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Computational details 

Calculations were carried out using the Gaussian 03 package1 running on CenterOS based Linux cluster at the 

Department of Chemistry, Prairie View A&M University. The Tao-Perdew-Staroverov-Scuseria (TPSS) method,2 

implemented in Gaussian 03, was used for all geometry optimization, solvation modeling and frequency 

calculations. A new generation of density functional, TPSS matches or exceeds in accuracy most prior 

functionals, including the popular B3LYP-with-hybrid-exchange functional.3 TPSS can recognize relatively weak 

interactions (such as agostic interactions) while B3LYP significantly underestimates them.4 Because hydrogen 

atoms in the modeling system do not play significant roles in our study, a 6-311G* basis set5,6 was used for all 

elements in the modeling system. Not applying polarization functions on H's far away from phosphorous does not 

significantly degrade computational precision and accuracy and can considerably accelerate the calculations.7 All 

structures were fully optimized and frequency analyses were performed until minima were achieved, with zero 

imaginary vibrational frequencies as derived from vibrational frequency analysis. Thermodynamic functions 

including enthalpies, entropies and free energies, were calculated at 298.15 K and 1 atm. To examine basis set 

effect, a Dunning/Huzinaga full double zeta8 with Stuttgart/Dresden effective core potentials basis set (SDD) and 

a triple-zeta Dunning’s correlation consistent basis set (cc-pVTZ)9 were used for all atoms with TPSS functionals 

to perform a single point energy (SPE) calculation. The Polarizable Continuum Model (PCM) using the integral 

equation formalism variant (IEFPCM) was applied to compute aqueous solvation free energies for all compounds 

and reactions. 

To better understand these phenomena, we first turned our attention to computational modeling of the factors 

behind precursor reactivity at the atomic level. We focused our attention on chalcogenide (sulfide and selenide) 

derivatives, R3P=E, of five commercially available phosphines, R3P: Hexamethyl-phosphorous-triamide (HMPT), 

trioctyl-phosphine (TOP), tributylphosphine (TBP), diphenylpropyl-phosphine (DPP), and triphenylphosphite 

(TPP). We consider phosphine-chalcogen to be the most reactive bond, thus we focus on the geometric and 

electronic properties around the phosphorous center. Selected optimized geometry parameters are listed in Table 

S1, and relative energetic parameters with zero-point energy correction (∆E°ZPE), enthalpy (∆H°) and free 

energies (∆G°) corrected to room temperature for the reaction R3P + S → R3P=E (E = S, Se) are shown in Table 

S2. P-R# represent bond lengths between P the connecting atom of ligand R. For example, P-R1 represents P-O1 

bond length in TPP, and P-N1 bond length in HPT. R2 and R3 group are phenyl groups in DPP. 
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Table S1. Selected bond lengths (Å) and angles (deg.) for optimized geometries of TPP, DPP, TBP, TOP, 

HPT, and their chalcogenide (sulfide and selenide) derivatives. 

 TPP TPPS DPP DPPS TBP TBPS TOP TOPS HPT HPTS 

Sulfides 

P-S  1.921  1.974  1.978  1.978  1.982 

P-R1 1.676 1.631 1.878 1.854 1.880 1.855 1.880 1.855 1.804 1.748 

P-R2 1.675 1.630 1.855 1.844 1.880 1.854 1.880 1.855 1.804 1.748 

P-R3 1.671 1.630 1.861 1.847 1.881 1.854 1.880 1.855 1.804 1.748 

R1-P-R2 95.8 99.5 99.1 106 99.1 104.3 99.3 104.2 101.4 104.6 

R1-P-R3 96.6 99.3 103.1 105.2 99.1 104.5 98.8 104.6 101.4 104.6 

R2-P-R3 96.2 99.1 101.2 103.3 99.1 104.3 99.1 104.4 101.4 104.6 

S-P-R1  118.2  113.6  114.1  114.2  114.0 

S-P-R2  118.3  114.0  114.2  114.2  114.0 

S-P-R3  118.4  113.7  114.3  114.2  114.0 

Selenides 

 TPP TPPSe DPP DPPSe TBP TBPSe TOP TOPSe HPT HPTSe 

P-Se  2.073  2.129  2.131  2.131  2.141 

P-R1 1.676 1.633 1.878 1.857 1.880 1.857 1.880 1.858 1.804 1.749 

P-R2 1.675 1.633 1.855 1.849 1.880 1.858 1.880 1.857 1.804 1.749 

P-R3 1.671 1.632 1.861 1.846 1.881 1.857 1.880 1.857 1.804 1.749 

R1-P-R2 95.8 98.9 99.1 103.4 99.1 104.1 99.3 104.2 101.4 104.8 

R1-P-R3 96.6 99.0 103.1 105.3 99.1 104.1 98.8 104.1 101.4 104.8 

R2-P-R3 96.2 99.4 101.2 105.3 99.1 104.4 99.1 104.4 101.4 104.8 

Se-P-R1  118.6  113.5  114.3  114.2  113.9 

Se-P-R2  118.5  113.9  114.3  114.3  113.9 

Se-P-R3  118.3  113.9  114.3  114.3  113.9 

 

 

In the optimized geometries, P=S bond lengths slightly increase from TPPS (1.921 Å), to DPP (1.974 Å), 

TBPS (1.978 Å), TOPS (1.978 Å), and HPTS (1.982 Å). Similarly, P=Se bond lengths slightly increase from 

TPPSe (2.073 Å), to DPPSe (2.129 Å), TBPSe (2.131 Å), TOPSe (2.131 Å), and HPTSe (2.141 A). However, 

this is not an indication of relative P=E (S, Se) bond strength, but rather a consequence of the size and steric bulk 

of the substituents on phosphorous. All R-P-R bond angles increase when binding with S or Se. For S, the 

smallest change is with TPP and HPT, ~3 deg from 96 to 99 deg and from 101 to 104 deg, respectively. Also for 

S, the biggest change is with DPP, where one C(alkyl)-P-C(phenyl) bond angle changes almost 7 deg from 99.1 

to 106.0 deg. Interestingly, the other two bond angles of DPP only changes ~2 deg from 103.1 to 105.2 and from 
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101.2 to 103.3 deg. TBP and TOP has relatively big bond angle change of 5-6 deg. All P-R bond lengths decrease 

upon binding S or Se. P-R bond lengths in TPP and HPT decrease by 3%, while in DPP, TBP and TOP they only 

decrease by 1%. 

 

Table S2. The relative reaction energetic parameters with zero-point energy correction (∆E°ZPE), 

enthalpy (∆H°) and free energies (∆G°) corrected to room temperature. 

 ∆E° ∆E°ZPE ∆H° ∆G° ∆E° ∆E° Solv ∆E° Solv 

Basis set 6-311G* cc-pVTZ 6-311G* SDD 

Sulfides        

TPP + S → TPPS -76.20 -74.06 -74.87 -64.66 -79.55 -67.12 -69.04 

DPP + S → DPPS -75.21 -73.35 -74.01 -63.91 -80.03 -78.18 -90.00 

TBP + S → TBPS -79.88 -77.71 -78.41 -68.38 -83.42 -84.13 -94.49 

TOP + S → TOPS -82.86 -80.99 -81.57 -71.60 -86.95 -87.33 -97.83 

HPT + S → HPTS -89.77 -86.71 -87.57 -77.60 -91.78 -90.80 -96.48 

Selenides        

TPP + Se → TPPSe -62.42 -60.84 -61.40 -51.67 -63.77 -61.27 -56.31 

DPP + Se → DPPSe -62.96 -61.63 -62.07 -52.10 -65.98 -65.17 -77.17 

TBP + Se → TBPSe -67.04 -65.43 -65.87 -56.23 -69.75 -70.95 -82.99 

TOP + Se → TOPSe -70.07 -68.60 -68.99 -59.10 -72.98 -74.16 -86.28 

HPT + Se → HPTSe -76.81 -74.38 -75.00 -65.22 -77.52 -77.21 -83.68 

 

 

As shown in Table S2, chalcogenide (sulfide or selenide) formation is exothermic or “downhill” (the 

chalcogenide product is always thermodynamically more stable than the reactants). According to Gibbs free 

energy changes, ∆G°, phosphine-chalcogenide stability clearly decreases in the order: HPTS > TOPS > TBPS > 

DPPS ~ TPPS. Just for curiosity, we also used the Polarizable Continuum Model (PCM) with the integral 

equation formalism variant (IEFPCM) to compute hypothetical free energies of polar solvent solvation for these 

reactions. In the PCM model,10,11 the solvent is represented by a dielectric continuum model. The solute molecule 

is then embedded into a cavity surrounded by a dielectric continuum of permittivity. The results are summarized 

under ∆E°Solv heading in Table S2. These solvated values are not a good correlation for our studies, because our 

experiments were run at high temperature in non-polar hydrocarbon phosphine solvents. We also used two new 

basis sets calculate single point energies (SPE) using 6-311G* optimized geometries. The results are listed in the 

Table S2. The SPE ∆E° results with the cc-pVTZ basis set mirror those with the 6-311G* basis set. The SPE 

∆E°solv results with the SDD basis set also have the same trend as with the 6-311G* basis set. All basis sets put 

TPP and DPP as the most reactive species in the series. It is interesting to note that the ∆E° difference between 

the two extreme cases TPP and HPT in the sulfide reaction is ~13 kcal/mol, while the solvation energy difference 
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∆E°Solv between them is ~23 kcal/mol. In comparison, the Se reaction shows a ∆E° difference between TPP and 

HPT of ~14 kcal/mol vs. a ∆E°Solv of ~16 kcal/mol. 

 As shown above, the geometric changes between S and Se precursors are subtle (Table S1, but their 

energetic parameters show big differences (Table S2). This prompted us to pay a closer look at the electronic 

structure and charge distribution of these molecules.12 The commonly used Mülliken population analysis,13,14 

based on projecting the electron density onto a reference basis set, is strongly dependent on the basis set used.15 

On the other hand, atomic polar tensor (APT)16 atomic populations, based on the tensor of the derivatives of 

dipole moment with respect to atomic Cartesian coordinates, exhibit modest basis set sensitivity and can model 

the atomic population more realistically.17 APT results are readily available from the Gaussian output. APT 

charges can provide important insights into the charge distribution of the molecule and are better than natural 

orbital population analysis and electrostatic potential CHELPG methods.18 

 

Table S3. Calculated Mülliken and APT charge distribution on P, S and Se atoms. 

 Dipole 

moment 

Mülliken Charges APT charges 

 P ∆(PE-P) E P ∆(PE-P) S 

TPP 1.781 0.841 - - 1.948 - - 

DPP 1.335 0.493 - - 0.568 - - 

TBP 1.263 0.500 - - 0.421 - - 

TOP 1.314 0.414 - - 0.430 - - 

HPT 0.801 0.759 - - 0.988 - - 

TPPS 0.593 0.947 0.106 -0.326 2.570 0.622 -0.606 

DPPS 4.954 0.688 0.195 -0.455 1.547 0.979 -0.701 

TBPS 4.783 0.532 0.031 -0.335 1.267 0.846 -0.663 

TOPS 4.656 0.538 0.125 -0.340 1.298 0.867 -0.673 

HPTS 2.563 0.704 -0.055 -0.301 1.854 0.866 -0.726 

TPPSe 0.441 1.011 0.170 -0.376 2.476 0.528 -0.510 

DPPSe 4.894 0.743 0.249 -0.475 1.440 0.872 -0.599 

TBPSe 4.785 0.649 0.148 -0.386 1.171 0.750 -0.584 

TOPSe 4.656 0.655 0.241 -0.391 1.197 0.767 -0.593 

HPTSe 2.670 0.840 0.081 -0.374 1.769 0.781 -0.663 

 

Table S3 lists Mülliken and atomic polar tensor (APT) atomic charges on P, S and Se atoms for all phosphines 

and phosphine-chalcogenide precursors. Both Mülliken and APT charges place positive charge on P and negative 

charges on S and Se. However, when comparing the amount of charge change upon chalcogenide formation 

(under the “∆(PE-P)” column in Table S3), Mülliken charges show no clear pattern. On the other hand, APT 

charge analysis shows a progressive increase of positive charge on the P atom upon chalcogenide formation. 

Figure S1 shows the highest occupied molecular orbital (HOMO) of HPTS, HPTSe, TPPS, and TPPSe. The 
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HOMO's of these sulfides and selenides are based on the 1-node p-orbital interaction with sulfur or selenide. 

However, there is a big difference between HPT and TPP compounds. While all the HOMO orbitals are π-bond in 

character, TPPSe has smallest contribution from phenyl substituens, while HPTS and HPTSe have large 

contributions from nitrogen (amide) substituents. This is because the oxygen bridge between phenyl and P not 

only creates a distance gap for their electron densities to interact, but also because the oxygen lone pairs do not 

facilitate the π-interaction. In contrast, the nitrogen atom in the amine group is directly connected to P and the 

geometry of amine group is situated perfectly for the π-interaction with the P atom. This is clearly demonstrated 

by TPPS, where the 1-node π-interaction from the phenyl ring is clearly isolated from that of P=S π-bond. This is 

one of the keys to the predicted high reactivity of phosphite-chalcogenide precursors. With extensive π-

interaction between P atom and its associated amides, HPTS and HPTSe bind S and Se more strongly. The 

weaker π-interaction in TPP is also observed in the APT population analysis. TPP shows the lowest APT charge 

change upon binding to chalcogen (0.622, S; 0.528, Se) compared with DPP (0.979, S; 0.872, Se), TBP (0.846, S; 

0.750, Se), TOP (0.867, S; 0.767, Se), and HPT (0.866, S; 0.781, Se). Overall, this is consistent with our 

experiemental observations: TPPS and TPPSe are unstable and very reactive chalcogen sources. APT population 

analysis seems to suggest that higher charge polarization at P atom increases the reactivity of the precursor; the 

charge on P atom is the highest for TPP. 

 

Figure S1. Highest occupied molecular orbital (HOMO) of HPTS (A), HPTSe (B), TPPS (C) and TPPSe (D). 
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Figure S2. A plot of 31P NMR chemical shift against calculated APT charge change upon phosphine-

chalcogenide formation. 

 

 

Figure S3. A plot of 31P δ against phosphine pKa values. 

 

 

 

Figure S4. Experimentally measured 31P NMR chemical shifts (δ/ppm) of phosphine-chalcogenide precursors 

as a function of calculated P=E (E = S, Se) bond strength (estimated as -∆G° for phosphine-chalcogenide 
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formation, Table S1). 
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Figure S5. A stack plot of 31P NMR spectra of different phosphines and phosphine-chalcogenides. 

 

 

Figure S6. Stack plot of 77Se NMR spectra of phosphine-selenides. 

 

 

Figure S7. Sample TEM images of CdS1-xSex QDs synthesized with (a) DPPSe and TOPS (1:3) (b) TOPSe and 

DPPS (1:3) (c) TBPSe and DPPS (1:9) (d) HPTSe and TBPS (1:19). 
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Figure S8. Alternative Vegard's plot for CdS1-xSex dots showing the variation in cubic a lattice parameter 

as a function of %S. 
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