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Photoredox catalysis involving perovskite quantum dots (QDs) has gained enormous attention because of
their high efficiency and selectivity. In this study, we have demonstrated CsPbBrz QDs as photocatalysts for
the C-N bond formation reaction. The introduction of Ni(dmgH), (dmgH = dimethyl glyoximato) as
a cocatalyst with CsPbBrsz QDs facilitates photocatalytic C—N coupling to form a wide variety of amides.
The optimized interaction between the cocatalyst and photocatalyst enhances charge transfer and
mitigates charge recombination, ultimately boosting photocatalytic performance. The photocatalytic
activity is notably influenced by the variation in the amount of cocatalyst and 7 wt% Ni(dmgH), produces
the best yield (92%) of amide. Femtosecond transient absorption spectroscopy reveals that the dynamics
of the trap states of QDs are affected by cocatalyst. Further, Ni{dmgH), facilitates molecular oxygen

rsc.li/chemical-science

Introduction

Visible light-driven photoredox catalysis has been widely
explored as a versatile and effective platform for the synthesis of
different organic compounds.'™ When exposed to visible light,
semiconductor photocatalysts undergo a redistribution of
surface electron clouds, triggered by the excitation of electrons
from the valence band (VB) to the conduction band (CB).*® This
photophysical process leads to the concurrent generation of
both reducing and oxidizing centers on the photocatalyst
surface.”™ The photogenerated electrons and holes with the
appropriate lifetimes are efficiently transported to the catalytic
sites to initiate the redox processes.'*™

In this context, CsPbBr; QDs have been explored as the
photoredox catalyst for various organic reactions.'*** The
kinetic energy associated with the CB electrons of QDs and the
favorable reduction potential enable them to overcome the
energy barriers and facilitate charge transfer, ultimately
favoring photocatalytic activity. High light-absorption effi-
ciency, low exciton binding energy, high carrier mobility, and
optimized electron-hole diffusion length make them ideal for
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activation to form superoxide radicals, which further initiates the radical pathway for the C-N coupling.

photoredox catalysis.'®"” Further, the long-lived active carriers
of CsPbBr; QDs promote photocatalytic organic reactions.*®

For example, CsPbBr; QDs have been employed to selectively
oxidize benzyl alcohols to benzaldehydes under visible light
irradiation.” Similarly, photoredox catalysis of CsPbBr; QDs
has been explored for the oxidative coupling of thiols to disul-
fides, cross-coupling of phosphonates with tertiary amines, a-
alkylation of aldehydes, etc.*® Recently, Yan groups explored the
photoredox properties of CsPbBr; QDs for organic trans-
formation reactions such as C-C, C-O, and C-N coupling
reactions.”® CsPbBr; QDs have been also explored by other
groups for facilitating coupling reactions including C-C,**** N-
N,** C-S,* or C-P*® bond formation processes.

On the other hand, the photocatalytic production of amide
by the reaction of aldehyde and amine has been explored by
different groups.>**” Amides serve as the foundational compo-
nents of natural peptides and crucial intermediates in the
production of polymers, agrochemicals, and
pharmaceuticals.”””** While simple, the traditional thermal
condensation of carboxylic acids and amines is limited to
substrate scope because of the harsh reaction conditions.*
Similarly, traditional approaches involving derivatives of acti-
vated carboxylic acids and amines, such as the Beckmann
rearrangement, Schmidt and Staudinger reaction often result in
a substantial waste production.®* This ongoing challenge of
achieving efficient amide synthesis while minimizing waste has
prompted the exploration of novel photocatalytic strategies
from both industrial and academic standpoints.

However, most of the photochemical methods for amide
synthesis in the homogeneous medium suffer from drawbacks

© 2024 The Author(s). Published by the Royal Society of Chemistry
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like costly catalysts, use of non-oxygen oxidizing agents, and
limited tolerance towards secondary amines. Simpler method-
ologies using photocatalysts like phenazine salt, Rose Bengal,
and aminoanthraquinone derivatives were found to be prom-
ising.”® Further, heterogeneous photoredox catalysts (Ag/g-
C3Ny, Ni/g-C5N,, Ag,0/P-C3Ny, TiO,, and Fe;0,/PDA/CdS) have
been demonstrated for oxidative amination of aldehydes.>*

In this context, we have explored the photoredox properties
of CsPbBr; QDs for the formation of a series of structurally
versatile amides by the reaction of aldehydes and amines. To
improve the charge transfer dynamics and access catalytic
active sites, [Ni(dmgH),] was used as the cocatalyst with
CsPbBr; QDs. The combination of [Ni(dmgH),] and CsPbBr;
produced high efficiency for the oxidative C-N bond formation
by the reaction of secondary amines and aldehydes to form
structurally diverse amides (highest yield = 92%). The catalyst
can be recycled four times with a minimum loss of initial
activity. Further, the transient absorption spectroscopic studies
have revealed that [Ni(dmgH),] acts as an electron funnel,
enabling fast electron transfer from QDs to the catalytic centers.

Results and discussion

Syntheses and characterizations of the catalysts

Metal halide perovskite CsPbBr; QDs were synthesized by hot-
injection =~ method  following a  literature  report
(Experimentalt).*® The powder X-ray diffraction (PXRD) revealed
the monoclinic crystal structure of CsPbBr; QDs (JCPDS card
no. 18-0364) (Fig. Sla and b¥).*** The transmission electron
microscopy (TEM) study revealed the average particle size as 5.5
+ 1 nm (Fig. Sict). HRTEM detected the lattice spacing corre-
sponding to (200), (210), (202), (211), and (002) planes of
monoclinic CsPbBr; (Fig. Slc-et).**** The energy-dispersive X-
ray (EDX) spectroscopy confirmed the presence of the
elements Cs, Pb, and Br (Fig. S2t). For the photoredox reaction,
[Ni(dmgH),] was used as the cocatalyst to improve the efficiency
and selectivity of the reaction. The addition of different
weight% of [Ni(dmgH),] (3, 5, 7, and 9 wt%) into the reaction
mixture showed a significant variation in the photocatalytic
activity (Table S17) (see later). Therefore, we have carried out
a detailed optoelectronic characterization of the catalyst
systems having different amounts of [Ni(dmgH),] with CsPbBr;
QDs. The UV-visible diffuse reflectance spectroscopy (DRS)
revealed the bandgap of CsPbBr; QDs as 2.28 eV and the addi-
tion of [Ni(dmgH),] did not alter the bandgap of the photo-
catalyst (Fig. S3a and bt).>” However, a broad peak for ligand-to-
metal charge transfer (LMCT) in [Ni(dmgH),] was detected after
the introduction of the cocatalyst to CsPbBr; (Fig. S3at).*® The
absorption maxima was shifted to lower wavelength (blue shift)
due to the electronic interaction of [Ni(dmgH),] with CsPbBr;
QDs.

In Mott-Schottky (MS) plot, both CsPbBr; QDs and
[Ni(dmgH),] exhibited positive slopes within the frequency
range of 0.5-1.5 kHz, signifying the formation of an n-n-type
heterojunction. Based on MS plots, we have determined the
flat band potentials as —0.99 eV and —0.59 eV vs. NHE (normal
hydrogen electrode) for CsPbBr; and [Ni(dmgH),], respectively
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(Fig. 1b and S41).>**° As the conduction band minimum (CBM)
of an n-type semiconductor is about 0.1 or 0.2 eV higher than
the flat band potential, the CBMs of CsPbBr; QDs and
[Ni(dmgH),] are determined to be —1.09 eV and —0.69 eV,
respectively. The valence band maximum (VBM) of CsPbBr; QDs
is calculated to be 1.19 eV vs. NHE. Therefore, the Fermi level
energy (Ef) of CsPbBr; QDs is high enough to transfer the
photogenerated electrons from the CB of CsPbBr; to the LUMO
of [Ni(dmgH),] (Fig. 1c).*

Photoluminescence (PL) spectrum of CsPbBr; QDs showed
the emission peak at 517 nm (Fig. 1d).*” The emission peak
intensity is gradually decreased with the increasing amount of
cocatalyst as the introduction of [Ni(dmgH),] into CsPbBr;
solution significantly reduced the charge recombination
process (Fig. 1d and S57). In [Ni(dmgH),], the strong m-acceptor
conjugation in the ligand backbone facilitates the electron
transfer from CsPbBr; QDs to the cocatalyst, minimizing the
charge recombination process.*® The trend in the PL intensity is
also reflected in the photocatalytic C-N coupling reaction,
where the best activity is observed with 7% [Ni]-CsPbBr; (Table
S4%).

For a more comprehensive understanding, we recorded the
PL of [Ni(dmgH),] as well (Fig. S5T). PL reveals that [Ni(dmgH),]
has emission peaks at 507 nm and 562 nm.*® A slight shift in the
two fluorescence peaks was observed in 7% [Ni]-CsPbBr;
compared to pure [Ni(dmgH),], which can be attributed to the
charge transfer from CsPbBr; QDs to the cocatalyst (Fig. S57).

Further, the photocurrent response of the catalyst systems
was recorded under on/off cycling of the light (Fig. 1e and S61).
Compared to CsPbBr; QDs, [Ni]-CsPbBr; photocatalysts showed
a substantial improvement in the photocurrent density, and the
best photocurrent response was achieved with 7% [Ni]-CsPbBrs,
indicating efficient separation of charges after cocatalyst addi-
tion. The [Ni(dmgH),] captures the photogenerated electrons
from CsPbBr; QDs, effectively minimizing charge recombina-
tion and enhancing the charge transfer.*” The effective electron
transfer was revealed through electrochemical impedance
spectroscopy (EIS) measurements (Fig. S7T). The Nyquist plots
of [Ni]-CsPbBr; exhibited noticeably smaller diameters in
comparison to that of CsPbBr; QDs and 7% [Ni]-CsPbBr;
showed the lowest charge-transfer resistance (R.) value
(Fig. 1f).*+*

The HOMO-LUMO energy gap of the cocatalyst was deter-
mined using cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) in the presence of light and in the dark
(Fig. 2a and S8%). In ground state, the energy gap between CB of
CsPbBr; QDs and LUMO of [Ni(dmgH),] is high. In the presence
of light, the HOMO of [Ni(dmgH),] shifts to a more positive
potential value while the LUMO moves to a further negative
potential. This leads to a reduction in the energy gap between
the conduction band potential of CsPbBr; and the LUMO of
[Ni(dmgH),], facilitating the transfer of the photogenerated CB
electrons to the cocatalyst. As a result, O, molecules are faster
reduced to superoxide, improving the rate of photocatalytic C-N
coupling reaction (see later).

The X-ray photoelectron spectroscopy (XPS) study has also
shown strong electronic interaction between CsPbBr; QDs and
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Fig. 1

(a) The UV-vis diffuse reflectance spectra of CsPbBrs QDs, 7% [Ni]-CsPbBrs and [Ni({dmgH),], inset showing corresponding Tauc plot,

demonstrating no significant change in the bandgap after the introduction of the cocatalyst to CsPbBrsz QDs. (b) Mott—Schottky plot of CsPbBrs
QDs. (c) Depiction of the conduction band minima and valence band maxima for CsPbBrz QDs and [Ni(dmgH),], derived from Tauc plot and
Mott—-Schottky studies. (d) Photoluminescence spectra of CsPbBrz QDs and 7% [Ni]-CsPbBrz showing a reduction in the charge recombination
process after the introduction of cocatalyst to CsPbBrs QDs. (e) Photocurrent measurements of CsPbBrs QDs and 7% [Ni]-CsPbBrs under light/
dark conditions. (f) Electrochemical impedance spectroscopic studies of CsPbBrz QDs and 7% [Ni]-CsPbBrs, revealing the low charge transfer
resistance for 7% [Ni]-CsPbBrz (condition for recording photocurrent and EIS: electrolyte: 0.1 M TBAPF¢ in ethyl acetate (20 mL), photo-
catalyst@FTO: working electrode, Ag/AgCL: reference electrode, and Pt-wire: counter electrode; 0.0 V vs. Ag/AgCl was applied for photocurrent

measurements. Light source: 15 W blue LED).
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Fig. 2 (a) Cyclic voltammogram of CsPbBrs QDs and 7% [Ni]-CsPbBrs
in the dark and light. XPS spectra of CsPbBrs and 7% [Ni]-CsPbBrs (b) Cs
3d, (c) Pb 4f, (d) Br 3d.

cocatalyst (Fig. 2b-d). The comparison of Cs 3d XPS of CsPbBr;
QDs and 7% [Ni]-CsPbBr; showed a positive shift (0.33 eV) in
the binding energies of Cs 3ds, (723.82 eV) and Cs 3d3, (737.79
eV) peaks after the cocatalyst incorporation, indicating electron
transfer from the CB of photocatalyst to cocatalyst.

Similarly, Pb 4f and Br 3d XPS exhibited positive shifts in the
binding energies in 7% [Ni]-CsPbBr; compared to that of

13220 | Chem. Sci., 2024, 15, 13218-13226

CsPbBr;. In contrast, a negative shift of Ni 2p;/, and 2p,,, peaks
was detected in 7% [Ni]-CsPbBr; compared to that in
[Ni(dmgH),] due to the electron accumulation in the LUMO of
the cocatalyst (Fig. S9t).*® The C 1s, N 1s, and O 1s XPS spectra
of 7% [Ni]-CsPbBr; are presented in Fig. S9.f Consequently,
these findings provide strong evidence of electron transfer from
CsPbBr; QDs to [Ni(dmgH),].

Role of cocatalyst on photoredox activity

The optimization of the photoredox C-N coupling reaction was
performed using 4-nitrobenzaldehyde (1) and piperidine (2) as
the model substrates (Table S21). CsPbBr; QDs produced amide
by the photocatalytic reaction with a reduced yield (see later).
However, the integration of the Ni-complex with CsPbBr; QDs
significantly improved the photocatalytic activity (Table S2t). A
series of Ni(un)-complexes and salts were explored as the cocat-
alyst {{Ni(dmgH),], [Ni(salen),] [Ni(acac),], and Ni(OAc),-4H,O0}
with CsPbBr; QDs (Table S2t). Among different cocatalysts,
[Ni(dmgH),] was found to be the most effective for the photo-
redox C-N coupling reaction. The amount of cocatalyst has also
a significant effect on the photoredox activity of [Ni]-CsPbBr;
(Table S2t). With the increasing wt% of [Ni(dmgH),], the pho-
toredox activity was increased to achieve a higher yield of amide.
Interestingly, the best yield of amide was obtained with 7% [Ni]-
CsPbBr;, and further increase in the amount of [Ni(dmgH),]
decreased the yield of the product (Table S27).

Based on the above studies, it is clear that a cocatalyst should
possess an optimized reduction potential and improve the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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photogenerated charge separation and transport process of
CsPbBr; QDs, enabling it to accept electrons from the CsPbBr;
CB and relay the electron to atmospheric molecular oxygen
(from air) to form superoxide radicals. It should be mentioned
here that CsPbBr; QDs can also activate molecular oxygen to
form superoxide radicals. However, the cocatalyst [Ni(dmgH),]
helps in the relay of the photogenerated electrons from the CB
of CsPbBr; to O, because of the suitable energy levels and redox
potentials.

To understand the process, we have conducted a comparison
of the energy levels and reduction potentials of the three
components: (i) CB position of CsPbBr; QDs, (ii) single electron
reduction potential of [Ni(dmgH),], and (iii) reduction potential
of O, to O,”". The MS study confirms that the reduction
potential of [Ni(dmgH),] (—0.59 V vs. NHE) is higher enough to
reduce O, to O,"~ (—0.33 V vs. NHE) (Fig. 1c and S4f). As the
superoxide radical is responsible for the activation of the alde-
hyde, the rate-determining step is not the initial photoexcita-
tion or charge injection but the subsequent conversion of O, to
O, . Therefore, the optimized energy levels of the photocatalyst
CB and cocatalyst LUMO can enhance the overall photoredox
performance.

Optimization of the photoredox reaction conditions

Further optimization of the photoredox reaction conditions has
been carried out in different aprotic solvents (tetrahydrofuran
(THF), acetonitrile, toluene, and 1,4 di-oxane). Among these,
THF was found to be the suitable solvent for the photoredox
C-N bond formation. To understand the role of photocatalyst,
cocatalyst, light, and O,, photoredox reactions with all the
necessary combinations have been performed (Table S2t). In
the absence of photocatalyst or light, the reaction did not take
place. In the N, environment (absence of O,), a trace amount
(<5%) of product formation was detected. This result clearly
shows the importance of the activation of molecular oxygen to
superoxide radicals for the photoredox reaction. However, in
the absence of the cocatalyst, CsPbBr; QDs can also activate
molecular O, and produce 48% yield of amide.

Substrate scope for the C-N bond formation

The C-N coupling strategy involving derivatives of benzalde-
hyde and piperidine demonstrated a wide substrate scope and
remarkable tolerance to diverse functional groups, leading to
the formation of amides in good to excellent yields (Table 1).
The reactivity of aldehyde derivatives depends on the presence
of electron-donating and electron-withdrawing groups in the
phenyl ring of benzaldehydes. Substrates with the electron-
donating group in the phenyl ring of benzaldehydes (para-
methyl-benzaldehyde and para-methoxy benzaldehyde) showed
comparatively low yields (Table 1, 3a-3c). The steric crowding in
the ortho-position of benzaldehyde further decreased the yield
of the amide (Table 1, 3d).

In contrast, benzaldehydes having electron-withdrawing
groups (-NO,, and -CF;) in the phenyl ring produced high
yields, ranging from 82% to 92% (Table 1, 3f-3i). Further, the
position of the substituent (ortho-, meta-, para-nitro) in the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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phenyl ring of benzaldehydes has shown a significant effect on
the yield of the product (Table 1, 3f-3h). Even, 4-bromo-
benzaldehyde produced a good yield of amide (89.5%) under
the similar reaction conditions (Table 1, 3e). The reaction of
morpholine with different benzaldehyde derivatives produced
slightly lower yield of amide than the corresponding piperidine
derivative (Table 1, 3j-31).

The reaction of pyrrolidine with different substituted benz-
aldehydes produced a wide variety of amides (Table 1, 3m-3p). A
similar trend for the substitution in the phenyl ring of benzal-
dehyde was observed when 5-membered pyrrolidine was used
instead of 6-membered piperidine. However, in all the cases,
a slightly lower yield (74-89%) was attained with pyrrolidine
compared to piperidine because of increased ring strain in the
cationic amine radical of pyrrolidine (see later). Interestingly,
the process can even tolerate hydroxyl group at the ortho-posi-
tion of benzaldehyde to produce a yield of 56% of amide (Table
1, 3q). The reaction of terephthaldehyde with pyrrolidine
produced 69% yield of 3q (Table 1, 3r). The heterocyclic alde-
hydes (thiophene-2-carbaldehyde and pyridine 2-carbaldehyde)
also produced >80% yield of amides (Table 1, 3s-3t).

A wide variety of amines have also been studied to form
amides with moderate to high yield. The effect of the variation
of amine (with a similar structure) is not so pronounced in the
yield of amides. For example, when 6-membered piperidine was
replaced by morpholine, the yield was not significantly affected
(Table 1, 3a, and 3k). Similarly, 6-membered piperidine and 5-
membered pyrrolidine produced similar yields (Table 1, 3a, and
3m). However, the reaction of 2-oxolidone with benzaldehyde
lowered the yield of the amide (Table 1, 3u).

Interestingly, aniline derivatives of pyridine and quinoline
(2-aminopyridine, 2-(2-pyridyl)ethylamine, and 7-aminoquino-
line) also produced a high yield of amides when reacted with
benzaldehyde (Table 1, 3v-x). However, the reaction of aniline
with benzaldehyde led to the formation of a mixture of prod-
ucts, which cannot be separated by column chromatography.
Even benzylamine produced 72% yield of amide reacting with
benzaldehyde (Table 1, 3y). However, the yield of the amide was
decreased when aliphatic aldehyde was reacted with benzyl-
amine (Table 1, 3z). Octanal showed only 61% conversion under
similar reaction conditions with a 55% yield of amide and 6%
yield of N-octylidene-1-phenylmethanamine as a byproduct
following the hydrogen atom transfer (HAT) mechanism (Table
S5,1 32').*® A decrease in the yield of amides was also observed
when benzaldehyde reacted with open-chain aliphatic amines
(Table 1, 3aa, and 3bb).

Further, the catalytic recyclability test was performed four
times with a minimum loss of activity (Fig. S101). The recovered
catalyst did not show any change in the UV-visible spectrum
(Fig. S117).

Effect of cocatalyst on the excited state dynamics of CsPbBr;
QDs

The femtosecond transient absorption spectroscopy (TAS) was
used to investigate the impact of [Ni(dmgH),] on the dynamics
of carrier relaxation in CsPbBr; QDs (Fig. S127). The samples

Chem. Sci., 2024, 15, 13218-13226 | 13221
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Table 1 Photocatalytic C—N bond formation in the presence of visible light using 7% [Ni]-CsPbBrs; photocatalyst®

o
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32,55 % 3aa, 62% 3bb, 59%

“ Reaction conditions: aldehyde (0.5 mmol), amine (1 mmol), 7% [Ni]-CsPbBr; (10 mg), THF (2.5 mL), 15 W blue LED, air, temperature: 35 + 3 °C,
time: 18 h. *In the case of 3r, aldehyde and pyrrolidine were taken 0.5 mmol and 2 mmol, respectively. In all the cases, isolated yield of the product
was reported and the products were characterized by "H and "*C NMR (Table S5).

were excited above the band edge of CsPbBr; (370 nm) to
generate charge carriers, which subsequently formed trap
states.***> The TAS of CsPbBr; reveals specific features
(Fig. S12a-gt): (i) a prominent photobleach band at 518 nm
(PB1). (ii) A less pronounced negative band (390-450 nm: PB2).
(iii) A broad absorption band (410-510 nm: ESA1). (iv) Another
excited state absorption band (530-560 nm: ESA2). This second
absorption band evolves and decays rapidly within 800 fs. A
concomitant broadening and a red shift of ESA1 are observed
within this time scale. The ESA2 is ascribed to the intra-band
relaxation of the hot electron in the vibrational levels of the
conduction bands of CsPbBr;.** As the relaxation takes place,
the energy gap between the relaxed states and higher energy
states increases which leads to a blue shift of the ESA2. This
overlaps with the wavelengths of ESA1 and appears to broaden
and enhance the intensity of ESA1.

The TA of 7% [Ni]-CsPbBr; showed similar spectral features
for the photobleach bands and the lower wavelength ESA band
(PB3, PB4, and ESA3) (Fig. S12h-nt). The excited absorption
band, akin to ESA2 in CsPbBr;, was not detected in 7% [Ni]-
CsPbBr;. Photo-induced absorption ESA3 appeared at 510 nm
while the photo bleach band PB3 was red-shifted (526 nm)
compared to that of CsPbBr; (Fig. S12h-nt). Although several
spectral features were observed to be similar in QDs and 7%

13222 | Chem. Sci, 2024, 15, 13218-13226

[Ni]-CsPbBrj;, the rates at which the spectra evolve are signifi-
cantly different. This suggests that the same electronic states
are involved but their formation rates are different.

The decay dynamics at different wavelengths are monitored
by fitting the kinetic traces to a sum of exponentials. The kinetic
trace at 400 nm corresponds to the bleach of the ground state to
the higher energy states (Fig. 3a(1)). The 550 nm kinetics
belongs to the recovery of bleach of ground state as this wave-
length matches the lowest energy band in the steady state
spectrum. A negative signal in the TA can be assigned to bleach
as well as stimulated emission. The hot electrons undergo intra-
band relaxation processes. Had the signal at 390 nm to 430 nm
been exclusively from the stimulated emission of hot electrons,
then this band would have evolved along with ESA2. However,
as noted from TA spectra (Fig. S12+t) this blue band exists well
beyond ESA2 absorption. ESA2 rises and falls within 800 fs,
while the PB2 signatures exist even in the 2 ns spectra. The 7%
[Ni]-CsPbBr; spectra also showed the negative band in the same
region, however, the ESA2-type band was not observed. Based
on the electrochemical spectroscopic studies, an ultrafast elec-
tron transfer from perovskite to cocatalyst can be proposed. If
the negative band is originated from the stimulated emission of
hot electrons, it should not be detected in 7% [Ni]-CsPbBr;. As

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Kinetic traces at (1) 400 nm (2) 500 nm (3) 550 nm and (4) 650 nm for CsPbBrs (red) and 7% [Ni]-CsPbBrs (blue). The solid lines are fitted

lines. The decay-associated spectra (DAS) of (b) CsPbBrs and (c) 7% [Ni]-CsPbBrs. (d) Schematic illustration of the formation and relaxation of
charge carriers of CsPbBrs and 7% [Ni]-CsPbBrs. (e) Proposed mechanism of C—N bond formation.

the higher energy negative band was detected even in the
presence of cocatalyst, we assigned it as a photobleach band.

The comparison of the kinetic traces at 500 nm has shown
that the rise and decay of the signal of CsPbBr; is faster than 7%
[Ni]-CsPbBr; (Fig. 3a(2)). The rise times were calculated to be 98
+ 5 ps for CsPbBr; and 41 + 2 ps for 7% [Ni]-CsPbBr;. The
recovery of bleach (550 nm) was found to be faster for 7% [Ni]-
CsPbBr; than pristine QDs (Fig. 3a(3)). The same inference was
drawn from 400 nm traces as well. The lifetimes at 550 nm
decreased from 60 = 8 ps and 817 & 165 ps for CsPbBr; to 31 3
ps and 293 + 32 ps for 7% [Ni]-CsPbBr; Similar observations
were obtained for kinetic traces at 650 nm (Fig. 3a(4)) and the
time constants are listed in Table S3.f The decay-associated
spectra (DAS) revealed three ultrafast components for both
systems (Fig. 3b and c).*” The global lifetimes are obtained as
0.8 + 0.01 ps, 60 £+ 7 ps, and 758 + 89 ps for CsPbBr; and 1 +
0.01 ps, 39 + 3 ps, and 530 £ 43 ps for 7% [Ni]-CsPbBr;.

In addition to the above three components, a long-lived
component, associated with the charge recombination
process, that did not decay within the timescale of our
measurement, was also observed (Fig. S131). The DAS at 0.8 +
0.01 ps showed a strong positive band (533 nm) corresponding
to ESA2. The strong positive band in the DAS at 60 + 7 ps
matched with ESA1. The amplitude at the peak of ESA1 of the

© 2024 The Author(s). Published by the Royal Society of Chemistry

760 ps DAS is stronger than that observed in the 60 ps DAS. This
is in line with the observation that the ESA1 becomes stronger
over the range of 500 ps and then decays. The DAS has a longer
lifetime having a positive band at the same wavelength 506 nm
associated with the ESA1 and PB1 bands (Fig. S12t). PB1 is
attributed to the depopulation of the ground state, as its peak
position aligns with the lowest energy steady-state absorption of
the CsPbBr; (Fig. S12af).”®** The 0.8 ps rise in PB1 signal
resulting from 370 nm excitation is attributed to the gradual
transition of the high energy excitons towards the band edge
excitonic state through intra-band relaxation.

The loading of [Ni(dmgH),] on CsPbBr; results in faster
kinetics in the TAS (Fig. 3d). A faster decay arises from the
increased rate of depopulation of the involved states by an
excited state process due to the migration of the charge from
CsPbBr; to [Ni(dmgH),]. This is manifested as a decrease in
lifetime in 7% [Ni]-CsPbBr; and is a reflection of the formation
of a trap state from CsPbBr;. Earlier works on CsPbBr; have also
indicated that the exciton bleach in the picosecond to nano-
second time scales serves as a reliable indicator of electron
trapping.48’50’51

The electrochemical studies showed that light-induced
charge transfer was facilitated from CsPbBr; to [Ni(dmgH),]
(Fig. 2a and S8t). We take the aid of TA measurements to

Chem. Sci, 2024, 15, 13218-13226 | 13223
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estimate the rate of this migration. The lifetimes of exciton
formation and cooling are affected by cocatalyst. The inverse of
lifetime corresponds to the rate constant of the associated
process. Hence the difference in rate constants of [Ni(dmgH),]
loaded and pristine CsPbBr; will serve as a measure of the
electron transfer process (eqn S1t). The formation time of the
trap state decreases from 60 + 8 ps for CsPbBr; to 31 + 3 ps for
7% [Ni]-CsPbBr;. Substituting these lifetimes yields a rate
constant of k.. = 1.6 x 10*° s™*. The observed electron transfer
rate agrees with the rate constant typically observed in other
semiconductor metal systems where electrons have relaxed to
the bottom of the conduction band.*>*

Reaction mechanism

The reaction of 4-nitrobezaldehyde and piperidine in the inert
atmosphere resulted <5% product formation, highlighting the
role of oxygen. Furthermore, when we introduced electron and
hole scavengers (AgNO; and TEA or ethanol) into the reaction
mixture, the yield of the product decreased significantly, sug-
gesting the involvement of free-radical pathways (Fig. S147).
When superoxide radical scavenger para-benzoquinone was
introduced into the reaction mixture, the yield of the product
dropped to only 10% (Fig. S147).*

In the presence of [Ni(dmgH),], faster electron transfer from
the CB of CsPbBr; to cocatalyst takes place, followed by the
reduction of surface-bound O,, producing superoxide radicals.
Considering these findings, we have proposed a mechanism for
the photo-induced amide formation reaction (Fig. 3e). Under
visible light irradiation, [Ni]-CsPbBr; is initially photoexcited,
promoting an electron from the VB to CB. This photogenerated
electron in the CB is relayed to atmospheric oxygen by cocatalyst
to form a superoxide radical (O, ). Concurrently, the holes (h")
in the VB are transferred to amine (2), resulting in the formation
of amine radical cation (2a). The superoxide radical abstract
proton from 4-nitrobenzaldehyde forms acyl radical (1a) along
with a hydroperoxyl radical ("fOOH).>***>*® Interestingly, inter-
mediate 1a and 2a were trapped by TEMPO and identified using
NMR spectroscopy (Fig. S15at) and mass spectrometry
(Fig. S15b7).* The radical coupling of intermediates 1a and 2a
produces cationic species 3", which is further oxidized by "OOH
to final product 3.°*** As a result, H,O, was formed as the
reduction product of O,. Interestingly, we were able to detect the
formation of H,0, (Fig. S167).%*

The higher efficiency of O, reduction by 7% [Ni]-CsPbBr;
compared to CsPbBr; was also confirmed (Fig. S16at). Further,
an increase in H,0, concentration was observed with increasing
reaction time (Fig. S16bt). Therefore, it is clear that 7% [Ni]-
CsPbBr; is more effective in the activation of molecular oxygen
compared to CsPbBr;. In addition, superoxide radical was also
detected by UV-visible spectroscopy (Fig. S177).*% A higher
amount of O,"~ formation was also observed for 7% [Ni]-
CsPbBr; compared to the pristine QDs.

Therefore, in this study, we are able to detect the reaction
intermediates (1a, 2a) by mass-spectroscopy and NMR, active
radical spices (0, ") and H,0, by UV-visible spectroscopy
(Fig. S15-S177). Based on the previous literature, the formation

13224 | Chem. Sci,, 2024, 15, 13218-13226

View Article Online

Edge Article

of "OOH radicals and 3” has been proposed to complete the
catalytic cycle.®**

Conclusion

In summary, we have demonstrated the potential of CsPbBr;
QDs for the photoredox C-N coupling reaction. The introduc-
tion of cocatalyst improved the photoredox process and the best
catalytic activity was obtained with [Ni(dmgH),] because of the
suitable band alignment. [Ni(dmgH),] enhances photo-
generated charge transfer dynamics of CsPbBr; QDs. 7% [Nil]-
CsPbBr; produced the best photoredox activity forming amide
with 92% yield. Ultrafast TA measurement showed that electron
transfer to [Ni(dmgH),] originated from CsPbBr;, exhibiting
a rate constant of k.. = 1.6 x 10" s™". The trap states decayed
significantly fast, thereby enhancing the photocatalytic activi-
ties. Importantly, the optimal reaction conditions for these
transformations avoid non-oxygen oxidants, harsh reaction
conditions, ligands, additives, and environmentally hazardous
solvents and bases. This study has shown the potential of
photoredox reactions using semiconductor QDs for the
synthesis of valuable compounds.
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