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ABSTRACT 

The surface of lead halide perovskite nanocrystals (PNCs) is unique compared to conventional 

metal chalcogenide or pnictogenide semiconductor nanoparticles for its ionic character and the 

dynamic ligand layer, which makes them unstable in stock solutions and hinders the 

development of surface engineering strategies. This work employs a chelating strategy to form 

stable coordination on the PNC surface. Through screening a series of heterocyclic aromatic 

carboxylates, we found the best ligand, picolinate (PIC), with exceptional passivation effect to 

the surface traps of CsPbBr3 PNCs in the strongly quantum confined regime, resulting in > 0.8 

photoluminescence quantum yields. The exciton lifetime in the passivated PNC approaches the 

radiative decay limit in various solvents. From an NMR titration experiment, the binding affinity 

of PIC is estimated to be at least 15 to 30 folds stronger than the original ligand from synthesis. 

The NMR and FTIR spectroscopic data and first-principles calculations elucidate the bidentate 

nature of the PIC coordination at the surface Pb site and the coadsorption of the ammonium-PIC 

ion pair. In apolar solvents, such as cyclohexane, the binding of PIC is stoichiometric to the 

available surface sites, suggesting the structure as a potent candidate for anchoring functional 

molecular structures to the PNC surface. In polar solvents, the strong affinity of PIC on the PNC 

surface provides protection for carrying out the precipitation-redissolution purification procedure 

that removes synthetic residual from the as-synthetic PNC samples. By modifying the 

purification procedure, we also develop a cation exchange procedure to replace the original 

oleylammonium cation with desired structures that consist of an ammonium anchoring group. 

Our results provide a direction for constructing strong interactions to protect the vulnerable 

surface of PNCs and pave the road for developing surface engineering strategies to functionalize 

these nanoparticles. 

 

KEYWORDS: perovskite nanocrystal, chelating, picolinate, surface engineering, passivation 

  



2 
 

2 
 

INTRODUCTION 

 Inorganic cesium lead halide perovskites have attracted intense research interest for their 

promising potentials in applications such as optoelectronics1-3 and photocatalysis.4 The advances 

in nanotechnology enable precise control of the size5, shape6-9, and chemical doping10-15 of 

inorganic perovskite nanocrystals (PNCs), providing abundant approaches to tune the optical and 

electronic properties of this material.  

 Surface chemistry is one of the most intriguing fields in the research of nanomaterials. 

For conventional semiconductor nanocrystals, such as metal chalcogenides, their large surface-

to-volume ratio and rich ligand chemistry offer opportunities to mediate the electronic properties 

and control the exciton behaviors via tailoring the ligand layer.16-22 It had been demonstrated that 

the compact ligand layer could play roles beyond a passive protective shell and act as an active 

handle to control the accessibility of the semiconductor core to molecules in the environment.23-

26 Conjugating the nanoparticle and substrates through a designed ligand linker can selectively 

promote carrier migration.27 By introducing proper physical and chemical interactions, it is 

possible to fabricate hybrid superstructures with nanoparticles and molecules that direct the flow 

of excitonic energy.28-33 Through functionalizing the particle surface, researchers have developed 

various biosensors based on colloidal quantum dots.34-36 

 PNCs differ from the abovementioned conventional semiconductor nanocrystals because 

the highly ionic perovskite core is capped with weakly bound, dynamic surface ligands.37-39 The 

vibrant surface delivers opportunities to mediate the shape and dimension of PNCs through 

modifying the surface ions40-41, but more often, the unstable ligand layer leaves a large number 

of defects and affects the stability of these materials in the solution phase. Although perovskite 

semiconductors, such as CsPbBr3, are well-known for defect-tolerance42-43, when the dimension 

approaches the strongly quantum confined regime, i.e., small nanocrystals and thin nanoplatelets, 
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the loss of excitonic energy becomes severe due to the trapping.44 The vulnerable surface also 

makes it difficult to purify PNCs from the synthetic mixture without losing control of their 

dimension and surface integrity.45-46 Moreover, the lack of stable interaction between the ligand 

and the perovskite crystal restricts the development of surface engineering strategies for 

functionalizing PNCs. Although intense research efforts for PNCs have been focused on 

eliminating surface defects and stabilizing the nanocrystals,47-56 until recently, there are only a 

few reports discussing how surface ligands influence the charge carrier migration from PNCs.57-

59  

 This paper describes the use of cooperative bidentate coordination to realize a strong 

affinity to the cesium lead halide PNC surface, which do not only reliably protect the vulnerable 

surface but also provide opportunities to develop the engineering strategy for modifying the 

ligand shell. Ligands with multiple binding centers have been reported for improving the surface 

passivation, and stability of PNCs.50, 54  We focus on a group of heterocyclic aromatic 

carboxylates because they integrate two coordination sites that can effectively bind to the Pb-

based perovskite surface: the carboxylic group that is connected with aromatic rings as the 

relatively soft Lewis base47, and the heteroatoms that can donate the lone-pair electrons.49, 60 We 

identify a strong ligand, picolinate (PIC), which has a bound affinity to the PNC surface that is 

15 to 30 folds stronger than the original ligands and can quantitatively binding to the PNC 

surface in apolar solvents. The cooperative chelating coordination of PIC at the surface Pb site is 

illustrated by NMR and FT-IR spectroscopy and interpreted with first-principle computation. As 

shown in Figure 1, the strong coordination of the PIC ligand provides effective passivation for 

surface traps and has the potentials to serve as anchoring motifs for functionalizing the PNC 
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surface. We also design a cation exchange procedure based on the strong PIC ligand to introduce 

new cation ligands to the shell. 

 

Figure 1. The strongly bound ligand picolinate (PIC) for passivation and modifications of the 

PNC surface. The crystal structure of CsPbBr3 is prepared with VESTA.61  

RESULTS AND DISCUSSION 

 

 Heterocyclic carboxylate ligands, in particular, picolinate, can effectively protect the 

surface of PNCs in various solvents. The PNCs used in the present study are in the strongly 

quantum confined regime with bandgap energies spanning from 2.51 eV to 2.76 eV, as shown in 

Figure 2A, corresponding to edge dimensions (d) between 3.7 nm and 6.6 nm.62 The 

photoluminescence quantum yield (PLQY) monotonically decreases with the decrease of the 

particle sizes (Figure 2C) due to the enhanced exciton trapping at surface defects for PNCs in 

the strongly quantum confined regime (See the Supporting Information). The PLQY of PNCs 

is also sensitive to solvent polarity, as shown in Figure 2D and reported in earlier work.45-46 

Polar solvents tend to facilitate the detachment of original ligands from the ionic PNC surface 

and generate more defect sites that lower the PLQY.51 In solvents with high polarities, such as 

ethyl acetate, the detachment of original ligands is so severe that the exposed defects can induce 

the fusion of small nanocrystals to large structures with loosened quantum confinement (Figure 
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S2 and S3). The vulnerable PNC surface prevents employing the commonly-used precipitation-

redissolution procedure to purify the as-synthesized PNCs. Therefore, it is an urgent need to find 

ligands that are firmly bound to the PNC surface for protecting the nanoparticles in various 

environments. 

 We studied the passivation effect of various aromatic carboxylates and found that all of 

them can improve the PLQY of PNCs in toluene, as shown in Figure 2B. Two of them, 

picolinate (PIC) and 2-thiophene carboxylate (TC), can increase the PLQY of the small PNC (d 

= 4.3 nm) to > 0.8. The UV-vis absorption and PL spectra remain unchanged after passivation 

(Figure S4). The presence of the carboxylic group and the heteroatom site in the adjacent 

position is critical to achieve the best passivation. When using the single-role carboxylic ligand, 

benzoate, to passivate the same PNC, 3000 equivalents of ligands are needed to achieve a PLQY 

of 0.67.  Single-role ligands with lone-pair electrons, such as pyridine and thiophene, show little 

influence on the PLQY of PNCs in the solution phase (See the Supporting Information, Figure 

S5), though they were reported as effective passivation reagents for improving the performance 

of photovoltaic devices made of organic-inorganic hybrid perovskites.60 Titrating PNCs with a 

mixture of benzoate and pyridine show a similar passivation effect as OlAm+BA-, which is less 

effective compared to the heterocyclic carboxylate ligands (Figure S5). Finally, isonicotinate, 

the para-pattern isomer of picolinate, shows poor passivation among all ligands.  

 The passivation of PIC is exceptionally effective: with 400 equivalents of addition to the 

PNC with d = 4.3 nm (corresponding to 3.6 PIC per nm2 of the PNC surface), the sample reaches 

the maximum PLQY of 0.81. The amount of PIC to achieve the optimal passivation is only 25% 

surpass the total number of Pb atoms on the surface layer of perovskite crystal, suggesting its 

strong surface affinity. The decline of PL intensity after 400 equivalents is caused by the 
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degradation of PNCs in the presence of extra PIC.(See the Supporting Information, Figure S6, 

and S7.) We speculate that at high concentration, the extra amount of PIC anion can etch the 

PNC by stripping off the surface Pb to form neutral Pb(PIC)2 complexes that are easier to 

dissolve in the solution phase. The PIC passivation increases the PLQYs of PNCs with all sizes 

and in various solvents, as shown in Figure 2C and D. The improvement of PLQY is more 

prominent for samples that originally have a low PL such as small-size PNCs and PNCs in 

relatively polar solvents. Strikingly, the PIC can prevent the fusion of small-size PNCs in polar 

solvents, such as ethyl acetate and dimethoxyethane, in which PNCs with the native ligands have 

poor solubility. (See the Supporting Information, Figure S2, and S3) 
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Figure 2. (A) Normalized UV-vis absorption and photoluminescence spectra in toluene. The 

sizes of PNCs are listed in the graph. (B) The change of PLQYs of the PNC with d = 4.3 nm in 

toluene with the addition of six different passivation ligands: benzoate (BC), thiophene-2-

carboxylate (TC), Furan-2-carboxylate (FC), pyrrole-2-carboxylate (PC), picolinate (PIC), and 

isonicotinate (INC). The amounts of titration ligands are converted to equivalents per PNC. The 

lines are employed to follow the trend of changes. Molecular structures of the ligands are shown 

above the graph and coded with the same colors as the PLQY traces. The concentration of the 

PNC solution is 0.05 µM. Ligands were titrated as their oleylammonium (OlAm+) salts to the 

PNC sample dissolved in toluene. PLQYs were determined with 405 nm excitation. (C) PLQYs 

of PNCs with different sizes in toluene before and after PIC passivation. All samples have an 

optical density of 0.22 at 405 nm. Note that the PLQY here for the unpassivated, d = 4.3 nm 

PNC is higher than the value shown in (B) because we had to use a lower concentration in the 

titration experiment. For PNCs that are capped with weakly bound original ligands, their PLQY 

depends on the concentration.47 (D) PLQYs of PNCs with d = 4.3 nm in various solvents before 

and after PIC passivation. Abbreviations of the solvents: Pen: pentane, CyH: cyclohexane, Tol: 

toluene, DCB: 1,2-dichlorobenzene, and CHCl3: chloroform.  
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 Time-resolved photoluminescence (TR-PL) kinetics (Figure 3A and Figure S8) illustrate 

that PNC samples consist of two subensembles with distinct exciton decay lifetimes: a fast-decay 

ensemble that relaxes rapidly at a rate faster than the instrument response (< 0.57 ns) 

representing the “dark” population of PNCs, and a slowly-decay ensemble featuring observable 

time constants of 3.2 - 6.2 ns representing the “bright” population. The inhomogeneous emission 

is common for semiconductor nanocrystal samples, including PNCs.63-64 The PIC passivation has 

two effects: increasing the population of the “bright” and elongating the observable exciton 

lifetimes, in which the former is the major contribution to the enhancement of PL in solvents 

such as toluene, DCB, and CHCl3. For instance, in toluene, the integrated intensity of the long-

lifetime component increases by 2.2 folds upon passivation, while the observed lifetime before 

and after passivation only elongates from 3.5 to 4.7 ns. In comparison, the steady-state 

experiment measures a 2.5-fold increase for the PLQY. The initial fast-decay component remains 

in the kinetics for all passivated samples, suggesting that a subgroup of the “dark” PNCs possess 

defects that cannot be fully removed with PIC passivation, leading to the less-than-unity PLQY 

after PIC passivation. 
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Figure 3. (A) Time-resolved PL kinetics of PNCs with d = 4.3 nm before (black) and after (red) 

passivation with PIC recorded in toluene. The kinetics traces of the passivated sample are 

recorded when the highest PL intensity is achieved by titrating OlAm+PIC- ligands. The PL 

intensity is normalized to the maximum of the passivated sample. The kinetic traces are fit to a 

convoluted function of the IRS function (FWHM = 0.57 ns) and a double-exponential decay. We 

determine that an exponential component with a time constant that is significantly shorter than 

the IRS is necessary to yield the best fit of the initial fast decay, but it has no physical meaning 

because it is beyond the limit of our instrument. The observable lifetimes from the fit of the long-

lived decay are listed in the figure. PL kinetics of PNCs in other solvents are shown in the 

Supporting Information. Lifetimes of the passivated sample in different solvents are plotted as 

the function of the dielectric factor, 
(𝜀+2𝜀𝑠)2

𝜀𝑠
5/2 , in (B). The red line shows the linear fit for the 

lifetimes of the passivated samples in different solvents.  

 For the passivated PNC sample, the measurable exciton lifetimes monotonically decrease 

with the increase of the solvent optical dielectric constants. In contrast, before passivation, the 

lifetimes have no apparent correlations with the solvent properties. The radiative lifetime of a 
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transition dipole within the nanoparticle is proportional to the factor of 
(2𝜀𝑠+𝜀)2

𝜀𝑠
5/2 , when 

considering the dielectric screening effect of the radiating field inside the nanoparticles,65-66 

where 𝜀𝑠 is the optical dielectric constants of solvents and 𝜀 ≈ 4 for CsPbBr3 in the pertained 

spectral window.67 Our measurements of the passivated sample show a good linear relationship 

when plotted against the dielectric factors (Figure 3B), suggesting that exciton lifetimes in the 

passivated PNC proximate the radiative limit of PNCs. These lifetimes are indeed very close to 

the reported lifetimes of PNCs with near-unity PLQY47-48, implying that after PIC passivation, 

PNCs in the “bright” subensemble are nearly trap-free. Our observation also provides evidence 

for the close contact between perovskite cores and solvent molecules, as it has been suggested 

for the PNCs with original weakly bound ligands.62  

 We summarize the passivation of the PNCs in Scheme 1, with the consideration of 

exciton traps with different energy levels: the shallow trap that causes the slow non-radiative 

decay in the nanosecond regime, and the deep trap that is responsible for the ultrafast PL decay 

beyond the instrument response. These traps are likely induced by different defects, and their 

distributions in PNCs are affected by solvent properties, as suggested by the PL kinetics (See the 

Supporting Information). Without passivation, the “bright” subensemble of PNCs must be free 

of deep traps, which otherwise overrun the radiative process. For these “bright” PNCs, the PIC 

passivation removes shallow traps and enhances their emission. The more prominent effect of the 

PIC passivation lies in the elimination of a large portion of defects that induce deep traps, which 

transforms the original “dark” PNCs to bright. The remaining of a small subensemble of “dark” 

PNC with an ultrafast PL decay after passivation is similar to persistent traps observed for 

perovskite nanoplatelets.63 We speculate that these PNCs may have defects inside the crystal that 

are not accessible by the surface ligands. Another possibility is that due to the relatively large 
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steric hindrance of the PIC ligands, they cannot fill in all surface sites and leave some particles 

with partially passivated surfaces. A more detailed investigation on the properties of different 

types of defects and their interactions with the passivating ligands and the surrounding is 

currently being carried out in our group.   

Scheme 1. The PIC passivation effect on PNC subensembles with different defects  

 

 The excellent passivation/protection effect results from the strong bidentate 

coordination of PIC to the PNC surface. To evaluate the bound affinity of PIC, we designed an 

NMR titration experiment. We added a series of known amounts of OlAm+PIC- ligands to the 

solution of as-synthesized PNCs, as shown in Figure 4A. The concentration of OlAm+PIC- was 

kept in the range that the decomposition of PNCs due to the possible formation of Pb(PIC)2 

complex was neglectable, as demonstrated in the UV-vis absorption spectra (Figure S6). Severe 

broadening of 1H resonance signals is observed for PIC at 8.4-8.7 and 8.1-8.3 ppm. The 

broadened NMR signals imply the association of PIC to the nanoparticle surface, which restricts 

the tumbling and leads to more efficient transversal relaxation, caused by dipolar couplings.68-69 

The broadening effect is more prominent for the signal of 1H(I, 8.4~8.7 ppm) than that of 1H(II, 

8.1~8.3 ppm), suggesting the former is closer to the PNC surface when bound.69 Since 1H(I)  and 

1H(II) are located at the opposite positions relative to the pyridine N atom, the distinct 
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broadening effects illustrate the proximity of the nitrogen to the PNC surface, which implies the 

participation of the pyridine in coordination with the surface site.  

 Moreover, the integrated intensities of PIC NMR signals are significantly lower than the 

expected values based on the addition, as listed in Table 1.  It is known for small and rigid 

ligands that the broadening can be so severe that their NMR signals are obscured when they are 

tightly bound to the nanoparticle surface.70 We, therefore, assign the disappeared PIC signals to 

the tightly bound ligands, while the observed signals to PIC that is dispersed in the solution and 

undergoes fast exchange.  

 With this assumption, we model the competitive adsorption between OlAm+PIC- and the 

coexisted original ligands OlAm+Br- (notated as L) with Langmuir isotherms: 

𝜃𝐿 =
𝑁𝐿

𝑁𝑡𝑜𝑡𝑎𝑙
=

𝐾𝑒𝑞
𝐿 [𝐿]

1+𝐾𝑒𝑞
𝐿 [𝐿]+𝐾𝑒𝑞

𝑃𝐼𝐶[𝑃𝐼𝐶]
       Eq. 1 

𝜃𝑃𝐼𝐶 =
𝑁𝑃𝐼𝐶

𝑁𝑡𝑜𝑡𝑎𝑙
=

𝐾𝑒𝑞
𝑃𝐼𝐶[𝑃𝐼𝐶]

1+𝐾𝑒𝑞
𝐿 [𝐿]+𝐾𝑒𝑞

𝑃𝐼𝐶[𝑃𝐼𝐶]
       Eq. 2 

in which 𝐾𝑒𝑞
𝐿 = 10.5 mM-1, is the bound equilibrium constant for the original ligand.47 [L] is the 

concentration of original ligands in the solution phase, and [L] = C𝐿 − 𝜃𝐿𝐶𝑃𝑁𝐶𝑁𝑡𝑜𝑡𝑎𝑙. 𝐶𝑃𝑁𝐶 = 2 

µM, is the concentration of the PNC, and C𝐿= 2.12 mM is total concentrations of the original 

ligand determined by NMR for the sample. 𝑁𝑡𝑜𝑡𝑎𝑙 is the maximum number of potential Pb sites 

on one nanocrystal, given by 𝑁𝑡𝑜𝑡𝑎𝑙 = 6 (
𝑑

𝑎
)

2

, in which a = 0.587 nm is the dimension of the unit 

cell and d = 4.3 nm. [PIC] is the concentration of PIC dispersed in the solution, obtained by 

comparing the integrated NMR intensity with the internal standard, and NPIC is the equivalent 

number of the disappeared PIC. In this model, the competitive adsorption from oleate (OA-) is 

not included because OA- is known as a weaker ligand compared to OlAm+Br-37, 47, and we 

estimate the bound affinity of OA-is only 1/250 compared to that of PIC (See the Supporting 
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Information). It also needs to point out that the model does not consider the inhomogeneity of 

surface sites. 

 
Figure 4. The evolution of 1HNMR signals of PIC when titrating different amounts of 

OlAm+PIC-ligands to the PNC solutions of (A) toluene-D8 (B) cyclohexane-D12. The number of 

observed PIC ligands per PNC is determined by comparing integrated peak intensities in (A) 

with that of the internal standard, and the results are listed in Table 1. The molecular structure of 

PIC is shown to illustrate the 1H positions. A spectrum with 350 equivalents addition of PIC in 

the toluene-D8 solution of PNCs is shown in (B) on the same scale for comparison.  

 With Eq. 1 and 2, we solve for the bound equilibrium constant, 𝐾𝑒𝑞
𝑃𝐼𝐶 , for each PIC 

titration point, and the results are listed in Table 1. From the different intensities of the 1H(I) and 

1H(II) signals, we obtained average values of 𝐾𝑒𝑞
𝑃𝐼𝐶 = 310 ± 60 mM-1 and 150 ± 20 mM-1, 

respectively. The affinity of PIC is thus 15~30 folds greater than that of the original ligand, 

OlAm+Br-. 

Table 1 Bound and unbound PIC at different titration points and 𝐾𝑒𝑞
𝑃𝐼𝐶 calculated from the NMR 

data using Eq. 1 and 2 

Titration 

(per PNC) 

 [PIC] H(I)1 

(per PNC) 

𝐾𝑒𝑞
𝑃𝐼𝐶 (mM-1)  

based on H(I) 

[PIC] H(II)2 

(per PNC) 

𝐾𝑒𝑞
𝑃𝐼𝐶 (mM-1) 

based on H(II) 

100 12 329 22 136 

150 24 262 38 136 

200 40 250 60 127 

250 57 273 74 167 

300 77 313 100 172 

350 96 427 135 158 

Average -- 310 ± 60 -- 150 ± 20 
1 determined based on the integrated NMR intensity of 1H(I): 8.4~8.7 ppm. 
2 determined based on the integrated NMR intensity of 1H(II): 8.1~8.3 ppm. 
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 In the less polar solvent, cyclohexane, the broadened PIC signals only become prominent 

when >350 equivalents of ligands are added (Figure 4B). Though it is unlikely that the bulky 

PIC ligands can form a dense coverage of 3.2 nm-2 (given all 350 PIC are tightly bound to the 

surface), the absence of the NMR signal suggests the strong association of OlAm+PIC- ion pairs 

to the PNC surface in the apolar environment. At relatively low ligand loadings (< 200 

equivalents), we believe that PIC can achieve a close-to-stoichiometric bound to the available 

surface site, and therefore can be employed as the anchoring group to graft functional structures 

to the PNC surface, provided its aromatic ring can be decorated.    

 To further understand the binding of the ligands on PNC, we performed ab initio density 

functional theory (DFT) simulations. We find that the stabilization energy of PIC as a bidentate 

ligand is prominently lower than the monodentate counterparts. (Figure 5, and Figure S13) The 

theoretical prediction agrees with the results of the passivation experiments, in which single-role 

ligands such as isonicotinate, benzoate, and pyridine all show poorer passivation for the PNC 

surface. When PIC binds to the PNC surface, the O atom of the carboxylic group and the N atom 

of the pyridinic ring coordinate to the undercoordinated Pb site cooperatively, as shown in 

Figure 5B, which gains extra stabilization energy of 0.31 eV compared to the single-role binding 

mode through the carboxylic group. This binding configuration predicted by DFT calculations 

agrees with the 1HNMR observation that suggests proximation of the N atom of PIC to the 

surface. The chelating coordination with two distinct atoms covalently interacted with the same 

surface Pb site differs from previously reported bidentate ligands and zwitterion ligands for 

PNCs .50, 53-54    
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Figure 5. (A) Calculated binding energies (eV) of the ligands on PNC and (B) the optimized 

binding configuration of PIC on the PNC surface. H, white; C, grey; O, red; N, blue; Cs, purple; 

Br, brown; Pb, dark grey. 

 The strong interaction of PIC on the PNC surface enables thorough purification of 

as-synthesized PNCs and modification of the ligand shell. We developed a precipitation-

redissolution purification strategy for PNCs based on the effective protection of PIC in ethyl 

acetate. Typically, 10 nanomoles of as-synthesized PNCs were dispersed in a 10 ml solution of 

ethyl acetate containing a mixture of 0.7 mM picolinic acid and 1.4 mM OlAm. The turbid 

suspension was sonicated for 30 min and centrifuged at 3500 rpm for 5 min at 4 oC to recover the 

PNCs. The recovered PNC was redissolved in toluene or cyclohexane, and insoluble solids are 

removed by centrifugation. The UV-vis absorption and the PL spectra (Figure 6A) of the 

purified PNC are narrower, with reduced intensity on the blue side of the first exciton band, 

likely because smaller-size PNCs are harder to precipitate from ethyl acetate. The recovery of 

PNCs after one round of purification is typical > 0.85. The purification step can be repeated to 

further eliminate the synthetic residue, but the recovery decreases to ~0.20 due to the poor 

solubility of PNCs after the second ethyl acetate wash. The PLQY of PNCs after the first and 

second purification is 0.32 and 0.54, respectively. For the one-round purified sample, the PLQY 

can be increased to 0.75 by adding another 200 equivalents of OlAm+PIC- during the 
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redissolving step. The insoluble PNCs after the second purification remain quantum-confined. 

Using a procedure developed by Sargent and coauthors46, we fabricated a solid-state film with 

PNCs after two rounds of purification. As shown in Figure 6A, the PNC film demonstrates a 

similar PL spectrum as in the solution phase, suggesting PIC can protect the nanocrystals from 

fusion in the solid.  

 >97% of the residual synthetic solvent, ODE (from 4000 ± 400 to < 100 per PNC), can be 

removed with one round of purification, and ODE can be fully removed after repeating the 

procedure. The residual OA- and OlAm+ from synthesis decrease from 5000 ± 600 to 350 ± 60 

per PNC, corresponding to a surface coverage of 3.2 ± 0.6 nm-2, and 200 ± 40 per PNC (1.8 ± 0.4 

nm-2) after the first and second round of purification, respectively. For the insoluble PNCs, the 

coverage of the long-chain ligands is only ~0.7 nm-2. We, therefore, attribute the poor solubility 

of samples after two rounds of purification to the loss of long-chain surface ligands during the 

ethyl acetate wash.  
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Figure 6. Comparison of PNC samples (d=4.3 nm) before and after the first and second 

purification with OlAm+PIC- and the cation exchange treatment with OctAm+PIC-. (A) UV-vis 

absorption and the PL spectra. The PL spectrum of the film made of PNCs after the two rounds 

of purification is shown. Inset: images of the film with and without the 365 nm UV illumination. 

(B) NMR in toluene-D8. Right: the high chemical shift region and Left: the alkene resonance 

region. The spectral intensity is normalized according to the intensity of the internal standard and 

adjusted to the same PNC concentration. The spectrum of the as-synthesized PNC in the right 

panel is scaled down to its 1/30 so that the intensities are comparable to the purified samples. 

 

 We employ 1H-NMR spectroscopy to characterize the surface ligands of the as-

synthesized and the purified PNC (Figure 6B). The remained original ligands (OA- and OlAm+) 

show two distinct NMR features in the alkene resonance region. We assigned the broad 

resonance band above 5.5 ppm to OlAm+ and the relatively sharp multiplet at 5.46 ppm to oleate, 

according to the result of a titration experiment (See the Supporting Information). The former 

accounts for >80% of the long-chain ligands after purification. Surprisingly, NMR observes 



18 
 

18 
 

nearly no 1H resonance from PIC for the purified samples. After completely decomposing the 

purified PNC in deuterated DMSO, we quantify that there are 30 ± 5 equivalents of PIC per PNC 

for samples after the first purification, and 90 ± 30 equivalents for samples after the second 

purification, corresponding to PIC coverage of 0.27 ± 0.05 and 0.8 ± 0.3 nm-2, respectively. The 

absence of PIC signals in the NMR spectrum in toluene suggests that all PIC ligands are tightly 

bound to the PNC surface when there is a lack of competitive adsorption from the remained extra 

synthetic ligand. We, therefore, believe if one decorates the aromatic ring of PIC with desired 

chemical structure, the PIC motif can serve the role of anchoring groups for grafting functional 

chemicals to the PNC ligand shell.   

 FTIR spectroscopy confirms the result of purification (Figure S14). The IR signal of the 

as-synthesized PNC is a combination of absorption from ODE and the OlAm+OA- ligand. After 

purification, the sharp ODE signals at 991 and 908 cm-1 disappear from the spectrum. FTIR also 

captures notable PIC signals despite the absence of the PIC NMR signals. These unique 

vibrational features provide important information for illustrating the detailed binding 

configuration of PIC and will be discussed in a later section. 

 By comparing the surface components of PNC samples after the first and second 

purification, we notice that the loss of OlAm+ cations (-120 equivalents per PNC) is greater than 

the increase of PIC- anion (60 equivalents per PNC) after the second purification step. The 

unbalanced component change implies that when the ethyl acetate treatment rips off OlAm+Br- 

from the PNC surface, the bulkier PIC- anion cannot fill all Br vacancies. The downshift of 

OlAm+ alkene resonance from 5.54 to 5.51 ppm after the second purification also indicates the 

relative weaker association of OlAm+ to the PNC surface, likely due to the decrease of the 

negatively charged hydrogen bond acceptors.  
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 The purification procedure can be adapted to a cation exchange process for replacing the 

original OlAm+ with other cationic ligands. As a demonstration, we substituted oleylamine in the 

ethyl acetate washing solution with short-chain octylamine (OctAm), while the rest of the 

procedure remains the same. The UV-vis absorption and the PL spectra of the resulted sample 

are identical to the purified PNCs (Figure 6A). With one round of cation exchange, the total 

number of OlAm+ reduces to 170 per PNC, 40% smaller than the OlAm-treated sample, 

according to the alkene 1H resonance in the NMR spectrum (Figure 6B). Although 1HNMR 

cannot distinguish OctAm+, the replacement of OlAm+ with OctAm+ is supported by the 

downshift of the OlAm+ from 5.54 to 5.51 ppm, compared to the OlAm-treated sample. We 

attribute the downshift to a more dynamic exchange of OlAm+ on and off the PNC surface due to 

the competition from OctAm+. The shorter surface ligand can reduce the insulation of the 

nanocrystal surface and hence facilitate carrier transportation.71-73 It is also possible to employ 

the cation exchange procedure to introduce functional organic molecules to the surface of PNCs. 

For example, organic semiconductors have been anchored to the surface of hybrid perovskite 

materials as ammonium-associated ligands.74-75 Our method can be employed to realize similar 

functionalization for all-inorganic colloidal PNCs. 

 NMR and IR characterization of the purified sample reveals the chelating 

configuration and the coadsorption of PIC-ammonium ion pairs. With 200 equivalents of 

OlAm+PIC- added to the purified PNC sample, 1D-1HNMR captures two broadened 1H 

resonance signals of PIC in toluene-D8 at 8.95 (1H(I)) and 8.18 ppm (1H(II)), and the alkene 

resonance of OlAm+ downshifted to 5.50 ppm, indicating faster exchange on and off the surface 

for OlAm+ when the total amount of amine increases. (Figure 7A). The 2D NOESY experiment 

identifies negative NOE at the off-diagonal cross-peaks for bound OlAm+ and PIC, as shown in 
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Figure 7B (and magnified in Figure S12). The negative NOE confirms the binding of these 

ligands.69 In the alkene proton resonance region, we found that the broad resonance at 5.50 ppm 

shows clear off-diagonal cross-peaks with negative NOE. In contrast, the NOE effect associated 

with the 5.46 ppm shoulder is nearly null. The distinction in NOESY confirms the assignments 

of the former signal to the surface-associated OlAm+ and the latter to the weakly bound OA-. For 

PIC, the negative NOE uncovered the resonance signals of 1H(III) and 1H(IV) at 7.17 and 6.86 

ppm, respectively, which are buried underneath the strong solvent (toluene) residual signals in 

the 1D spectrum. Moreover, we identify NOE signals belonging to the intermolecular coupling 

between PIC and OlAm. The NOE associated with the 1H(II) signal of PIC at 8.18 ppm and the 

1H(2) of OlAm at 1.86 ppm provides evidence OlAm+ and PIC- are adsorbed on the PNC surface 

as cation-anion pairs. The coadsorption of OlAm+PIC- pair is also supported by our observation 

while optimizing the purification procedure: when reducing the PIC from 700 to 350 equivalents 

and using the same 1400 equivalents of OlAm, after crushing the PNC with ethyl acetate, the 

precipitated PNC is hardly soluble in toluene, likely due to inadequate coverage of the long-

chain ammonium ligand. This phenomenon suggests that it is the PIC anion that assists the 

adsorption of the ammonium species.  
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Figure 7. (A) 1D-1HNMR spectra of the purified PNC with 200 equivalents addition of 

OlAm+PIC- ligands (Black) and the free OlAm+PIC- ligand (Blue) in toluene-D8. “*” marked 

signals belong to solvents. (B) 2D-NOESY of the PNC sample in (A). Critical off-diagonal 

cross-peaks featuring negative NOE are highlighted as red for oleylammonium protons, green for 

PIC protons, and yellow for OlAm/PIC intermolecular coupling. The magnified cross-peak 

regions can be found in the Supporting Information.  

 At last, we employed vibrational spectroscopy to characterize PIC bound on the PNC 

surface. In general, we notice a trend of hypsochromic shifts for vibrational patterns upon the 

bound to the PNC surface, as illustrated in Figure 8. Because of the coexistence of 

oleylammonium and residual oleate, we turn to DFT calculations to assist the assignment of 
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vibrational bands of PIC, and the results are listed in Table S3. In line with the experimental 

spectra, when PIC is adsorbed to the PNC surface, most calculated vibrational modes show 

upshifted frequencies. It is known that the coordination of pyridine at the N atom as a Lewis base 

causes an increase in the overall bond strength of the aromatic ring, resulting in hypochromic 

shifts for the vibrational signals.76 The systematic vibrational frequency shift supports the 

participation of the pyridinic N atom in the coordination. In addition, vibrational frequencies 

observed for PIC on the PNC surface are similar to those of the Ba(PIC)2 complex, in which PIC 

behaves as a bidentate chelating ligand.77  

 
Figure 8. The comparison of the fingerprint region of FTIR spectra of purified PNCs (blue) and 

the pure OlAm+PIC- ligand (red). The notable frequency shifts upon binding are labeled above 

the spectrum of the purified PNC. Full spectra in between 400-3400 cm-1 are shown in Figure 

S14. 

 
CONCLUSIONS 

 We demonstrate stable covalent interaction on the surface of PNC can be achieved 

through chelating coordination of a heterocyclic carboxylate, picolinate. With a bound affinity 

that is 15-30 folds stronger than the original ligand, the PIC can effectively passivate the surface 

defect of PNCs in the strongly quantum confined regime in various solvents and bring the PLQY 

up to > 0.8. The PL kinetics prove that the PIC passivation eliminates most of the surface traps 

and prolongs the exciton lifetimes in a subensemble of PNCs approaching the radiative 
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relaxation limit. Combined NMR, IR, and DFT studies reveal the bidentate nature of PIC and the 

coadsorption of OlAm+PIC- ion pair on the PNC surface. In apolar solvents, the binding of PIC 

can approach stoichiometry, making PIC a good candidate of anchoring motifs to graft functional 

structures. The binding of PIC is strong enough to protect the small-size PNCs in polar solvents, 

including ethyl acetate. Based on the protective effect, we design a precipitation-redissolution 

purification procedure that can thoroughly remove the undesired synthetic residuals while 

maintaining strong quantum confinement in PNCs. We also demonstrate the potential of 

adapting this purification procedure to introduce new ammonium species to the PNC surface. 

The strong chelating coordination promises surface engineering that can modify the ligand shell 

of PNCs.  
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