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ABSTRACT 

In recent years, colloidal lead halide perovskite (LHP) nanocrystals (NCs) have exhibited so 

intriguing light absorption properties to be contemplated as promising candidates for photocatalytic 

conversions. However, for effective photocatalysis, the light harvesting system needs to be stable 

under the reaction conditions propaedeutic to a specific transformation. Unlike photoinduced 

oxidative reaction pathways, photoreductions with LHP NCs are challenging due to their scarce 

compatibility with the common hole scavengers like amines and alcohols. In this contribution, it is 

investigated the potential of CsPbBr3 NCs, protected by a suitably engineered bidentate ligand, for 

the photoreduction of quinone species. Using an in-situ approach for the construction of the 

passivating agent and a halide excess environment, quantum confined nanocubes (average edge = 6.0 

± 0.8 nm) are obtained with a low ligand density (1.73 ligand/nm2) at the NC surface. The bifunctional 

adhesion of the engineered ligand boosts the colloidal stability of the corresponding NCs, preserving 

their optical properties also in the presence of an amine excess. Despite their relatively short exciton 

lifetime (AV = 3.7 ± 0.2 ns), these NCs show an efficient fluorescence quenching in the presence of 

the selected electron accepting quinones (1,4-naphthoquinone, 9,10-phenanthrenequinone and 9,10-

anthraquinone). All these aspects demonstrate the suitability of the NCs for an efficient 

photoreduction of 1,4-naphthoquinone to 1,4-dihydroxynaphthalene in the presence of triethylamine 

as a hole scavenger. This chemical transformation is unpracticable with conventionally passivated 
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LHP NCs, thereby highlighting the potential of the surface functionalization in this class of 

nanomaterials for exploring new photoinduced reactivities. 

 

Keywords: CsPbBr3, photocatalysis, reductive aromatization, Stern-Volmer plot, bidentate ligand, 

stability, quinone. 

 

INTRODUCTION 

Photosynthesis is a chemical process that uses the energy of photons to drive thermodynamically 

and/or kinetically forbidden transformations, which are often facilitated by a catalytic system 

specifically designed for a twofold purpose.1,2 The first action of the photocatalyst (PC) comprises 

the efficient absorption of the incident light from a natural or an artificial source, while the second 

one concerns the favouring of the spatial proximity between the reagents engaging suitable active 

sites at the PC surface.3,4 Mechanistically, at the core of most photocatalysis, a preliminar 

photoinduced charge transfer from the PC’s excited state to the substrate preludes to an enhancement 

of its reactivity.5 This mandatory step requires both an opportune energy level distribution and the 

presence of “sacrificial” electron/hole scavengers to balance the extracted charges from the PC. 

On this ground, halide perovskite semiconductors exhibit the proper prerequisites of efficient PCs 

owing to their large molar extinction coefficients (105÷106 M–1cm–1) for light harvesting and low 

exciton binding (10÷40 meV) for charge dissociation in the presence of surface modification with 

electron/hole acceptors.6 The applicability of these semiconductors interests different fields of 

photocatalysis including green hydrogen production,7,8 enantioselective C-N bond formation,9 

alchohol oxidation,10 pollutants degradation,11 C–C bond formation,,12,13 cycloaddition,14,15 CO2 

reduction to fuels,16 only to cite few recent examples. By contrast, the photoreductive aromatization 

synthetic approaches have hitherto scarsely been explored, 17,18 notwithstanding some easily available 
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ortho- and para-quinone species represent intriguing scaffolds to provide organic materials with 

optoelectronic applications19,20,21 and fluorophores.22 

Lead halide perovskites (LHP) and, in particular, colloidal CsPbBr3 nanocrystals (NCs) showed an 

excellent dispersibility in nonpolar solvents to act as homogeneous PCs, and their energy levels are 

compatible with the photoactivation of most substrates employed in the organic transformations. The 

main problem of LHP NCs serving in a photoreduction process is inherent to their structural 

instability in the presence of the common hole scavengers like amines and alcohols.23,24 This 

instability is mainly due to the uncontrolled adsorption/desorption equilibria typical of the acid/base 

couples used as the capping ligands.25,26,27 However, the resilience of LHP NCs against hole 

scavengers can be improved by carefully controlling the properties of the organic shell that protects 

the inorganic core limiting the acid/base equilibria.28  

In this study, we prepared ad-hoc functionalized CsPbBr3 NCs (hereafter named OPDA-CsPbBr3 

NCs) capable to promote specific photoinduced organic transformations owing to their peculiar 

surface composition. The adopted synthetic strategy29,30,31 provided an in-situ generated bidentate 

ligand (N1,N5-dioleyl-pentane-1,5-diamine – OPDA, Figure 1A) via the SN2 reaction between a 

bifunctional halide source (1,5-dibromopentane, DBP) and oleylamine (OLAm) used as the surfactant 

for the PbBr2 solubilization. Generally ascribed to the peculiarities of bidentate ligands,32,33,34 the 

distinctive surface chemistry of OPDA-CsPbBr3 NCs rendered them colloidally and optically resilent 

in the presence of amines, the ideal conditions for promoting the photoreduction of electron accepting 

species (1,4-naphthoquinone in our case study). Differently from conventionally passivated LHP 

NCs, the proper surface functionalization of OPDA-CsPbBr3 NCs enabled this specific photoinduced 

transformation, consolidating the photocatalysis as a viable strategy to construct complex aromatic 

structures under mild conditions. 

 

RESULTS AND DISCUSSION 
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OPDA-CsPbBr3 NCs were synthesized using the hot injection method upon modifications of a 

previously reported protocol.29 As shown in Figure 1A, the conventional precursor PbBr2 was 

dissolved in 1-octadecene (ODE) at 160 °C by exploiting the OLAm nucleophilicity. Indeed, the 

simultaneous presence of DBP offered the advantage of providing hydrobromic acid released by the 

SN2 reaction with the OLAm nucleophile to promote the solubilization of the lead precursor. Being 

OLAm:DBP in a 2:1 molar ratio, the generation of the bidentate OPDA ligand (Figure 1B) definitely 

shifted the reaction environment to acidic conditions. The crystallization was induced by the swift 

introduction of the Cs-oleate solution to the above-mentioned mixture kept at 160 °C for 30 minutes. 

The isolation of NCs was performed by centrifugation of the cooled down reaction mixture recovering 

the supernatant fluorescent solution and, subsequently, adding dropwise methyl acetate to induce the 

precipitation of the NCs. The precipitate was then redispersed in n-hexane and immediately 

centrifuged to remove insoluble particles and excess ligands before characterization.   
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Figure 1. (A) Schematic representation of the synthetic approach for the obtainment of OPDA-

CsPbBr3 NCs. (B) The SN2 reaction forming the bidentate OPDA ligand. (C) TEM image of OPDA-

CsPbBr3 NCs (insets: the size distribution histogram of the obtained NCs and high-resolution TEM 

image of a NC showing the interplanar distance of 3.1 Å corresponding to (122) orthorhombic facets 

of the CsPbBr3 structure). (D) The crystal structure of orthorhombic OPDA-CsPbBr3 NCs. (E) 

Experimental XRD pattern of OPDA-CsPbBr3 NCs (line) and expected peak position (bars) of the 

orthorhombic phase (ICSD 83204). 

 

In order to ascribe the impact of the in-situ formed OPDA ligand on the NC growth during the 

crystallization stage, we investigated the morphology of the synthesized NCs by transmission electron 

microscopy (TEM). As evident from the inspection of Figure 1C, the NCs were prevalently obtained 

in a cubic shape, whose relatively small dimensions (edge length = 6.0 ± 0.8 nm) can be explained 

by the competition between the protonated forms of OPDA (due to the release of bromidric acid 

during the capping agent formation) and cesium cations for the growing facets of the NCs.35 The 

structural analysis of OPDA-CsPbBr3 NCs was completed by high-resolution TEM (HRTEM) and 

X-ray diffraction (XRD) measurements. It is evident from Figure 1C that the interplanar distance was 

3.1 Å, which is compatible with the (122) planes of the orthorhombic phase of the CsPbBr3 lattice36 

(Figure 1D). The crystallization of the NCs in the orthorhombic structure was further confirmed by 

their XRD pattern, which matches the reference profile (Figure 1E), while the broad XRD signals of 

the NCs arise from their small sizes. 

To scrutinize the organic shell composition of OPDA-CsPbBr3 NCs, we analyzed their nuclear 

magnetic resonance (1H-NMR) spectrum recorded in benzene-d6. In detail, we focused on the 

diagnostic signals of the pristine ligand (OLAm) and the “extra” halide source (DBP), as evidenced 

in Figure 2A. Importantly, Figure 2B shows the complete conversion of DBP during the incubation 

stage, as confirmed by the disappearance of the proton signals attributable to its peculiar –CH2Br 
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functionality (denoted as  in Figure 2A) in the spectrum of OPDA-CsPbBr3 NCs. To unveil the 

nature of the organic species bound to the surface of OPDA-CsPbBr3 NCs, we inspected the 

diagnostic 1H-NMR region ascribable to the protons adjacent to the amine functional groups of the 

bidentate capping ligand (denoted with  and  in Figure 2A). During the reaction time, the generation 

of the OPDA ligand was made apparent by the evolution of its diagnostic proton signals (marked with 

 and  in the corresponding 1H-NMR spectrum) along with the presence of the vinylic proton signals 

marked with  (Figure 2A). The interaction of the OPDA ligand with the NC surface was also 

confirmed by the different chemical shifts of the  and  protons depending on their conformational 

behaviors at NC interfaces. The adhesion of the OPDA ligand with the NC surface through the double 

dialkylammonium functionality resulted in the broadening of the signals ascribable to the diagnostic 

protons. In details, the  protons are more shielded (3.45 ÷ 3.81 ppm) due to their lesser proximity 

(deriving from the absence of conformational constrains in the relevant C–N bond) to the NC 

surface,37 while the protons exhibit a chemical shift above 4.0 ppm (4.01÷.4.45 ppm).  
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Figure 2. (A) Molecular structures of OLAm, DBP, and the in-situ formed OPDA ligand showing 

the diagnostic protons used for 1H-NMR analysis. (B) Comparison between the full 1H-NMR spectra 

(benzene-d6) of OLAm, DBP, and the purified OPDA-CsPbBr3 NCs. (C) Thermogravimetric analysis 

of OPDA-CsPbBr3 NCs and ODE. 

 

The elemental composition of OPDA-CsPbBr3 NCs was analyzed by energy-dispersive spectroscopy 

(EDS) coupled with scanning electron microscopy (SEM). The experimental relative proportion of 

the constituting elements (Cs0.6Pb1.0Br3.2) aligns closely with the ideal stoichiometry of the CsPbBr3 

structure. The high amount of Br suggests that the NCs have an excess of bromide on their surface, 

which is consistent with the presence of an “extra” bromide source.38 Conversely, the cesium 

deficiency can be attributed to its displacement from the growing NC surface due to the competition 
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with the cationic bidentate ligands formed after the neutralization of the hydrobromic acid released 

by the SN2 reaction (Figure 1A).39  

In order to estimate the ligand density on the NC surface, we examined the weight loss profile of 

OPDA-NCs by thermogravimetric analysis (TGA). As shown in Figure 2C, the relevant thermogram 

highlighted a characteristic profile with three distinct thermal events. The first thermal event at ∼150 

°C is due to the evaporation of unbound species (ODE). The subsequent weight loss occurring at 

350÷400 °C can be attributed to the sublimation/degradation of the OPDA ligand, which is then 

responsible for 25.0% of the NC weight. Eventually, the third thermal event (>600 °C) reflects the 

sublimation process of the pristine sample perovskite constituents (PbBr2 and CsBr) underlying the 

decomposition of the inorganic core of the NCs. On these bases, the ligand density of the organic 

shell (referred only to the bound ligands) was calculated to be 1.73 ligand/nm2 (eq. S1). Therefore, 

the surface of OPDA-CsPbBr3 NCs shows a relatively lower ligand density, compared to those 

typically observed in the case of CsPbBr3 NCs capped with the traditional ligands like OLAm and 

oleic acid (OLA).40 This peculiarity can be explained by the large size and dual functionality of the 

OPDA ligands, making it less favorable for the ligands to arrange themselves in an interdigitated 

pattern on the NC surface. Nonetheless, the bidentate binding of OPDA ligands helps minimizing the 

number of the surface defects of the NCs and preserving their bright luminescence characteristics 

(vide infra). 

Figure 3A shows the absorption spectrum of OPDA-CsPbBr3 NCs measured in n-hexane evidencing 

an excitonic peak at ~480 nm, while the corresponding PL spectrum is characterized by a narrow full 

width at half maximum (FWHM = 19 nm) emission and a high absolute PL quantum yield (PLQY = 

85 ± 3%). Time-resolved PL (TRPL, Figure 3B) evidenced a biexponential decay behavior (Table 

S1) with a relatively short average lifetime (τAV = 3.7 ± 0.2 ns) probably due to the forced overlap of 

electron and hole wavefunctions within the quantum-confined volume of the NCs.41,42  
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Figure 3. (A) Normalized UV-vis and PL spectra (λex = 450 nm) of OPDA-CsPbBr3 NCs recorded 

in n-hexane. (B) Time-resolved PL decay of OPDA-CsPbBr3 NCs recorded in n-hexane (λex = 375 

nm). (C) Electrochemical events during the oxidation scan recorded for a dispersion of OPDA-

CsPbBr3 NCs. (D) PL spectra of the colloidal OPDA-CsPbBr3 NCs before and after gradual addition 

of OLAm (up to a final 50 mM concentration). (E) Comparison between the time-resolved PL decay 

of OPDA-CsPbBr3 NCs and OLAm-treated OPDA-CsPbBr3 NCs recorded in n-hexane (λex = 375 

nm). (F) PL spectra of the colloidal OLA/OLAm-CsPbBr3 NCs before and after gradual addition of 

OLAm (up to a final 50 mM concentration). 

 

The energy levels of OPDA-CsPbBr3 NCs were evaluated by combining the outcomes of cyclic 

voltammetry (CV) with their optical properties. The valence band (VB) energy level was estimated 

by the electrochemical potential onset of the irreversible oxidation event (Figure 3C). Considering 

the half-wave oxidation potential of the ferrocene/ferrocenium couple as an internal standard,43 the 

VB energy level was estimated to be −5.59 eV (eq. S2), which is in line with the reported values for 
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analogous systems.44 Because of the absence of reduction events under the same electrochemical 

conditions, the conduction band (CB) energy value of OPDA-CsPbBr3 NCs was obtained by adding 

the optical energy gap to the VB energy level (eq. S3). The optical band gap for OPDA-CsPbBr3 NCs 

(Eg = 2.50 eV) was calculated by the Tauc plot (Figure S1, eq. S4). The obtained CB energy (−3.09 

eV) prompts a good photoreduction disposition of OPDA-CsPbBr3 NCs.  

To consider LHP NCs as plausible PCs, it is important to also evaluate their colloidal and optical 

stability. Stored under ambient conditions of humidity and illumination, OPDA-CsPbBr3 NCs 

retained their colloidal stability in n-hexane at least for 14 months. The aged sample preserved its 

absorption and emission properties (Figure S2), while the PLQY even slightly increased (90 ± 3%). 

The appearance of a third component in the PL decay of the aged sample (τAV = 5.3 ± 0.2 ns, Table 

S1) suggests a modification of the passivation mechanism by the ligands (Figure S3). We can 

speculate the occurrence of a partial bidentate-to-monodentate evolution of the OPDA passivation 

mode with time. Since the photoreductions are performed with sacrificial hole scavengers, we studied 

the resilience of OPDA-CsPbBr3 NCs in the presence of OLAm belonging to the class of hole 

acceptors in the photoinduced processes. Indeed, it is well-known the detrimental effect of aliphatic 

amines on the structure of LHP NCs promoting the 3D→0D conversion.45 We therefore investigated 

the PL behaviour of OPDA-CsPbBr3 NCs during the gradual increment of OLAm concentration. 

Figure 3D shows that the PL intensity of OPDA-CsPbBr3 NCs progressively increased during the 

OLAm addition, pointing out that the NCs maintained their optical and structural features. The final 

absolute PLQY was found to be exceptionally high (96 ± 5%). It is reasonable to suppose that the 

low ligand density allowed the passivation of the NC surface with L-type ligands (OLAm), thus 

limitating the nonradiative exciton recombination and improving the PL efficiency.46,47 In fact, we 

observed a monoexponential PL decay (τAV = 3.1 ± 0.2 ns, Table S1), probably resulting from the 

annihilation of the faster nonradiative recombination due to the OLAm copassivation of the NC 

surface (Figure 3E). Importantly, probably due to steric impediments, the amine excess does not 
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impair the adhesion of the OPDA ligand via its protons abstraction, thus preserving the colloidal 

integrity of OPDA-CsPbBr3 NCs in these conditions. This behaviour was diametrically opposed to 

what observed for CsPbBr3 NCs (hereafter named OLA/OLAm-CsPbBr3 NCs) prepared by using 

conventional capping ligands (OLAm and OLA).48 In this case, it was recorded the complete PL loss 

upon reaching a final 50 mM concentration of OLAm in solution (Figure 3F), because the acid/base 

equilibria of the organic shell at the basis of the surface passivation of OLA/OLAm-CsPbBr3 are 

perturbated by the OLAm addition.45  

On this ground, we selected three quinone species, namely 1,4-naphthoquinone (NQ), 9,10-

anthraquinone (AQ), and 9,10-phenanthrenequinone (PQ), as paradigmatic scaffolds to explore the 

viability of a photoinduced electron transfer from OPDA-CsPbBr3 NCs. In fact, it is well established 

that a rapid electron transfer can take place at the surface of CsPbBr3 NCs with structurally analogous 

molecules like benzoquinone.49,50 We firstly verified that the lowest unoccupied molecular orbital 

(LUMO) of the selected quinone compounds is thermodynamically accessible to this process. In fact, 

under the same electrochemical conditions used for OPDA-CsPbBr3 NCs, the LUMOs extrapolated 

by the reduction potentials of NQ, PQ, and AQ were estimated to be −3.99 eV, –4.07 eV, and –3.81 

eV, respectively (Figure 4A-B). Moreover, the three quinone species did not exhibit oxidation events, 

hinting their relative inertness in hole injection processes. Owing to the high optical band gap (> 3.0 

eV) of the three quinone species, we can admit that their highest occupied molecular orbital (HOMO) 

lies so deep in energy to exclude any photoinduced hole extraction from OPDA-CsPbBr3 NCs.  
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Figure 4. (A) Reduction CV plots of quinone substrates NQ, PQ, AQ. (B) Schematic energetic 

diagram including the CB and VB energy levels of the OPDA-CsPbBr3 NCs and the LUMO energies 

of the quinone substrates NQ, PQ, and AQ. 

 

With these premises, we carried out optical measurements to study the interactions of the peculiar 

surface of OPDA-CsPbBr3 NCs and the selected electron accepting molecules. We explored the effect 

of NQ addition on the absorption spectra of OPDA-CsPbBr3 NCs, once established their 

concentration by using the molar extinction coefficients reported by Kovalenko et al..51  Figure 5A 

displays the evolution of the absorption spectra of OPDA-CsPbBr3 NCs upon the gradual NQ 

addition. The absence of changes in the excitonic absorption peak at ~480 nm excludes any ground 

state interaction between the NCs and the quinone species, while the increased NQ concentration is 

reflected in the growing intensity of the absorption peak at ~330 nm attributable to the –* transition 

of the aromatic system. 

On the contrary, the NC/NQ contacts were elucidated by investigating the steady-state and time-

dependent PL behavior of the same mixtures. As reported in Figure 5B, we observed a gradual 

quenching of the PL intensity of the NCs with the NQ addition. This behavior hints an efficient 
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photoinduced charge transfer occurring at the NC/NQ interface, which reduces the probability of the 

radiative recombination for excitons. The dynamic PL quenching process was confirmed by TRPL 

measurements, because the excited state lifetimes decay from the initial value of 3.7 ± 0.2 ns to the 

value of 2.7 ± 0.2 ns with the increase of the NQ concentration from 0 to 666 µM (Figure 5C, Table 

S2). Additionally, the PL decay curves of the pristine and NQ-treated samples were successfully fitted 

by bi- and tri-exponential decay functions, respectively. This change reveals the emergence of a new 

decay component (lifetime < 1 ns) in the NQ-containing samples that can be attributed to rapid charge 

transfer from the NCs to the electron accepting molecules. As the NQ concentration augments, there 

is a corresponding increase in the amplitude of the ultrafast decay component, suggesting a significant 

electron transfer occurring at higher NQ concentrations. 

To gain insight into the electron transfer efficiency at the NC/NQ interface, we traced the 

Stern−Volmer plot (eq. S1) by using the PL intensities recorded during the quenching experiments 

with the quinone species. As reported in Figure 5D, we ascertained a linear dependence of IPL0/IPL as 

a function of the NQ concentration and the same trend was observed for PQ and AQ (Figure S4). The 

entity of the photoinduced charge transfer processes occurring at the peculiar surface of OPDA-

CsPbBr3 NCs in the presence of a proper electron acceptor was analyzed by estimating the apparent 

association constant (Kapp) deducible from the Benesi–Hildebrand equation (eq. S5), which employs 

the double reciprocal dependence between IPL0 – IPL and the concentration. In the case of NQ (Figure 

5E), the binding interaction between the NC and the NQ species (Kapp = 1.92 × 103 M–1) is one order 

of magnitude higher than those measured for PQ and AQ (Kapp = 8.06 × 102 M–1 and 2.83 × 102 M–1, 

respectively), as reported in Figure S2. Exploiting the linear relationship between IPL0/IPL and the 

three analyzed quinones concentration, we also calculated the steady-state quenching rates kq (eq. 

S6). Notably, both the NQ and PQ molecules exhibited kq of the same order of magnitude (7.16 × 

1011 M-1 s-1 and 4.22 × 1011 M-1 s-1, respectively), while the kq calculated for AQ resulted an order of 

magnitude lower (kq = 8.65 × 1010 M-1 s-1). The linear relationships we found for all quinone species 
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analyzed also suggest that the photoinduced electron transfer mechanism, promoted on the surface of 

OPDA-CsPbB3 NCs, can be ascribed to a diffusion-limited process.52  

We observed that the kq values are independent of the energy gap between the perovskite CB and the 

LUMO of the quinone species. Being the PL quenching rate higher in the case of NQ, we can conclude 

that its smaller dimensions (favoring a closer contact with the NC surface with respect to PQ and AQ) 

exerted a stronger impact on the electron transfer at the NC surface than the differences in the 

thermodynamic driving force of the process. Therefore, in the case of NQ, the equations S7-8 allowed 

us to calculate the quenching rate (kq′) and the charge transfer efficiency (ηCT) by using the variation 

of the NC’s excited state lifetimes as a function of the NQ concentration. As reported in Figure 5F, 

the kq′ calculated with this method (1.36 × 1011 M–1 s–1) and the high ηCT (29.7%) resulted to be 

comparable to those obtained in the Stern-Volmer studies involving analogous redox-active quinones, 

as reported by Sarangi et al..53  

 

Figure 5. (A) UV-vis absorption, (B) PL spectra and (C) time-resolved profiles of the OPDA-NCs 

with the incremental addition of NQ (0 μM to 666.0 μM). (D) Stern−Volmer plot using the steady-
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state PL intensity parameters for OPDA-NCs in the presence of NQ (0 to 666.0 μM). (E) Double 

reciprocal plot of the PL intensity by using the Benesi-Hildebrand equation. (F) Stern−Volmer plot 

using lifetime parameters. 

 

The favorable interactions of NQ electron scavenger with the surface of the OPDA-CsPbBr3 NCs can 

be considered the “condicio sine qua non” for testing the effectiveness of this LHP/substrate couple 

in photoinduced transformations. As a proof of concept, we decided to perform the NQ 

photoreduction and a stirred mixture of OPDA-CsPbBr3 NCs, NQ, and triethylamine (TEA) as a hole 

scavenger was illuminated with a warm white light source under an inert atmosphere. The evolution 

of the mixture’s absorption profile (Figure 6A) suggests the occurring of chemical transformations. 

Indeed, the absorbance decrease ascribable to the –*  transition of the NQ species indicates the 

quinone conversion. It is reasonable to suppose that the acid/base equilibria of the forming reduction 

species can be held responsible for the absence of a clear absorption band imputable to formation of 

the 1,4-dihydroxynaphthalene product and the corresponding semiquinone radical (Figure 6B). The 

incomplete conversion of NQ substrate was probably caused by the light-induced decomposition of 

the OPDA-CsPbBr3 NCs, as hinted by the attenuation of the absorption signals in the 300-500 nm 

range typical of bromine-based LHP NCs after 1 h irradiation (Figure 6A). The occurring 

photoreduction was confirmed by gas-chromatography mass spectrometry revealing the presence of 

the 1,4-dihydroxynaphthalene product (Figure S5). To rule out the contribution of Pb2+ ions 

(potentially released by the OPDA-CsPbBr3 NCs decomposition) on the product evolution, we carried 

out the reaction using PbBr2 as the additive, not observing the substrate conversion.     

The role of TEA was found to be fundamental to promote the evolution of the reduced product (1,4-

dihydroxynaphthalene), inhibiting the back electron donation from the reduced species of NQ to the 

oxidized perovskite material (Figure 6B). A control experiment conducted in the absence of TEA and 

leaving all the other experimental parameters unchanged, did not initiate any product evolution. This 
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result can be explained by the efficient NC/amine interactions (vide supra), thus promoting the rapid 

neutralization of the photoinduced holes in the perovskite VB and enhancing the PC’s reduction 

aptitude (Figure 6B).54 These considerations were lastly confirmed by the chemical inertness of the 

quinone species when OPDA-CsPbBr3/NQ/TEA reaction system was kept under stirring in dark 

conditions.55 Obviously, no product evolution was detected by implementing our OLA/OLAm-

CsPbBr3 NCs in the NQ photoreduction, due to the instantaneous degradation of the PC upon TEA 

introduction. 

 

Figure 6. (A) Absorption profile evolution of the photoinduced transformation involving the OPDA-

CsPbBr3/NQ/TEA system. (B) The proposed photoinduced reaction pathway based on the 

experimental observations. 

 

CONCLUSIONS  

In this study, we engineered the surface of CsPbBr3 NCs through the in-situ evolution of a bidentate 

ligand (OPDA) deriving from the SN2 reaction between 1,5-dibromopentane and oleylamine in a hot-

injection synthetic protocol. The selected reaction conditions produced relatively small nanocubes 

(edge = 6.0 ± 0.8 nm) due to the competition between the ligand and cesium cations for the crystal 
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growth. The peculiar bidentated interactions with the NC surface probably hampered the 

interdigitation of the passivating agents resulting in a relatively low ligand density (1.73 ligand/nm2). 

The engineered organic shell warranted good colloidal stability and emission properties (PLQY = 85 

± 3%) to the corresponding NCs. Additionally, with respect to the analogous CsPbBr3 NCs prepared 

by using conventional capping ligands (oleylamine and oleic acid), OPDA-CsPbBr3 NCs exhibited 

an exceptional resilience in the presence of amines. The OPDA-CsPbBr3 NCs showed an efficient 

fluorescence quenching in the presence of selected quinones (1,4-naphthoquinone, 9,10-

phenanthrenequinone and 9,10-anthraquinone) acting as electron accepting species, because the 

relatively low ligand density ensured the facile access to the quinone species at the NC surface. As a 

proof of concept, we tested OPDA-CsPbBr3 NCs in the photoreduction of 1,4-naphthoquinone 

forming the corresponding reduced compound 1,4-dihydroxynaphthalene with the indispensable 

presence of triethylamine as a hole scavenger. This chemical transformation was revealed 

unpracticable by implementing conventionally passivated LHP NCs. Once established the viability 

of the photoinduced activation of quinones with surface-engineered perovskite colloidal systems, this 

study will pave the way for investigating specific reactivities of the reduced intermediates.  

 

EXPERIMENTAL SECTION 

Chemicals: Cesium carbonate (Cs2CO3, 99.9% metals basis, Alfa Aesar), lead bromide (PbBr2, 

99.999% metals basis, Aldrich), 1,5-dibromopentane (DBP, 97%, Aldrich), oleylamine (OLAm, 

technical grade 70%, Aldrich), oleic acid (OLA, 90%, Aldrich), 1-octadecene (ODE, technical grade 

90%, Aldrich), 1,4-naphthoquinone (97%, Aldrich), triethylamine (TEA, 99%, Janssen Chimica), n-

hexane (Aldrich, HPLC grade), toluene (Aldrich, HPLC grade), methyl acetate (Honeywell Riedel-

de Haën, HPLC grade).  

Optical characterization: UV−vis absorption spectra were acquired on a Jasco V670 spectrometer 

operating in transmission mode. Steady-state PL emissions were recorded on a Varian Cary Eclipse 
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instrument. The PL lifetime measurements were performed by time-correlated single photon counting 

(TCSPC) on a FluoroHub HORIBA Jobin-Yvon module. The pulsed excitation source was a laser 

diode emitting at 375 nm (NanoLED N375L) with pulse width <200 ps, average power of 14 pJ/pulse, 

and a repetition rate of 1 MHz. The PL emission was detected by a picosecond photon counter (TBX 

ps Photon Detection Module HORIBA Jobin-Yvon). DAS6 Analysis software by Horiba was used to 

best fit the decay profiles with multi-exponential functions. A “Quanta-phi” integrating sphere coated 

with Spectralon and mounted in the optical path of the HORIBA spectrofluorometer was used to 

measure the absolute quantum yield. 

Structural characterization:  1H-NMR spectra were recorded on an Agilent 500 MHz DD2 NMR 

instrument. All chemical shifts were referred to the non-deuterated benzene residue signal at 7.16 

ppm. Thermogravimetric analysis (TGA) was carried out on a Q600 TA instrument under a nitrogen 

flow (40 mL/min) at a temperature scan of 10 °C/min. Diffractograms were recorded using a Malvern 

Panalytical Empyrean α 1 in a powder diffraction mode using Cu Kα radiation (λ = 1.5406 Å) with a 

cathode voltage and current of 45 kV and 40 mA, respectively (range: 10−60°, step size: 0.0262°, 

time per step: 17 s). The NCs were drop-cast from the solution on a precleaned 2 × 2 cm2 glass 

substrate. The solvent evaporation was accelerated by an argon flow. The XRD pattern was collected 

immediately in ambient conditions (T = 22 °C, relative humidity = 30%). Ciclic voltammetry 

experiments were carried out on a Metrohm Autolab PGSTAT 302-N potentiostat in 

toluene/acetonitrile (4:1 vol/vol) containing tetrabutylammonium hexafluorophosphate (0.10 M) as 

the supporting electrolyte at a 100 mV/s scan rate. The potentials were measured with respect to 

Ag/Ag+ quasi-reference electrode that was calibrated against ferrocene after each experiment.   

Morphological characterization: TEM micrographs were acquired using a JEOL JEM1011 

microscope, operating at an accelerating voltage of 100 kV. The instrument was equipped with a 

tungsten electron source and a high-resolution CCD camera. Samples for TEM analysis were 

prepared by dipping a carbon-coated copper grid into the NC solution diluted with anhydrous toluene. 
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Statistical size analysis (NC average size and standard deviation) was performed by using a freeware 

image analysis software (Carl Zeiss AxioVision); each sample contained not less than one hundred 

nanoparticles. High-resolution (HR) TEM images were taken using JEM-F200 (200 kV). An aliquot 

of diluted dispersions was drop-cast on a carbon-coated Cu grid. The solvent was left to evaporate 

for several minutes, after which the grid was loaded into the TEM and imaged. Scanning electron 

microscope (SEM) images of the films were obtained using field emission SEM Zeiss Ultraplus (at 

3–15 kV). The elemental composition of the films was obtained using Energy-dispersive X-ray (EDS) 

spectroscopy (Oxford Instruments X-MaxN 80 EDS) combined with field emission SEM Zeiss 

Ultraplus at 10-15 kV.  

Reaction Characterization: Gas chromatography (GC) measurements were performed on an HP 6890 

instrument equipped with an HP-5MS 5% phenyl methyl siloxane (30.0 m × 250 m × 0.25 m) 

coupled with an HP 5973 mass spectrometer (EI, 70 eV) passing from 50 °C to 280 °C with a ramp 

of 15 °C/min. 

Synthesis and purification of OPDA-CsPbBr3 NCs: The syntheses were carried out under nitrogen 

atmosphere using standard Schlenk techniques. A cesium-oleate solution was prepared as follows: 

Cs2CO3 (0.407 g, 1.25 mmol), OLA (1.55 mL, 4.91 mmol), and ODE (20 mL) were mixed in a 50 

mL Schlenk tube and kept in vacuum for 1 hour at 120 °C. After the complete solubilization of the 

salt, the tube was filled with nitrogen and kept at 120 °C before the injection. ODE (10.0 mL), lead 

bromide (0.294 g, 0.80 mmol), oleylamine (1.10 mL, 3.20 mmol) and 1,5-dibromopentane (0.460 g, 

1.60 mmol) were added to a 25 mL Schlenk tube and the obtained mixture was heated at 160 °C. 

After 30 min, the hot Cs-oleate solution (0.80 mL) was injected and after 10 s the resulting mixture 

was rapidly cooled in an ice bath. The cooled reaction crude was centrifuged at 4000 rpm for 40 min 

and the insoluble precipitate was discarded while the obtained supernatant solution, kept under 

magnetic stirring, was purified by dropwise addition of methyl acetate (25 mL). The resulting 

suspension was centrifuged at 4000 rpm for 10 min and the supernatant was removed to collect the 
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precipitate, that was finally dispersed in toluene or n-hexane (3 mL). The obtained mixture was newly 

centrifuged (4000 rpm for 10 min) to remove insoluble residues before storing the obtained 

nanoparticles.  

Synthesis and purification of OLA/OLAm CsPbBr3 NCs: ODE (7.5 mL), PbBr2 (0.38 mmol), OLA 

(1.0 mL) and OLAm (1.0 mL) were loaded in a 50 mL Schlenk tube and the mixture was heated at 

160°C. After complete solubilization of the PbBr2 salt, temperature was kept for 20 minutes followed 

by injection of Cs-oleate solution (0.8 mL). The reaction mixture was cooled in an ice-water bath 

after 5 s. The precipitate recovered after centrifugation (4000 rpm for 10 min) was dispersed in n-

hexane (2 mL) and the obtained mixture was newly centrifuged (4000 rpm for 10 min) to remove 

insoluble residues before storing the obtained nanoparticles. 

Procedure for Photocatalysis: The photocatalytic experiments were carried out under a nitrogen 

atmosphere. A 10 mL Schlenk tube equipped with a magnetic stirring bar was charged with OPDA-

CsPbBr3 NCs (dispersed in 2.7 mL of n-hexane), NQ (dispersed in 0.1 mL of acetonitrile) and TEA 

(0.2 mL). The final concentrations of OPDA-CsPbBr3 NCs and NQ were 5.13 µM  and 3.33 mM, 

respectively. The Schlenk tube was irradiated with a warm-white light lamp (65 W) at room 

temperature under a vigorous stirring. The product evolution was monitored by UV-vis measurements 

and GC–MS analyses after centrifugation of the reaction mixture. 

 

SUPPORTING INFORMATION 
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