thus suggesting that the excited state of the perovskite cannot
directly activate the benzyl bromide. Accordingly, blank experi-
ments showed the recovery of the benzyl bromide after irradia-
tion. However, the addition of the ED to this solution led to a
partial reduction of the emission of the band at 510 nm after
200 s (Fig. S22, ESI†). Interestingly, the reduction of the emis-
sion of the band at 510 nm is practically quantitative if the ED
is added to a fresh CsPbBr3 solution in the absence of the
benzyl bromide (Fig. S23, ESI†). All together suggested that the
CsPbBr3 perovskite is reductively quenched by the ED and the
reductive state of the perovskite was able to reduce the benzyl
bromide to give the benzylic radical.

The HOMO energy level of trialkyl amines is reported at
�5.76 eV,43 i.e., it is more positive than that of the perovskite
valence band maximum (between �5.85 eV and �6.4 eV).11,44

Consequently, there is a driving force for the hole transfer
(between B0.1 and 0.6 eV) and, therefore, for the charge
separation. In principle, generation of the benzyl bromide
anion radical is not thermodynamically favourable, but the
interaction between the benzyl bromide, preconcentrated
within the organic capping, and with the NC surface45,46,47

would facilitate the electron transfer process, eventually leading
to the coupling products (Fig. 1). The recyclability of the
perovskite was also tested using 1a as the substrate. After the
first catalytic run reported in Table 1, the perovskite was
recovered by centrifugation and washed with toluene to remove
unreacted organic substrate and formed products. The recov-
ered perovskite was used in a second run again adding DIPEA
(20 equiv.), the substrate and toluene, and irradiating for 20 h.
The yield of 1b significantly dropped to 3%. Further irradiation
up to 60 h only produced an increase to 9%. The absorption
spectrum of the sample showed a considerable increase of the
scattering and the appearance of an excitonic peak at about
523 nm (compare Fig. S24a and b). The emission peak of the
perovskite shifted from 517 nm to 523 nm and the emission
efficiency, as well as the emission lifetime, decreased (QYPL

14% and tav 21 ns). The addition of DDA (up to 70 mL from a
stock solution of 5 mg mL�1) to this sample led to (i) a decrease
in the sample scattering and a blue shift of the excitonic peak to
515 nm and (ii) a high recovery of the perovskite emission and a
peak shift to 519 nm (Fig. S24 c, ESI†). Moreover, transmission
electron microscopy (TEM) images of the recovered perovskite
showed it consisted of microsized perovskites together with an
increase of perovskite NCs number (Fig. S24 d, ESI†). Note that
the yield of the coupling product decreased significantly when
the reaction mixture was softly stirred in the shaker for two
hours before irradiation, (run 3, Table 1); this is consisting with
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Fig. 1 Schematic representation of (a) the cooperative action between the NC surface and the capping for the catalysed coupling reaction and (b) of the
processes occurring after Vis-excitation of the CsPbBr3 in the presence of the benzyl halide (electron acceptor) and DIPEA (electron donor) encapsulated
within the capping.
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ligand removal from the NC surface by DIPEA. To determine if
the low performance of the isolated perovskite was due to the
removal of the ligands at the NC surface due to the washing
treatment, the reaction was repeated under the same condi-
tions and then, without work-up, we added again substrate (1
equiv.) and the mixture was shaken for additional 20 h under
the otherwise same conditions. This experiment was repeated
twice; the conversion of 1a was about 66% and 1b was obtained
in a 45% yield (average values of two duplicates).

To sum up, for the first time it is demonstrated that colloidal
CsPbBr3 perovskite NCs are suitable as photosensitizers for
photoredox catalytic homo-/cross-coupling of benzyl bromides
at room temperature with TON up to 17 500 by merely using Vis
light and an electron donor, such as DIPEA. This is a clear
example of the potentiality of these perovskites in light-induced
catalytic transformations, where the synergy between the ligand
and the NC surface plays a crucial role. These results broaden
the applicability of these materials in photocatalysis.
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2018, 30, 561–569.

28 C. Liu, M. Hu, X. Zhou, J. Wu, L. Zhang, W. Kong, X. Li, X. Zhao,
S. Dai, B. Xu and C. Cheng, NPG Asia Mater., 2018, 10, 552–561.
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