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Lead halide perovskite (LHP) based colloidal quantum dots (CQDs) have tremendous potential for
photocatalysis due to their exceptional optical properties. However, their applicability in catalysis is
restricted due to poor chemical stability and low recyclability. We report halide-passivated,
monodisperse CsPbBr; CQDs as a stable and efficient visible-light photocatalyst for organic
transformations. We demonstrate oxidative aromatization of a wide range of heterocyclic substrates
including examples which are poor hydrogen transfer (HAT) reagents. Two to five-fold higher rate
kinetics were observed for reactions catalyzed by CsPbBr; CQDs in comparison with bulk-type
CsPbBrs (PNCs) or conventionally synthesized CsPbBrs CQDs and other metal organic dyes (rhodamine

6G and [Ru(bpy)s]®*). Furthermore, these CQDs exhibit improved air-tolerance and photostability and in
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Accepted 16th January 2021 turn show a higher turnover number (TON) of 200, compared to conventionally prepared CQDs (TON =

166) and state-of-the-art bulk-type perovskite-based catalyst (TON = 177). Our study paves the way for

DOI: 10.1039/d0na00992] the practical applicability of energy-level tunable, size-controlled LHP CQDs as efficient photocatalysts
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Introduction

Lead halide perovskites (LHPs) have exceptional light
absorbing/emitting properties.'” In particular, the ability of
LHPs to facilitate efficient charge separation and transfer upon
photon absorption® has been extensively explored in the
domain of photovoltaics”™ with power conversion efficiencies
approaching the theoretical limit."»** These unique photo-
physical properties of LHPs are also very appealing for acti-
vating organic substrates in photoredox catalysis where light
absorption, charge separation and transfer are equally impor-
tant.**** LHP based colloidal quantum dots (CQDs) with well-
defined size and shape, prepared for example by the hot-
injection method,* may have additional advantages compared
to larger sized and polydisperse LHP nanocrystals (PNCs) in
photocatalysis: first, naturally they have a larger surface area
and the energy levels can be tuned as a function of size®*"** to
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control electronic transfer processes with the substrates.
Second, these CQDs are highly dispersible in many organic
solvents forming a homogeneous colloidal solution, yet with
heterogeneous catalytic attributes such as recyclability and
separability. And third, due to their monodisperse, well-defined
size, shape and surface morphology, surface facet-controlled
catalysis®®>* with high specificity and affinity for various
substrates could be explored. Unfortunately, conventionally
prepared size- and shape-controlled LHP CQDs have poor air
and moisture stability,**® limiting their practical application in
the photocatalysis. Furthermore, these nanocrystals are typi-
cally prepared in small scale compared to their bulk or poly-
disperse counterparts.'*® In fact, so far efficient photocatalysis
of organic transformations were all achieved using highly
polydisperse LHP PNCs (ca. 2-100 nm) with an average size too
large to be in quantum confinement regime.'*** Conventionally
prepared colloidal LHP CQDs, in turn, exhibited poor catalytic
efficiency due to their poor tolerance of moisture, oxygen,
substrates and solvents compared to these larger sized PNCs. In
the literature, various strategies to improve air and moisture
stability of LHPs can be found, specially of CsPbI; and CsPbBr;
based perovskites. These strategies encompass the use of
additives such as halide salt,*® phosphinic acid,” ammonium
halide,?® 2,2"-iminodibenzoic acid,* sulphides and metal ions®
and polymers® or imply the application of specific post-
synthetic purification steps.®*> While these approaches have

© 2021 The Author(s). Published by the Royal Society of Chemistry
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led to improved performances of LHP based optoelectronic
devices (e.g., solar cells, LEDs), they could not yet be exploited in
the field of photocatalysis.

Herein, we report the use of halide passivated air-stable,
CsPbBr; perovskite CQDs for the synthesis of a broad range of
azaheterocycles via oxidative aromatization. Photocatalytic
aromatization reactions involving nitrogen heterocycles such as
1,2-dihydropyridines (1,2-DHP), 1,4-dihydropyridines (1,4-
DHP), dihydrobenzothiazoles and pyrazolines are important,
however, kinetically slow reactions, requiring a strong oxidant
and/or efficient catalyst. Although, air is a benign source of
molecular oxygen which can act as an oxidant in the singlet
state, conventionally prepared perovskite-based CQDs and
bulk halide perovskites are highly sensitive to O, and moisture,
limiting their use in photocatalysis.'*'®***” We demonstrate the
practical applicability of monodispersed, air-stable CsPbBr;
CQDs prepared using the individual Cs, Pb and Br precursors
(“three precursors method”) in the oxidative aromatization of

33-35

azaheterocycles under visible light in open air. The nitrogen
containing heterocycles (substrates) and heteroaromatics
(products) under study in this report form a highly important
class of organic compounds with ubiquitous presence in
bioactive natural products or pharmaceutical drugs®*** and are
at the same time the prototypes for the study of biochemical
redox reactions.**™** Previous studies, which mostly focused on
the aromatization of 1,2-dihydropyridine (1,2-DHP), 1,4-DHP
and 1,3,5-triaryl-pyrazolines as substrates, used Ru-, Pd-, and Pt-
based molecular catalysts with some degree of success,*>™**
however, at the cost of the use of expensive metal complexes
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exhibiting oxygen intolerance, absence of recyclability, and
fixed redox potentials.

Results and discussion

Synthesis and characterization of air-stable photocatalyst

Air-stable, halide-passivated CsPbBr; NCs (QD1) were prepared
under optimized and scaled-up conditions via the “three
precursors method” using bromine/oleylamine solution as
bromide source based on our previous report (cf. ESIT).** As
opposed to the conventional “two precursors method”*® where
three elements (viz., Cs, Pb and Br) are obtained from two
precursors (viz., Cs-oleate and PbBr,), the “three precursors
method” allows for independent tuning of all three elements
and achieving the desired halide-rich synthetic conditions.?****°
QD1 was prepared under halide-excess condition (Cs : Pb : Br ~
1:1:6) at high temperature (200 °C), based on the detailed
reaction conditions-stability correlation study from our
previous report.>* The colloidal dispersion of QD1 in hexane
exhibited a UV-Vis absorption peak at 505 nm and a PL emis-
sion peak at 517 nm with an optical band gap of 2.46 eV
(Fig. 1a). QD1 exhibits long-term stability in ambient air
conserving fluorescence quantum yield (Fig. S1 and S2}). TEM
studies show that the nanocrystals have an edge length ~9.4 +
0.4 nm (Fig. 1b), which is in the moderate to weak quantum
confinement regime.** Increasing the size of NCs to ~15.7 £
0.7 nm (QD2, Fig. S3a and bf¥) led to a slight red-shift of the
emission maximum (521 nm) and decreasing the size to ~7.2 +
0.5 nm (QD3, Fig. S3c and dt) resulted in a blue shift (510 nm)
attributed to the quantum confinement effect.>®* In
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Fig.1 Characterization of the CsPbBrs perovskite QDs (QD1): (a) UV-Vis absorption (black) and photoluminescence emission (red) spectra of the
colloidal dispersion (excitation wavelength: 400 nm), inset: colloidal solution under UV lamp; (b) TEM image (cube edge length = ~9.4 4+ 0.4 nm);
(c) cyclic voltammogram of the nanocrystals dispersed in acetonitrile/toluene (1 : 4) solution using tetrabutylammonium perchlorate (TBAP) as
supporting electrolyte with a scan rate of 50 mV s~ (d) powder X-ray diffractogram of the QDs indexed to orthorhombic phase (JCPDS no. 00-
054-0752) indicated as red bar; (e) XPS survey spectrum; (f) FTIR spectrum.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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photocatalysis, the knowledge of the relative energy level posi-
tions of the catalyst with respect to the substrate is crucial for
evaluating and maximizing the driving force of the reaction.'®
Cyclic voltammetry (CV) was used to determine the valence
band maximum (VBM) and conduction band minimum (CBM)
of the QDs.* The cyclic voltammogram of QD1 (Fig. 1c) shows
the anodic peak (A) at 1.23 V and cathodic peak (C) at —1.27 V
for one complete cycle. The peak potential difference between
these two peaks (A-C) results in an electrochemical bandgap of
2.50 eV, which is consistent with the obtained optical bandgap
of QD1.** The exceptional air-stability of these CQDs (Fig. 1d) is
attributed to halide/amine passivated surfaces as confirmed by
X-ray photoelectron spectroscopy (XPS) and Fourier transform
infrared spectroscopy (FTIR)** (Fig. 1e and f). The Pb 4f core
level spectra of QD1 show peaks at 138.39 and 143.25 eV
assigned to the Pb 4f;, and Pb 4f;,, levels, respectively. These
values are slightly higher than for conventional CsPbBr; NCs
(QD4) which show peaks at 138.34 and 143.20 eV (Fig. S4cf¥).
This increase in binding energy value (shift by 0.05 eV) is
consistent with literature reports for halide-ion rich CsPbBr;
NCs.”** The analysis of the Cs 3d, Pb 4f, and Br 3d peaks further
confirmed that QD1 displays a higher bromide ion rich surface
(Cs:Pb:Br ~ 0.9:1:3.5, Fig. 1e) in comparison to the QD4
(Cs:Pb:Br ~ 1.2:1:2.7, Fig. S4bt). Bromine is a volatile
liquid and to ensure sufficient bromine precursor, we used
excess of bromine (~6 times) compared to Pb or Cs precursor.
Fig. 1f shows a characteristic FTIR band at 1639 cm™ " con-
firming the presence of protonated amine groups (-NH;"). This
observation, taken together with XPS results, confirm the
presence of oleylammonium halide on the NC surface which is
crucial for stability.®® In addition, the peaks at 1713 em " and
1534 cm ™' are attributed to the C=0 stretching (free acid) and
oleate anion (surface-bound) vibrations respectively.”” The
strong peak at 1466 cm ™" is due to bending vibration of C-H in
CH, group which is integral part of the ligands. Importantly,
QD1 showed improved photostability under blue LED
compared to PNCs and conventionally prepared CsPbBr; CQDs

(QD4) (Fig. S5a-dt).

Screening and optimization of the photoredox reaction

To assess the photocatalytic utility of QD1 in aromatization
reactions under air, we selected Hantzsch ester i.e., diethyl 2,6-
dimethyl-1,4-dihydropyridine-3,5-dicarboxylate (1a) as a model
substrate due to its synthetic accessibility. 1a is also a popular
NAD(P)H-type model for redox processes based on the dihy-
dropyridine skeleton**** and is well known in pharmacology as
calcium channel blockers for curing cardiovascular diseases.**>®
Furthermore, CV studies (Fig. S61) show that the redox potential
of 1a is above the VBM of QD1 and therefore, it acts as
a potential hole accepting substrate for QD1.

To initiate the photocatalytic studies, 1a was dissolved in
dichloromethane (DCM) and illuminated with a blue LED
lamp in the presence of a catalytic amount (1 mg) of QD1. NMR
studies confirmed the formation of the aromatized product 2a
with 85% yield (Scheme 1). The reaction was carried out using
off-the-shelf solvent, in air at room temperature without the
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Scheme1 Initial result of oxidative aromatization of 1a in the presence
of QD1 acting as the photocatalyst.

use of an additional external oxidant. Although Hantzsch ester
(1a) is a known hydrogen atom transfer (HAT) reagent, yet it is
very slowly oxidized without the catalyst demonstrating the
necessity to identify suitable catalysts.***” In fact, the aroma-
tization of 1a performed in the absence of catalyst furnished
2a in poor yield (20% yield, entry 3, Table S1t) implying the
essential role of QD1 to activate the organic substrate 1a. We
screened the reaction of 1a under different synthetic condi-
tions to optimize the catalytic efficiency of QD1. The results of
the optimization studies are detailed in Table S1.7 In the
absence of light, only a trace amount of 2a was detected con-
firming that the presence of light is necessary to favor the
progress of reaction (entry 2, Table S17). Different solvents of
varying polarity and reactivity such as toluene, CHCl;, 1,4-
dioxan, THF, 1,2-dichloroethane (DCE) and ethyl acetate were
also tested and the successful formation of 2a from 1a was
observed in each case with high to excellent yields (entries 5-9,
Table S11). Although, the dispersion of QD1 showed improved
photostability in hexane as compared to DCE (Fig. S51), the
photocatalytic reaction was not performed in hexane solvent
owing to its non-polar attributes. The precursors (organic
substrates) were not soluble in hexane solvent. For the
substrate 1a, the best result in terms of reaction yield was
observed in 1,2-dichloroethane (DCE) solvent affording the
desired product 2a in 95% yield. These parameters were
marked as the optimum photocatalytic reaction conditions for
further studies (entry 4, Table S11).

Substrate scope: extension to the less reactive HAT reagents

The present photocatalytic protocol is highly efficient and
compatible for aromatizing a broad range of heterocyclic
substrates. In the following, we demonstrate the successful
aromatization of a library of substrates consisting of
substituted 1,4-DHP (1a-j), 1,2-DHP (3a-f), 2-aryl-2,3-
dihydrobenzothiazole (5a-c¢) and 1,3,5-triaryl-pyrazoline (7a-
e), using QD1 under optimized reaction conditions (solvent:
DCE, catalyst: 1 mg QD1, room temperature). Most signifi-
cantly, the overwhelming majority of these substrates are poor
HAT reagents compared to 1a without the catalyst. In fact, only
traces of product were detected even when reaction was pro-
longed to more than 5 h. With the catalyst, the reaction showed
excellent yields at much shorter reaction times (86-95%,
Fig. 2). Highly pure products were directly isolated from the
reaction mixture via centrifugation, without the need of
column chromatographic separation techniques. We observed
that the reaction rates were different for different substituents,
underlining the strong influence of the electronic nature of the
substituents (R) on the progress (rate) of the reaction. To

© 2021 The Author(s). Published by the Royal Society of Chemistry
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1. Oxidative aromatization of mono and tricyclic 1,4-DHP
2a, R =H, 95%, 50 min
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2. Oxidative aromatization of highly substituted 1,2-DHP
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3. Oxidative aromatization of substituted dihydrobenzothiazole

4. Oxidative aromatization of highly substituted Pyrazolines

| R 8a, R =Ph, R'=Ph, 92%, 35h
S H ap1,DCE s 6a, R =Ph, 95%,3h ' H H  QD1,DCE 8b, R = p-CICgH,, R! = Ph, 90%, 4 h
L e (L prevr=oteaiamesn | oo oo™ ﬁwh B2, Repriecyy. e R 06,2
N i N 6c, R= p-OMeCeHa, 94%, 2h | 1" N Hopanar 7N 8d, R = p-OMeCgHy, R' = Ph, 93%, 3 h
sa.c 6a-c " ae 8ae 8, R=Ph,R'=p-CICeHy, 89%, 4.5 h

Fig. 2 Aromatization of a broad variety of substrates comprising 1,4-DHP, 1,2-DHP, dihydrobenzothiazole and pyrazoline derivatives catalyzed
by QD1 photocatalyst under blue light irradiation affording a library of corresponding aromatized azaheterocycles. The maximum absorption
wavelength and the illumination intensity of the blue LED light (40 W) are 461 nm and 0.363 mW cm™2 at a distance of 100 cm respectively.

understand the quantitative relation between structure and
reactivity, detailed kinetic studies were performed on 1,4-DHP
based substrates.

Structure-reactivity correlation study

We observed that the rate of oxidative aromatization was faster
in the presence of electron donating groups (EDGs) and the
reverse effect was noted in the presence of electron withdrawing
groups (EWGs) as the substituent. Evidently, kinetic studies
reveal that the reaction rate constants of para-substituted 1,4-
aryl-DHP (1c-1g) (R = p-X-C¢H,4, where X = OMe, Me, H, Cl and
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Fig. 3 Hammett single and dual correlations of the aromatization of
para-substituted 1,4-aryl-DHP such as 1c (H), 1d (Cl), 1e (Me), 1f (OMe),
and 1g (NO,). (a) Simple Hammett plot corroborating the influence of
the inductive effect of the substituents on reactivity; (b) construction
of the Hammett plot employing Jiang's dual-parameter; (c) non-linear
correlation of the Hammett plot of log(Kx/Ky) versus ¢ indicating no
spin delocalization; (d) Hammett plot of log(Kx/Ky) versus ¢* signifying
the dominance of polar effects over spin delocalization effects.

© 2021 The Author(s). Published by the Royal Society of Chemistry

NO,) decreases four fold as the para-substituent becomes
progressively more electron withdrawing (Fig. S7 and Tables S2,
S31). Applying the Hammett equation for this transformation,
a linear relationship between logarithms of first order rate
constant and Hammett substituent constant (¢)*° was observed,
corroborating the strong electronic effect (Fig. 3a). To obtain
deeper mechanistic insights from these kinetic data, the more
advanced Jiang's dual-parameter® that considers both polar
and spin delocalization effects was used (Fig. 3b). Again, a linear
correlation was obtained using a Jiang's dual-parameter,
underlining the possible involvement of both ionic and/or
radical intermediates in the reaction. In Jiang's dual-
parameter formalism, positive In(kx/ky) experimental values
suggest that the reaction is accelerated by EWGs and vice versa.
The negative value of the polar reaction constant (p,,, = —0.885)
indicates a modest positive charge developed in the transition
state, while the negative spin delocalization constant
(pyy = —0.766) suggests that para-substitution has no effect on
the delocalization of the radical formed during the reaction.
The ratio of the constants (p,p/p;;) which is slightly more than
unity (1.15) strongly indicates that the polar delocalization
effect is more dominant compared to the spin delocalization
effect. This observation is further corroborated by the fact that
a non-linear correlation (Fig. 3c) was obtained when only spin
delocalization parameters were considered, whereas a linear
correlation was obtained when only polar substitution was
considered (Fig. 3d). In other words, these data suggest that the
reaction possibly proceeds via radical cation or radical anion
intermediates where the electronic effect on reactivity is
predominant due to polar effects.

Driving force and mechanism

CV studies on four different model azaheterocycle substrates
suggested that most of these heterocycles are potential hole
acceptors with their redox potential value well above the VBM of

Nanoscale Adv, 2021, 3, 1464-1472 | 1467
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(a) Redox potential (eV) of different substrates compared to the valence band maximum (VBM) and conduction band minimum (CBM) of

QD1. The data obtained from cyclic voltammetry is marked with blue bars and the literature value for the O,/O, ™ redox pair by a red bar. The
measured potentials (V) from CV were converted to HOMO/LUMO energy levels (eV) with respect to a Fc/Fc* reference (—4.8 eV to vacuum);6263
(b) plausible mechanism for the formation of aromatized products (2) in the presence of QD1 as photocatalyst under blue light irradiation. (RC =

radical cation, ET = electron transfer and HT = hole transfer).

the QD1 (Fig. S6, S11b, S12 and S15%). The driving force for
electron and hole transfer is provided in Fig. 4a based on
electrochemical data. The hole accepting tendency of the
substrate is further confirmed by Stern-Volmer studies®*
(Fig. S217). Since the reaction takes place in the presence of air
and based on the redox potential values it is safe to conclude
that oxygen accepts the electron from the excited QD1 photo-
catalyst to form a superoxide anion radical [O, "] interme-
diate,**?* while the substrate (1) accepts the hole to form
a radical cation intermediate (RC). This leads to the successful
charge separation and activation of the substrate. The in situ
generated superoxide anion radical is responsible for the
subsequent aromatization of RC to deliver the corresponding
aromatized product (2) along with the production of H,O,
(Fig. 4b). A similar mechanism operates for the aromatization of
the other substrates such as 3, 5 and 7 (Fig. S22a and bt). The
proposed mechanism is also consistent with the previous
reports.*>*® Additionally, QD1 catalysed photo-aromatization of
1c (a control experiment) was performed under nitrogen
atmosphere, using solvents purged with the nitrogen gas. As
expected, the formation of the product 2¢ was suppressed
considerably under strictly air-free conditions. However, the
same reaction under open air condition afforded the aroma-
tized product 2¢ in 92% yield in 3.5 h (Fig. $237) indicating the
key role of O, in aromatizing the organic substrate. Direct
evidence of the radical intermediate was achieved using 2,2,6,6-
tetramethyl-1-piperidinyloxy (TEMPO), which is a widely used
radical scavenger. In the presence of TEMPO, the photo-
aromatization of 1a was significantly suppressed yielding only
30% of product within 2 h compared to 95% in 50 min in the
absence of the radical quencher. The proposed mechanism is
further supported by the detection of H,O, in the reaction
mixture (Fig. S247). It is well-known that 3,3',5,5-tetrame-
thylbenzidine (TMB) gives a blue colored diimine complex with
a maximum absorbance at 652 nm in the presence of H,0,.>%

1468 | Nanoscale Adv., 2021, 3, 1464-1472

To confirm the formation of H,O, in our reaction, we mixed
TMB with the extract of the reaction solution after 1 h of the
aromatization reaction of 1a in acetate buffer (pH = 4) and
monitored the UV-Vis absorbance during 12 h. The detection
and evolution of the characteristic peak at 652 nm confirms the
formation of H,0O,. We also performed control experiments with
laboratory grade 30% H,O, and without H,O, under similar
conditions to rule out any ambiguity.

Comparison of the catalytic activity of QD1 with other
photocatalysts

For comparison, oxidative aromatization of 1b was carried out
in the presence of various commonly used state-of-the-art
catalysts such as the ruthenium complex ([Ru(bpy)s][PFs].),*
polydisperse CsPbBr; NCs (PNCs)'*'*® and rhodamine 6G (Rh-
6G).*** The photocatalysts were either purchased or synthe-
sized using standard literature protocols and thoroughly char-
acterized using UV-Vis spectroscopy, PL, NMR or TEM wherever
it was applicable (Fig. S25-5287). The kinetic data were obtained
by monitoring the progress of the oxidative aromatization of 1b
using UV-Vis absorption spectroscopy (Fig. S29t). The gradual
decrease of the distinct absorption peak at 339 nm as a function
of time signifies of the substrate and progress of the reaction.
Fig. 5a compares the reaction rate of QD1 with those of other
photocatalysts. The pseudo first order rate constants (k) were
calculated by plotting In(C,/C,) as a function of the reaction
time. Polydisperse CsPbBr; NCs (PNCs) are air-stable with
higher catalytic efficiency, compared to conventionally prepared
LHP QDs, transition metal complexes and other state-of-the-art
quantum dots.**'® In their detailed work, Yan and co-workers
have demonstrated the use of PNCs for a wide range of
organic transformations including C-C, C-N and C-O bond
formations.”**® In our case, as expected, compared to the
conventionally prepared QD4 and the Ru-based molecular
complex [Ru(bpy);][PFs],, the (2-5 times) higher rate of reaction

© 2021 The Author(s). Published by the Royal Society of Chemistry
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was noted when PNCs were applied as the catalyst under similar
conditions. The lower reaction rate in the presence of QD4 is
attributed to its poor stability. The XRD studies revealed that
QD4 underwent a complete degradation within 10 days under
ambient condition to a mixture of tetragonal CsPb,Brs and
orthorhombic CsPbBr; phases (Fig. S261). Interestingly, halide-
passivated QD1 shows an even higher (two-fold) rate compared
to PNCs. We underline that these results were highly repro-
ducible and consistent using different batches of catalyst
samples prepared under the same conditions. The observed rate
increase is attributed to ultrafast interfacial electron and hole
transfer,® the increase of the surface area and the more homo-
geneous nature of QD1 as compared to PNCs. The difference in
efficiency was even more dramatic in substrates with EWG (1g).
To give an example, the oxidative aromatization of 1g with R =
p-NO,-CgH, at 4 position as EWG using PNCs was unsuccessful
even after 8 h. On the other hand, the same reaction resulted in
85% yield with QD1 under the same conditions. This stark
difference can be attributed to the more favorable band align-
ment of QD1 with respect to the redox potential of substrate 1g,
favoring the hole transfer (Fig. 5b). Due to quantum confine-
ment effects, QD1 has a slightly higher band gap compared to
PNCs as demonstrated in Fig. 5b. Furthermore, QD1 was 5
times more efficient as compared to the Ru-based transition
metal complexes (Fig. 5a). [Ru(bpy)s][PFs], is widely used as
photocatalyst in various organic transformations and is also
a known photocatalyst for the oxidative aromatization reaction.
Therefore, the direct comparison of QD1 with [Ru(bpy)s][PFe].
gives us insight into the catalytic potential of QD1 for organic
transformations in general. We attribute the better catalytic
efficiency of QD1 over these molecular catalysts to its strong O,-
tolerance. The efficiency of Ru(bpy);>* is known to diminish in
O,-rich conditions due to the strong competition between the
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as alternatives to existing molecular catalysts for use in various
organic transformations.

Consistent with the kinetic data above, QD1 demonstrated
a higher turnover number (TON) compared to PNCs and
conventionally synthesized QD4. 0.1 mmol of 1a and QD1 (1
mg) in 3 mL of DCE were subjected to blue light irradiation
(procedure detailed in Fig. S30 and S317) for 4 consecutive
cycles and the yield of the aromatized product (2a) was deter-
mined for each cycle using "H NMR analysis of the crude
reaction mixture. The reaction yielded 96%, 93%, 86% and 70%
for 1%, 2™, 3™ and 4™ cycle, respectively, indicating that the
catalytic activity of QD1 remained robust at least for 4 cycles.
However, QD1 on long exposure to the polar solvent (DCE) and
light under optimal reaction condition undergoes degradation
due to the desorption of the passivating agents (bromide, oleic
acid and oleylamine) from the surface of QD1 minimizing its
stability. The presence of capping ligands on the surface of the
QDs plays a decisive role in imparting the long-term stability of
QDs.”* The TON of QD1 (200) was higher than that of the
polydisperse NCs (PNCs, TON = 177) and of conventionally
synthesized CsPbBr; NCs (QD4, TON = 166) for the aromati-
zation of 1a under optimized reaction conditions (Table 1). The
TON was calculated based on molecular weight of CsPbBr;
(579.8 g mol ™", for details see ESI notet).*® Finally, we studied
the comparative efficiency of the three different sized CQDs
(QD1, QD2 and QD3) (Fig. S32f) using 1b. As expected,
compared to QD1, larger sized CQDs (QD2) showed a slower

Table 1 Comparison of the TON of QD1 with polydisperse CsPbBrz
NCs (PNCs) and with conventionally prepared CsPbBrz; CQDs (QD4)
for the aromatization of 1a

quenching of the catalyst by O, and the catalytic reaction, Yield% Yield% Yield% Yield%
thereby demanding N,-sparging.”® We also employed Rh-6G, Photo-catalyst (1% cycle) (2™ cycle) (3" cycle) (4" cycle) TON
11- 3 68,69 .
a popular air-tolerant organlf: dye,- for .comparls(.)n. QD1 %6 93 36 20 200
Compared to Rh-6G we found 3 times higher reaction rate with  pncs 91 79 74 62 177
QD1, indicating that these LHP based QDs have a high potential Qb4 93 72 69 53 166
a k=0.00234 ms”!| (b
(@), 5 (b) -3.07 eV (CBM) -3.06 eV (CBM)
k=0.0377 ms’1 = —
1PNC
-15 0.130"ms"! s QD1
_ 0.217 Tns"! E ON
2 {7 Nty | &
5 e INo catalys| k=0.231 ms" = H
Q
E 3 + Rupys? k-0asamst| 2 T g O
+ Rhodamine 6G k=0.701 ms"1 { N, HT
41 < QD4 M— ) "
» PNC -5.47 eV (VBM Y
s o (-5.55 eV) e
51 -+Q -5.56 eV (VBM

0 1000 2000 3000 4000 5000 6000 7000 $000

Time (s)

Fig. 5

(a) Plots of In(C,/Cy) versus reaction time of the aromatization of 1b comparing the catalytic activity of QD1 with other photocatalysts; (b)

more advantageous band alignment of QD1 with respect to bulk-type PNCs favouring hole transfer to substrates containing strong EWGs (19g).
CBM and VBM for QD1 obtained from cyclic voltammetry and for PNCs from the literature.*®
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reaction rate, which is ascribed to the decrease of the surface
area in the latter and/or to the less favorable energy level
alignment due to reduced quantum confinement.”® With
smaller CQDs (QD3) the observed decrease of the catalytic effi-
ciency appears at a first glance surprising. It is likely due to the
decrease of the air-stability with decreasing size.'®* We noticed
that smaller CQDs (QD3) have poor photostability compared to
larger ones (QD1), possibly due to the lower temperature
synthetic conditions employed. In fact, previous studies have
demonstrated that pronounced stability of LHP CQDs was only
observed at high temperature synthetic conditions.*

Conclusions

Despite the recent surge of development in synthetic protocols,
mainly aimed at improving performances in optoelectronic
devices, to date the wide application of LHP CQDs as photo-
catalysts in organic synthesis is not successful, mainly due to
their poor air- and photostability. Here we demonstrated that
stable LHP CQDs prepared under optimum temperature and
halide-rich conditions are very promising photocatalysts for
organic transformation. We tested the applicability of these
CQDs by carrying out oxidative aromatization of a variety of
azaheterocycles in air using off-the-shelf substrates and solvent.
They outperform many state-of-the-art molecular and
nanomaterials-based catalysts in terms of reaction rate, yield,
reusability and turnover number. The variation of the substit-
uents of the substrates showed that the rate of oxidative
aromatization was faster in the presence of electron donating
groups. Further analysis of the kinetic data indicated the pres-
ence of radical cation or radical anion intermediates and the
predominance of electronic effects governing the reactivity. Our
study also unraveled the underlying mechanisms confirming
the role of the azaheterocycle substrates as hole acceptors and
that of ambient oxygen as electron acceptor from photoexcited
LHP CQDs culminating in the aromatization of the substrate
and concomitant liberation of H,0,. Both high photo- and
chemical stability as well as favorable energy level alignment of
the QDs with respect to the organic substrate are required to
achieve efficient photocatalysis. Concluding, this study provides
a significant step towards the practical applicability of energy-
level tunable, size-controlled LHP CQDs as efficient photo-
catalysts in organic synthesis. We expect that these stable CQDs
are equally effective for C-C, C-O, C-N, C-S bond formation,
C-H functionalization, thiol coupling and various other
important organic reactions.
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