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S1. Synthesis and Physical Characterization of PbSe NPLs  
 

General Considerations. All syntheses were performed under exclusion of air and moisture 

using standard Schlenk or inert-atmosphere glovebox techniques. Lead (II) chloride (PbCl2, Alfa 

Aesar, 99.999%), lead (II) bromide (Alfa Aesar, 99.999%), lead (II) iodide (Sigma Aldrich, 

99.999%), selenium powder (Sigma Aldrich, 99.999%), oleic acid (Sigma Aldrich, 90%), 

oleylamine (Acros, 80-90%), n-octylamine (Fisher Scientific, 99+%), Aliquat 336 (Acros), 

ethanol (Sigma Aldrich, pure anhydrous), and chloroform (Sigma Aldrich, anhydrous) were used 

without further purification.  

Synthesis of PbSe NPLs. 0.4 mmol of PbCl2 is mixed with 2.5 ml of oleylamine, 2.5 ml of 

octylamine, and 2 mmol of Aliquat 336, and heated to 120 ºC under flowing inert atmosphere for 

30 min to remove air and water. After cooling to 50 ºC, 2 mmol of Se powder in a mixture of 1.3 

ml of octylamine and 1.3 mL of oleylamine is injected, and the mixture is stirred for 20 min. The 

product is precipitated by adding excess ethanol, and after centrifugation and decanting of the 

supernatant, is then redispersed in chloroform. Repeated precipitation and redispersion allows for 

more complete removal of residual reactants. To prevent aggregation, 1 mL of oleic acid can be 

added prior to the addition of ethanol for each precipitation step. For NPLs of larger thicknesses, 

the PbCl2 was replaced by an equimolar amount of PbI2, and the reaction was allowed to proceed 

for up to 3 h. Increasing the reaction temperature up to 100 ºC has no evident effect on the 

PbCl2-based reaction; in the case of PbI2, the progressive thickening occurs more quickly (e.g., 

conversion of 2 nm NPLs to 4 nm NPLs takes <10 min, as opposed to ~90 min). 

Characterization. Transmission electron microscope (TEM) images were taken of samples drop-

cast onto carbon-coated grids using a JEOL 2010 TEM. Optical absorption spectra were 

measured using a Perkin Elmer Lambda 950 spectrophotometer. Photoluminescence (PL) spectra 

were collected from chloroform solutions of NPLs, using 808 nm excitation from a diode laser, 

and a LN2-cooled InSb detector with a grating monochromator. The excitation was mechanically 

chopped, and the signal was enhanced by a lock-in amplifier. PL quantum yields were estimated 

by comparison to the integrated intensity of a IR-26 standard (solution in 1,1-dichloroethane) 

after adjusting for difference in optical density at 808 nm. Ensemble NPL thickness for each 

sample was determined by small-angle X-ray scattering, which was carried out using a Rigaku 
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Utima III diffractometer (Cu Kα radiation). The atomic ratios of Pb to Se were determined by 

elemental analysis using a Shimadzu ICPE-9000 inductively-coupled plasma atomic emission 

spectrometer (ICP-AES).  

 

Table S1. Elemental analysis for PbSe NPLs measured by ICP-AES. Compared to literature 

values for PbS and PbSe quantum dots (QDs) with diameters similar to these thicknesses,
1
 the 

Pb:Se ratio for PbSe NPLs is generally closer to unity. This likely reflects the increased 

dominance of the stoichiometric (100) faces.  

NPL thickness Pb:Se Standard deviation Pb:Se for QD 

2.1 nm 1.32:1 0.08 2:1 

4.2 nm 1.13:1 0.11 1.5:1 

6.3 nm 1.01:1 0.07 1.3:1 
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Figure S1. TEM images of the product of a PbCl2-based PbSe NPL synthesis (50 °C) at: (a) 2 

min; (b) 5 min; (c) 10 min; and (d) 20 min.  



5 
 

 

Figure S2. (a) TEM images of Pb Br2-based PbSe NPLs. (b) PL spectra of PbBr2-based PbSe 

NPLs stay relatively constant regardless of reaction time, even if temperature is elevated. 

 

 

Figure S3. TEM image of the product of a PbI2 reaction without an added source of Cl
-
 after 20 

min. Small QDs form and begin to form clusters, but without distinct shape. 
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Figure S4. TEM of a sample of thick NPLs produced after longer reaction times with PbI2. The 

highlighted NPL is oriented edge-on, showing its thickness.  
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Figure S5. SAXS patterns of PbSe NPL samples, with extracted thicknesses after accounting for 

a ligand bilayer.  
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S2. Computational Details 

S2.1. Gaussian calculations of surface-dependent ligand binding and bridge formation:  

The quantum dots (QDs) we simulated are Pb16Se16 and Pb68Se68 clusters with diameters of about 

1 nm and 1.8 nm, respectively, constructed based on a rock-salt lattice with bulk Pb-Se bonds, as 

described elsewhere.
2
 The Cl

-
, PbCl2, and amine (as CH3NH2) ligands are initially placed at the 

(100), (111), or (110) surfaces at distances typical for Pb-Cl and Pb-N bond lengths. All 

structures are then optimized to their lowest-energy configurations using the Gaussian-09
3
 suite 

of quantum chemical programs. We have utilized PBE1PBE
4
 functional with LANL2DZ

5
 basis 

set for heavier atoms (Pb, Se, I), and 6-31G*
6
 for the rest of the atoms. In addition to 

energetically optimized vacuum calculations, the resulting geometries of several selected 

systems were also optimized in propylamine solvent, to reflect the typical reaction medium of 

experimental studies. Solvent effects were simulated using the conductor-like polarizable 

continuum model (CPCM)
7 

with the appropriate dielectric constant, as incorporated in the 

Gaussian-09 software package. The QD-ligand binding energies (per ligand) are calculated as the 

energy difference between the QD functionalized by the particular ligands and the isolated QD 

and ligand, and then divided by the number of ligands passivating the surface. Each structure 

used for the binding energy calculations is, again, optimized in propylamine solvent. A 

generalized scheme describing different surfaces on PbSe quantum dot is shown in the main text 

in Figure 2a. Our QDs comprise 6 surfaces in the (100), 12 surfaces in the (110), 8 surfaces (4 

lead-terminated and 4 selenium-terminated) in the (111) directions, respectively. 

As represented in Figure 2b and Table S2, our calculations show that single Pb
2+

, Cl
-
, I

-
, 

PbCl2 and PbI2 ligands bind significantly more strongly to (111) and (110) sites than to (100) 

sites, with Pb
2+

 yielding the strongest binding. To check whether this result is affected by high 

concentrations of ligands, such as under experimental conditions, we simulated each surface with 

more ligands attached (Figure 2c and Table S3). As soon as the ligand coverage increased, we 

saw destabilization in the binding of charged ligands (Pb
2+

, I
-
 and Cl

-
), especially for (111) and 

(110) surfaces. In contrast, the binding energy remained nearly unchanged in the case of neutral 

PbX2 (X = Cl or I) ligands. This suggests that (110) and (111) surfaces are likely passivated 

primarily by PbX2 ligands, either directly attaching from solution, or formed from the binding of 

negatively charged Cl
-
 and I

-
 ions to individual Pb

2+
 ions already bound to the surface.  
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Table S2. The binding energies between the charged and neutral ligands and each of three 

surfaces of the (PbSe)68 QDs calculated in propylamine solvent. 

 

Ligand 

attachment face 

on (PbSe)68 

Binding energy per ligand (eV) 

Cl
-
 I

-
 Pb

2+
 PbCl2 PbI2 NH2Me 

100 -0.8 -0.54 -4.57 -1.91 -1.75 -0.79 

110 -1.06 -0.89 -5.72 -2.18 -2.11 -0.53 

111 -1.25 -1.09 -5.72 -1.77 -1.79 -0.43 

 

 

 

 

Table S3. The calculated binding energies between the charged and neutral ligands and each of 

three surfaces of the (PbSe)68 QDs for a various number of ligands attached. Calculations are 

done in propylamine solvent. 

 

Ligand 

attachment 

face on 

(PbSe)68 

Number 

of 

ligands 

attached  

Binding energy per ligand (eV) 

Cl
-
 I

-
 Pb

2+
 PbCl2 PbI2 

100 

1 -0.94 -0.54 -4.57 -1.91 -1.75 

2 -0.80 -0.40 -4.01 -1.89 -1.73 

4 -0.98 -0.71 -1.71 -1.85 -1.55 

110 

1 -1.20 -0.89 -5.72 -2.18 -2.11 

2 -1.06 -0.76 -5.19 -2.17 -2.09 

4 -0.66 -0.41 -3.51 -2.06 -1.95 

111 

1 -1.40 -1.09 -5.72 -1.77 -1.79 

2 -1.25 -0.85 -5.10 -1.74 -1.75 

4 -0.82 -0.53 -3.72 -2.16 -2.07 
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In contrast, we found that amines preferentially bind to (100) sites over both (110) and 

(111), although both the surface-dependence and the overall binding strengths are substantially 

weaker than for other ligands (Figure 2b and Table S2). The weaker QD-amine interactions 

allow us to assume that amine ligands can be easily shifted from one surface to another or 

completely exchanged by other ligands. In fact, amines initially placed at the (110) surface, or at 

the edge of (111)/(110) surfaces of (PbSe)16 are pushed to the (100) surface by PbCl2 upon 

geometry optimization,  leaving PbCl2 strongly bound to the (110) side, as shown in Figure S5c.  

  

Figure S6: (a and b) Calculated structures of a Pb68Se68 QD of 2 nm diameter with an adsorbed 

Pb
2+

 ion on (110), (111) and (100) faces. (c) The most stable fully passivated Pb16Se16 with 6 

NH2Me ligands on the (100) and four PbCl2 on the (110) surfaces (d). 

 

Because binding of amines to QD surfaces is relatively weak, it is easily conceivable that 

random collisions between QDs might provide enough energy to detach amines from the surface, 

leaving the (100) surface deficient in ligand coverage. This is important for two QDs to be able 

to join at opposing (100) surfaces. A key feature of these QDs that promotes this surface-specific 

fusion are the PbCl2 ligands at the (110) and (111) surfaces, which possess Pb-Cl bond lengths 

that are ideal for forming bridging interactions between QDs (Figure S6). 
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Figure S7: Gaussian simulations of two PbSe QDs passivated with amines on 5 different (100) 

sites and PbCl2 on (110). After relaxation, PbCl2 at (110) tend to form a bridge between two 

QDs. 

 

S2.2 VASP calculations of NPL surface energies.  

To examine the attachment process in more detail, we performed calculations using the VASP 

code
8
 and simulated periodic boundary conditions to mimic QDs growing in 2D and 3D 

directions. Explicitly, we have utilized the Perdew, Burke and Ernzerhof (PBE) functional
4a,9

 and 

plane-wave basis sets
10

 within PAW pseudopotentials for these calculations. Periodic boundary 

conditions (PBC) were applied between the quantum dots to form 0-, 2- and 3-dimensional 

structures. In the modeling, 0D (PbSe)68 QDs are surrounded by vacuum of about 10 Å in all 

three directions, thus excluding spurious interactions between their periodic images. 2D 

structures were obtained by applying PBC in such a way that each QD is one Pb-Se bond length 

(~2.9 Å) apart from each other in 2 directions, with 18 Å of vacuum in the third direction; in 3D 

structures, the PBC is applied such that each QD is 2.9 Å apart in all directions. Electronic 

relaxations were performed until a threshold of 10
-5

 eV was reached while the ionic relaxations 

were performed until a threshold of 10
-2

 eV/Å was reached and energy cutoff of 300 eV was set 
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in each of these calculations. A mesh of 6x6x6 and 6x6x1 Monkhorst-Pack grid
11

 was used to 

sample the Brillouin zone in 3D and 2D cases, respectively. Gamma-point calculations were 

done for 0D QDs. 

Calculations of the surface energy. We use the example of (PbSe)68 passivated by 12 of PbCl2 

ligands at (110) sites to illustrate how to calculate the surface energy of QDs in the presence of 

ligands. The surface energy γ110
baredenotes the relative stability of the (110) surfaces of bare 

(PbSe)68 QDs, which can be calculated using eq-1 as follows: 

 

𝛾110
𝑏𝑎𝑟𝑒 =  

1

12 𝐴110
(𝐸0𝐷/𝑏𝑎𝑟𝑒  −  24𝐸𝑃𝑏 − 24𝐸𝑆𝑒)       (1) 

 

Here, the number 12 represents the number of (110) surfaces per Pb68Se68 QD; A110 is the surface 

area of each; E0D/bare, EPb and ESe represent the energy of the optimized bare QD, the energy of 

isolated lead atom and the energy of isolated Se atom, respectively. As shown in Figure 2a, each 

(110) surface contains 2 Pb atoms and 2 Se atoms: thus, a total of 24 Pb and 24 Se atoms are 

involved in binding with ligands. 

Below, we describe how we derive the surface energies of more complex structures 

involving attachment of QDs and various ligand coverages. The surface energy associated with 

the formation of a 2D plate constructed of (PbSe)68 QDs along the (100) direction, passivated by 

PbCl2 at 110 sites, denoted by 𝛾𝑃𝑏𝐶𝑙2

2𝐷 , can be calculated as follows: 

 

𝛾𝑃𝑏𝐶𝑙2

2𝐷 =  
1

4 𝐴100
(𝐸2𝐷/(𝑄𝐷−𝑃𝑏𝐶𝑙2)  −  32𝐸𝑃𝑏 − 24𝐸𝑆𝑒 − 16𝐸𝐶𝑙)     (2) 

 

where the number ‘4’ reflects attachment in x, x’, y and 

y’ directions, E2D/(QD-PbCl2) is the energy of 2D plate 

growing along x, x’, y and y’, constructed by attachment 

of PbCl2 at the (110) surface, and ECl is the energy of 

isolated Cl atom, respectively. As seen in Figure S7, 

each of (100) surfaces contains 6 Pb atoms and 6 Se 

atoms from the QD itself, along with 4 Pb atoms and 8 

Cl atoms from the (110) associated PbCl2 ligands. For 
Figure S8: 100 surface of (PbSe)68 

quantum dot with 12 PbCl2 on 110 

surfaces growing in x, x’, y and y’  
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the 4 surfaces, a total of 8 * 4 = 32 Pb (6 Pb from the QD, 4 Pb from ligand, which is shared with 

an adjacent dot, so 4 /2 = 2 Pb), 24 Se and 16 Cl atoms are involved in 2D plate formation. 

Surface energy for the formation of the 3D attachment structure constructed of (PbSe)68 

QDs along the (100) direction, passivated by PbCl2 at 110 sites, can be calculated as follows: 

 

𝛾𝑃𝑏𝐶𝑙2

3𝐷 =  
1

2 (𝐴𝑥𝑦+𝐴𝑦𝑧+𝐴𝑧𝑥)100
(𝐸3𝐷/(𝑄𝐷−𝑃𝑏𝐶𝑙2)  −  48𝐸𝑃𝑏 − 36𝐸𝑆𝑒 − 24𝐸𝐶𝑙)    (3) 

 

where ‘2(Axy + Ayz + Azx)’ represents the surface area of the structure resulting from a QD 

covered in all six directions, and E3D/(QD-PbCl2) is the energy of the 3D structure. By the arguments 

of the previous paragraph (Figure S7), for the 6 surfaces, a total of 8 * 6 = 48 Pb, 36 Se and 24 

Cl atoms are involved in 3D structure formation. 

To calculate the surface energy associated with amines attached to the (100) surface, we 

use the expression: 

 

𝛾100
𝑎𝑚𝑖𝑛𝑒𝑠 =  

1

2 𝐴100
(𝐸0𝐷/𝑄𝐷−𝑃𝑏𝐶𝑙2

 −  20𝐸𝑃𝑏 − 12𝐸𝑆𝑒 − 16𝐸𝐶𝑙)     (4) 

 

where, 𝐸0𝐷/𝑄𝐷−𝑃𝑏𝐶𝑙2
 is the energy of a QD covered with PbCl2 at 110. The factor ‘2’ represents 

that amines cover on 2 opposing surfaces, which according to the arguments of the preceding 

paragraphs, involve a total of 20 Pb, 12 Se and 16 Cl atoms. 

Surface energy for the formation of a 2D plate of (PbSe)68 quantum dot along 4 (100) 

surfaces, passivated by PbCl2 at 110 sites and 2 CH3NH2 ligands on each side of the remaining 

(100) surfaces can be calculated as follows: 

 

𝛾𝑃𝑏𝐶𝑙2+ 𝐶𝐻3𝑁𝐻2

2𝐷 =  
1

4 𝐴100
(𝐸2𝐷/(𝑄𝐷−𝑃𝑏𝐶𝑙2−𝐶𝐻3𝑁𝐻2)  −  32𝐸𝑃𝑏 − 24𝐸𝑆𝑒 − 16𝐸𝐶𝑙)   (5) 

 

where ‘4’ represents the QD growing in four directions, E2D/(QD-PbCl2-CH3NH2) is the energy of the 

corresponding 2D plate constructed of PbSe QDs. For the 4 bonding surfaces, a total of 32 Pb, 24 

Se and 16 Cl atoms are involved in 2D plate formation. It is important to note that all of the atom 

numbers in Eqs 1-5 will vary according to the size of quantum dot used. 
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The total adsorption energy of PbCl2 on a 2D plate can be expressed as: 

∆𝐺𝑃𝑏𝐶𝑙2

2𝐷 = 𝐸2𝐷/(𝑄𝐷−𝑃𝑏𝐶𝑙2) − 𝐸2𝐷/𝑏𝑎𝑟𝑒 −  12𝐸𝑃𝑏𝐶𝑙2
      (6) 

 

The total adsorption energy of PbCl2 on a 3D structure can be expressed as: 

 

∆𝐺𝑃𝑏𝐶𝑙2

3𝐷 = 𝐸3𝐷/(𝑄𝐷−𝑃𝑏𝐶𝑙2) − 𝐸3𝐷/𝑏𝑎𝑟𝑒 −  12𝐸𝑃𝑏𝐶𝑙2
     (7) 

 

The total adsorption energy of amines on a 2D plate can be expressed as: 

 

∆𝐺𝑃𝑏𝐶𝑙2+ 𝐶𝐻3𝑁𝐻2

2𝐷 = 𝐸2𝐷/(𝑄𝐷−𝑃𝑏𝐶𝑙2−𝐶𝐻3𝑁𝐻2) − 𝐸2𝐷/(𝑄𝐷−𝑃𝑏𝐶𝑙2) −  12𝐸𝐶𝐻3𝑁𝐻2
 (8) 

 

Total surface energy of 2D plate of (PbSe)68 covered with 12PbCl2 growing in 4 directions of 

100 is given by: 

∆𝐺 
2𝐷 = 𝛾110

𝑏𝑎𝑟𝑒 + 𝛾𝑃𝑏𝐶𝑙2

2𝐷 +  
1

4𝐴100
∗ ∆𝐺𝑃𝑏𝐶𝑙2

2𝐷       (9) 

Total surface energy of 3D box of (PbSe)68 covered with 12PbCl2 growing in all 6 directions of 

100 is given by: 

∆𝐺 
3𝐷 = 𝛾110

𝑏𝑎𝑟𝑒 + 𝛾𝑃𝑏𝐶𝑙2

3𝐷 +  
1

2 (𝐴𝑥𝑦+𝐴𝑦𝑧+𝐴𝑧𝑥)100
∗ ∆𝐺𝑃𝑏𝐶𝑙2

3𝐷     (10) 

Total surface energy of 2D plate of (PbSe)68 covered with 2 of amines on each of two 100 

surfaces and 12PbCl2, growing in 4 directions of 100 is given by: 

∆𝐺 
2𝐷(𝐶𝐻3𝑁𝐻2) = (𝛾110

𝑏𝑎𝑟𝑒) + (𝛾𝑃𝑏𝐶𝑙2+ 𝐶𝐻3𝑁𝐻2

2𝐷 ) + (𝛾100
𝑎𝑚𝑖𝑛𝑒𝑠) +  

1

4𝐴100
∗ (∆𝐺𝑃𝑏𝐶𝑙2+ 𝐶𝐻3𝑁𝐻2

2𝐷 ) (11) 

2D vs. 3D attachment. Our simulation started by allowing a (PbSe)68 QD with PbCl2 ligands 

attached to each of the 12 (110) surfaces (Figure S7), surrounded in all (100) directions (x, y, z) 

with 18 Å of vacuum, to relax. We then simulated attachment in two dimensions by placing these 

QDs next to each other with a separation of  roughly one Pb-Se bond length in two of the 

available (100) directions (Figure 3a). After relaxation, we observed that chlorides from the 

ligands served as bridges between the QDs, leading to the formation of plates, as shown in 
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Figure 3b. Similar behavior was seen when QDs were placed in all three dimensions, leading to 

3D attachment.  

To mimic the observation we made from our previous results from Gaussian calculations 

that amines are likely to passivate the (100) surface, we performed the simulation for 2D case 

again, but this time adding passivating amines (CH3NH2) at the top and bottom (100) surfaces 

that are not involved in the 2D interaction between the QDs. We then calculated surface energy 

changes associated with the formation of 2D and 3D structures.
12

 From Figure 3d and Tables S4 

and S5, it is clear that formation of 2D NPLs is more favorable than formation of 3D attachment 

structures. Similar behavior is observed when only 4 of (110) surfaces were passivated with 

PbCl2. As the binding energy of PbCl2 is similar in both (110) and (111) surfaces, we simulated 

NPL growth with PbCl2 ligands only at (111), and with PbCl2 attached to both (110) and (111) 

surfaces. Even in these cases, we observed that 2D NPLs were more favorable compared to 3D 

structures. Overall, we predict that 2D NPL formation starts with the favorable attachment of 

PbCl2 ligands at the (110) surface, followed by collision with another QD that leads to formation 

of a bridge in the (100) direction, loss of amines from the involved (100) surfaces, and finally 2D 

attachment. This can be repeated in either of the (100) directions to create a 2D structure, but 

according to our calculations, is not favorable in the direction that remains amine passivated.  

As shown in Table S4 and S5, equivalent simulations using the smaller, 1 nm QDs 

[(PbSe)16], produce 2D structures featuring a highly-distorted crystal lattice, which results in 

higher surface energy as compared to 2D NPL formed from 2 nm (PbSe)68 QDs. This suggests 

there is a critical size of QD for which NPL formation is favored, which is reflected in the lack of 

any observation of NPLs thinner than 2 nm in experiments. 
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Table S4: VASP optimized structures of the (PbSe)68 and (PbSe)16 quantum dot passivated by 

PbCl2 ligands in either 110 or 111 or both as labelled below: 

System 
‘2D’ xy projected 

along (100) 

‘2D’ yz projected 

along (100) 

‘2D’ zx projected 

along (100) 

‘3D’ xyz projected 

along (111) 

(PbSe)68 + 

(12(PbCl2))110 

    

(PbSe)68 + 

(4(PbCl2))110 

   
 

(PbSe)68 + 

(4(PbCl2))111 

    

(PbSe)68 + 

(4(PbCl2))110 

+ 

(4(PbCl2))111 
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(PbSe)16 + 

(4(PbCl2))110 

  
  

 

Table S5: Surface energy of the (PbSe)68 QD passivated by PbCl2 ligands in either 110 or 111 or 

both as labelled below, calculated using Eq. 1-11. Values in parenthesis show surface energies 

for (PbSe)68 quantum dot passivated by 12 PbCl2 ligands on 110 surface growing along x- and y-

directions, with the z-direction passivated by 6 methyl amines on each (100) side. 

System 
(PbSe)68/ 

12(PbCl2)110 

(PbSe)68/ 

4(PbCl2)110 

(PbSe)68/ 

4(PbCl2)111 

(PbSe)68/ 

4(PbCl2)110/ 

4(PbCl2)111 

(PbSe)16/ 

4(PbCl2)110 

2D 

xy 

-3.8954 

(-4.4574) 

-3.9170 -1.3124 -0.9346 -1.0322 

yz 

-3.8833 

(-4.4575) 

-3.9167 -1.3131 -0.9345 -1.0246 

zx 

-3.8954 

(-4.4572) 

-3.9167 -1.3132 -0.9360 -1.02794 

3D xyz -3.7038 -3.7764 -1.0606 -0.7067 -0.9276 
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Figure S9: Geometry relaxation of (PbSe)68 quantum dot passivated by 12 PbCl2 ligands in 

either 110, with amines on (100) direction. (a) PbI2 is placed at (100) and relaxed (b) PbCl2 is 

placed at (100) and relaxed.  

 

S2.3 Hyperbolic Band Model. 

 

To model the size dependence of the band gap for PbSe NPLs we have extended the hyperbolic 

band model introduced by Wang and colleagues for the case of a particle in a rectangular box. 

Within the hyperbolic band model, the band edge transition is treated by only considering the 

valence and conduction bands which are related via the transfer of an electron from the valence 

band to the conduction band. A complete derivation of the results has been reported previously.
13

 

Within this model the size dependent band gap is given by: 

ΔE =  (𝐸𝑔
2 + 4𝜆)

1/2
      (12) 

where 𝐸𝑔 is the bulk band gap and 𝜆 is a morphology dependent term that is found from solving 

a modified Schrodinger equation for the wavefunction envelope. The resulting terms for a 

spherical particle and rectangular particle are given by: 
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    𝜆𝑁𝐶 =
𝜋2ℏ2𝐸𝑔

2𝑚∗𝑅2
⁄       (13) 

  𝜆𝑁𝑃𝐿 =
𝜋2ℏ2𝐸𝑔

2𝑚∗ (1
𝐿𝑥

2⁄ + 1
𝐿𝑦

2⁄ + 1
𝐿𝑧

2⁄ )      (14) 

Here 𝑅 is the radius of a spherical NC, 𝐿𝑖 is the length of a NPL for i = x, y, or z dimension, and 

𝑚∗ is the effective mass of the carriers, which are assumed to be the same for the conduction and 

valence band carriers. For the calculations shown figure 4 (c) in the main text the bulk band gap 

of PbSe was taken to be 0.278 eV, the effective mass 0.077𝑚𝑒, and 𝐿𝑥 = 𝐿𝑦 = 18 𝑛𝑚 

confirmed by atomic force microscopy measurement, which was assumed to be constant while 

varying the thickness, 𝐿𝑧. 
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