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Supplementary Figure 1. NMR of the mixtures indicated.

a) 3IPNMR shows a mixture of Ph,PCl and Ph,P—SCy,H5s (1d). NaH (1.641 mmol, 39.4 mg) was mixed
with Cy,H»5SH (1.65 mmol, 334 mg, d= 0.845 g/ml) to give C1,H,sSNa as a white solid. Then,
C12H255—Na (0.125 mmol, 28 mg) in Tol_d8 was added to Ph,Cl (0.12 mmol, 26.5 mg) at RT, and a
colorless solution with white precipitate formed®. To the NMR tube, additional 0.3 mg NaH and 3

pl C12HzsSH (0.0125 mmol, around 1% extra) added. 3IPNMR shows complete conversion of Ph,PCl
to thP—SC12H25.



b) Se (2.052 mmol, 160 mg) was mixed with Ph,PCl (2.017 mmol, 445 mg), and heated to get an
almost clear brown-yellow solution. After cold 2.1988 g of toluene was added, the mixture was
heated for 10min. A brown yellow solution (0.72 mmol/g) was obtained. Then, 0.2155 g (0.16
mmol) mixture in 0.4 ml of toluene was taken for >**PNMR measurements. Meanwhile, NaH (0.17
mmol, 4.1 mg) was mixed with C;,H,5SH (0.165 mmol, 33.4 mg) to give C;,H,sSNa as a white solid.
0.2 ml of toluene was added, which was mixed with the NMR sample of Ph,P(Se)Cl. *IPNMR
indicates that Ph,P(Se)S—Cy,H»s (2d) was formed but not to completion. Therefore ca 20%
additional C;,H,5SNa was added to completed the reaction.

c) Again, 1d was prepared, and reacted with Se=PPh,H.

d) and e) *C NMR and 'HNMR of 1d, respectively. f) *CNMR of 2d.
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Supplementary Figure 2. NMR of the mixtures indicated.

a) A mixture of C1,H,50H (65.20 mg, 0.35 mmol) and NaH (9 mg, 0.375 mmol) was heated gently.
After cooled to RT, 1.1 g tol was added to give a suspension of RONa (= 0.318 mmol/gintol ). To a
suspension of C;,H,50Na (0.05 mmol, 159.2 mg of 0.318 mmol/g suspension in Tol) was added Ph,PCl
(0.046 mmol, 10.2 mg), giving a white suspension of 1e.



b) To a suspension of C1,H,50Na (0.05 mmol, 161 mg of 0.318 mmol/g suspension in tol) was added, a
yellow solution of Ph,P(Se)Cl (0.047 mmol, 54mg of 0.874 mmol/g solution in tol) was obtained giving

a white/yellow suspension of 2e.
c) The Se exchange from Se=PPh;H to 1e.
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Supplementary Figure 3. *'P NMR spectra collected from the four mixtures indicated.

a) RT/60 min and [Se] = ~30 mmol/Kg.
b) RT/45 min and [Se] = ~30 mmol/Kg.
c) RT/15-30-60 min and [Se] = ~40 mmol/Kg.
d) RT/15-30-60 min and [Zn] = ~40 mmol/Kg.
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Supplementary Figure 4. >'P NMR spectra collected from the four mixtures indicated. [Se] = 25
mmol/Kg.
a) RT/15 min.
b) RT/10-60-210 min.
c) RT/10 min.
d) RT/60 min-RT/180 min-80 °C/30 min. Dicyclohexylphosphine (DCHP, 97 % Sigma-Aldrich) was
used to prepare Se=PCy2H2.
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Supplementary Figure 5. 3p NMR spectra collected from the mixtures indicated. [Se] = 16 mmol/Kg.
a-d) RT/30 min (1) — 60 °C/30 min (2) — 80 °C/30 min (3). e) [Pb] = 33 mmol/Kg. Pb coordination to
TOP is less effective as compared to Cd to TOP shown in f). For the RT/30 min data,

a) SeTOP 36.1 ppm, Jp-se = 712 Hz. b) SeTOP 35.7 ppm, Jp.se = 720 Hz.

c) SeTOP 35.9 ppm, Jpse = 715 Hz. d) SeTOP 36.0 ppm, Jp.se = 714 Hz. Note that the 31p NMR signal of
SeTOP fluctuates for each of the four batches a) to d). To analyze an ongoing reaction with the



change of temperature, the use of the product-to-reactant ratio should be a practical way (rather
than the increase of a product or the decrease of a reactant). Here, it is the product-to-SeTOP ratio
that should be compared for each of the three spectra collected for Batches a) to d). In such a sense,
the amount of SeTOP decreased in each of the batch as the temperature increased.
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Supplementary Figure 6. The temporal evolution of absorption of growing CdSe NCs from the

batches at 35 °C with the use of 0.05HPPh, to illustrate the promotion or inhibition by the additive of
R12H,5SH on nucleation/growth. The spectra were collected (by Cary 300 with an optical light path of
2 mm) from the 4Cd-to-1Se molar ratio batches with [Se] of 17 mmol kg in ODE and a total weight of
~2.3 g. Commercial 90 % TOP was used to make our 1M SeTOP.
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Supplementary Figure 7. The temporal evolution of absorption of growing CdSe NCs from the
batches at 35 °C with the use of 0.05HPPh, to illustrate the promotion or inhibition by the additive of
R12H,50H on nucleation/growth. The spectra were collected (by Cary 300 with an optical light path of
2 mm) from the 4Cd-to-1Se molar ratio batches with [Se] of 17 mmol kg™ in ODE and a total weight of
~2.3 g. Commercial 90% TOP was used to make our 1M SeTOP.
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Supplementary Figure 8. The temporal evolution of absorption of growing CdSe NCs from the
batches at 35 °C to illustrate effect of Cd-to-Se feed molar ratios on nucleation/growth.
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Supplementary Figure 9. The temporal evolution of absorption of growing CdSe NCs from the
batches at 35 °C to illustrate effect of SeDPP and SeDCHP on nucleation/growth, together with the

effect of Cd-to-Se feed molar ratios.
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Supplementary Figure 10. *'P NMR spectra collected from the mixtures indicated.

a) RT/15-30-60 min and [S] = 42 mmol/Kg. The red * is highlighted for the possible MS,PPh,
structure existing which we expect for our R group to be ~60 ppm. Note that Hendricks, M. P. et
al documented Cd(S,PPh,), 65.7 ppm, Cd(S,PPh,),(TMEDA) 64.01 ppm and [NHB](PP) 60.86
ppm>. McCleverty, J. A. et al discussed Zn(S,PPh,), 62.8 ppm, [NEt4][Zn(S,PPh,)s] 61.6 ppm and
[CsHsNH](S,PPh,) 61.3 ppm*. Goda, K. et al reported the synthesis of Ph,P(S)-SR with **P NMR
of R = CHs, no *'P data, R= -CH,-CH=CH,, 62.4 ppm, R= -CH,Ph, 62.9 ppm and R=Ph, 64.8 ppm°.
Al-Shboul, T. M. A. et al addressed 31p NMR of E,PPh, around ~62 ppms.

b) The prepared S=PPh,H contains free HPPhs,.
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Supplementary Figure 11. *'p NMR spectra collected from the two mixtures (from -55 °C to 100 °C
and back to 25 °C, left Zn = 42 mmol/Kg and right Cd = 48 mmol/Kg) indicated for the study of 2b’ and
1b. For both the reactions, 1b came up around 80 °C.
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Supplementary Figure 12. Optical properties of Batch Supplementary Fig. 11 (Cd = 48 mmol/Kg) (5
uL/1mL toluene; excitation wavelength is 350 nm).
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Supplementary Figure 13. The 1d—to—S=PPh;H ratio increased from 0.28 (15 min), 0.36 (30 min), to
0.41 (60 min) is demonstrated for the reaction of 2Cd(OOCC;7Hs3), + 1S=PPh,H + 4C;,H,5SH shown by
Fig. 2c (in our main text). Here, we used D1=2 seconds (64 scans total taking ~3 mins). To explore a
reaction at one temperature and at different reaction times, the disappearance of a reactant (R), the
increase of a product (P), or the increase of the ratio of P/R could be meaningful. Thus, to judge the
consumption of one starting precursor (S=PPh,H) when it is still present along a reaction such as Fig.
2¢, we have always been paying attention to the product-to-reactant ratio of 1d-to-S=PPh,H, which
obviously increased, indicating the formation of 1d and the consumption of S=PPh,H. Regarding our
gualitative and not quantitative 3P NMR, it is meaningful to consider the reaction progress by
comparing the product-to-reactant ratio, although 3'p NMR quantitation is not as accurate as ‘*H NMR.
Critically, when we set the integral of the 15 min spectrum S=PPh,H to be 1, we obtained the integral
of 1.00 (15 min), 1.06 (30 min), and 1.07 (60 min); the S=PPh,H signal seems to become narrower
along the progress of the reaction.



a) a)
(3) 1Te —6TOP, -28.6 ppm A (3) 1Te —6TOP, -28.6 ppm A
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(3) 2Cd(OA), ~1Te6TOP, -16.8 ppm . (3) 2Ge(OA), —~1Te6TOP, -24.7 ppm
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Supplementary Figure 14. 31p NMR spectra collected from the mixtures indicated. The Te-TOP
coordination is indicated in (a, both left and right). It is clear that Cd-TeTOP coordination is (left-b)
stronger than Ge-TeTOP coordination (right-b). Also, Cd-TOP coordination (left-c) is stronger than Ge-

TOP coordination (right-c).



a) 2Cd(OA), + 1TeTOP

b) 2Cd(OA), + 1TeTOP + 1HPPh,

4) N -11.0 ppm 1a @) 1b
(3) -8.9ppm (3)
2) 83ppm | 2)
(1) -8.3ppm | (1) *
I I I T T T T T T T T T T T T T
100 80 60 40 20 0 -20 -40 ppm 100 80 60 40 20 0 -20 -40 ppm
¢) 2Cd(OA), + 1TeTOP + 2HPPh, d) 2Cd(OA), + 1Te5TOP + 1HPPh,
HPPh,
1a 1b HPPh,
1a (5)
1b " L
(4) | (4) , |
(3) | (3) ) |
(2) [ (2)
I I I I I I I I v T T T T T T T T T N T T T v T
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Supplementary Figure 15. *'P NMR spectra collected from the mixtures indicated. [Te] = 20 mmol/Kg.

The Cd-related coordination is indicated by *.
a) 15 min at RT-80 °C-120 °C-160 °C.
b) RT/15min, 80 °C/15-30-45 min.
c) RT/15-30-45-60 min.

d) RT/15-30-45-60-1080 min. The evident TOP coordinated to Cd(OA), could result in low
precursor reactive as well as the equilibrium of TeTOP + HPPh, < TOP + Te=PPh,H to the left.
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Supplementary Figure 16. In-situ absorption study of the batches indicated. The use of HPPh, can
promote the precursor reactivity. Clearly, the growth of the CdTe NCs is also affected by the amount
of TOP and HPPh, used. The particle numbers obtained in the top panel with less TOP are much more
than those in the bottom panel with more TOP. Therefore, the use of HPPh, combined with limited
amount of TOP (via high M-to-E and low E-to-TOP feed molar ratios) is practical to synthesize NCs at
low temperature with high particle yield.
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Supplementary Figure 17. In-situ absorption study of the batches indicated. The use of DCHP and
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HPPh; is compared. Clearly, the growth of the CdTe NCs is also affected by the nature of the

secondary phosphine used.
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HPPh,
a) 2Cd(OA), + 1TeTOP + 2HPPh, + 0.5RSH
1b
HPPh,
3) |
3 2) 1d The RSH coordination
A 57 I increases from (3) to
1 -/ppm 5).
| O I : (5)-22.1 ppm ©)
T T T T T T T T (4) -16.6 ppm ﬂ'l e
100 80 60 40 20 0 -20 -40 ppm '
b) 2Cd(OA), + 1TeTOP + 2HPPh, + 2RSH (8)-9.4ppm 1
1d HPPh, (2)-23.7 ppm
28.7 1b (2) is faster than (1),
(3) .7 ppm l I (1)-9.2 ppm with more TOP
2) l l released.
(1) | | . . .
-20 -40 ppm
i ' ' ' ' i ' ' d) 2Cd(OA), + 1TeTOP + HPPh, + RSH HPPh,
100 80 60 40 20 0 -20 -40 ppm ) 2Cd(OA), + 1TeTOP + HPPh, +
1d
1a
1d (4) 2HPPh, + 2RSH
3) 28.7 ppm 1b | (3) 2HPPh, +0.5RSH | .
(2) ) . (2) 2HPPh, only .
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Supplementary Figure 18. *'P NMR spectra collected from the mixtures indicated. [Te] = 20 mmol/Kg.
The amounts of HPPh, and C1,H,5SH affect the kinetics of the reactions. a-c) 30 min at RT-80 °C-120
°C. d) RT/30 min.



a) 2Ge(OA), + 1TeTOP + 1HPPh, HPPh,

1a Ph,P—00CC,,H,,

b) 2Ge(OA), + 1TeTOP + 1HPPh, + 2C;gH3sNH,

1c Ph,P—NHCgH5s
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Supplementary Figure 19. (Top) *'P NMR spectra collected from the mixtures indicated. [Te] = 15
mmol/Kg. The Ge-related coordination is indicated by *. a) 30 min at RT-50 °C-80 °C-100 °C. b-d)
30min at RT-80 °C-120 °C. (Bottom). TEM (left) and XRD (right) of GeTe nanocrystals prepared.



a) 2Ge(OA), + 1TelTOP + TOPO
RT 30min

(3) 1.2 TOPO 64.0 ppm; -14.0 ppm

(2) 0.6 TOPO 66.9 ppm; -13.4ppm

c) 2Cd(OA), + 1Te3TOP + TOPO
RT 30min

ﬂ (2) 4TOPO 50.2 ppm  -14.9 ppm

(1) 0.1 TOPO 68.5 ppm; -13.3 ppm--~ N

0 (1) 1TOPO 52.6 ppm -13.1ppm A
\_/
I T T T T I T I T 1 1 1 1 1 I 1 I I
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b) Ge(OA), + TOPO d) 2M(0A), + 1foPo
RT RT 30min
(5) TOPO (99%) 41.7 ppm
uJL (4) 1Ge(OA),— 6TOPO  44.6 ppm 46.8 ppm
(3) 1Ge(OA),—3TOPO  47.6 ppm . 41.7 ppm TOPO (3) only
o (2) 1Ge(OA),— 1TOPO  57.2 ppm 57.7 ppm 2Cd(OA), (2)
(1) 1Ge(OA), - 0.5TOPO 59.1 ppm 59.1 ppm 2Ge(0A), (1)
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Supplementary Figure 20. *'P NMR spectra collected from the mixtures indicated. It is clear that Cd-
TOPO coordination is weaker than Ge-TOPO coordination. TOPO *'P NMR chemical shift has been

7
documented’?,



a) 2Ge(OA), + 1TeTOP

b) 1TeTOP + 1HPPh, + 1RSH

HPPh,
(3) -9.9 ppm  -13.2 ppm
(2) ) -8.1 ppm -13.2 ppm -13.5 ppm,
(1) -7.8 ppm 4 -13.2 ppm (1) broad
A
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1b
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(2) (2) 28.7ppm | L
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e) 2Ge(OA), + 1TeTOP + 1HPPh, + 2RSH HPPh, f) 2Ge(OA), + 1TeTOP + 1HPPh, + 4RsH  HPPh:
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Supplementary Figure 21. 31p NMR spectra collected from the mixtures indicated. [Te] = 20 mmol/Kg.
a, c-f) 30 min at RT-80 °C-120 °C. b) RT/10 min.



a) 1In(OAc),/HSC,,H,s + 2Se=PPh,H + 8C,gH3sNH,
*22.7 ppm, Jp5.= 606 Hz

1d

2¢ * Ph,PSe,NRH,

(4)

b) 1In(OAc),/HSC,,H,s + 2Se=PPh,H + 8C,,H,;OH
Se=PPh,H, 7.2 ppm, Jp.c.= 774 Hz
Se=PPh,H, 9.4 ppm, J,. . = 492 Hz (coordinated)
HPPh,
Se=PPh,H
1d
(4) |
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(3)

3) |
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Supplementary Figure 22. 31p NMR spectra collected from the mixtures indicated. [Se] = ~40

mmol/Kg. a-b) 10 min at RT-60 °C-80 °C-100 °C. The synthesis of * in a) can also be found”®. It is

ppm

helpful to mention the paper “Coordination chemistry of diselenophosphinate complexes: the X-ray
single-crystal structures of [K(Se,PPh,)(THF),]; and [In(Se,PPh,)s]sL (L = THF, PhMe)”"°.



a) 1Cul/HSC;,H,s + 2S=PPh,H b) 1In(OAc)/HSC,,H,s + 25=PPh,H

1d Ph,P—SC;,H;s

Ph,P(S)SH ~59.9 ppm HPPh,
~55 ppm
~63.5 ppm PP S=PPh,H % S=PPh,H
@ | | 3 1d 2
1 I (3) 1

(2) (2)
(1) | (1)

T T I I
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¢) 1CuUl/HSCy,H,s + 1In(OAC)s/HSC,,H,s + 45=PPh2H
1d Ph,P-SC,,H,s
d) S=PPh,H

~63.3 ppm S=PPh,H
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~60.5 ppm |
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Supplementary Figure 23. 31p NMR spectra collected from the mixtures indicated. [S] = 80 mmol/Kg.
a-c) RT/10 min-80 °C/10 min-100 °C/10 min. Again, the peak 60-65 ppm could be M(S,PPh,) (M = Cu
or In or Zn (Supplementary Fig. 2)) type intermediates and * indicates HPPh,'! coordinated to Cu**™.

a) CygH35NH, b) C,,H,sSH c) C;,H,s0H
2c 1d 2e
1c 1b la 2a 1e
1HPPh, | | | . | 1 | 1HPPh, ] 1HPPh,
0.05HPPh, 2d | 005HPPh, 0.05HPPh,
T [ - [ A [
100 0 ppm 100 0 ppm 100 0 ppm

Supplementary Figure 24. *'P NMR monitoring of the formation of 1 (Ph,P-Y) and/or 2 (Ph,P(Se)-Y)
as main species when HY and HPPh, were added to the mixture of Compound 3 + 6Cd(OA), (as

mentioned in Fig. 5, at RT after 10 min (0.05 HPPh;) or 10 min (1HPPh,)). a, 16RNH,. b, 4RSH. c,
16ROH.



S \Cd/S N CdSePPhY ~ —=  CdpSep(PPhp)Yy  —= PhP-Y + CdySe,

Se Se
3 Se=PPh,H Se=PPh;H Se=PPh-H Se=PPhsH
+ HY HY HY HY
/ O 5"6
R—CZ }Cd":,o =C—R Cd(Se- PPth —» Cd,Sey(SePPh,)y(PPhy), —= ph,P-PPh, + Cd)Se;
RCQOOH D 2b
HPPh2 J Hy HY
\ ~O0H
HPPh, HPPh; HPPh,
HPPh,
se, Se
R—cZca? N i
s \ /PF*hz CdSezPPhyY — Cd;Ses(SePPhg)oYs —= Ph,PY + Cd,Se,
HY HX Cc F 2

Supplementary Figure 25. Schematic drawing of Pathway 2 (from RCOOCdSe,PPh, to Cto F to 2)
involved in Fig. 5 without the presence of HPPh,, and of Pathway 1 (from RCOOCdSe,PPh, to A to (B
or D) to E to 1) with the presence of a certain amount of HPPh, involved in Supplementary Fig. 24.



Ref 26 “Mysteries of TOPSe Revealed: Insights into Quantum Dot Nucleation

J. Am. Chem. Soc. 132,10973-10975 (2010)
Pb(OA), + TOPSe + HPPh,, Path I JACS 2010 (Scheme 1)

”

Path Il JACS 2010 (Scheme 2)

o) e o, monomer ( /0‘)% Ph,PH —> /ONpppPn, +  RCOOH

rRe? JPb + PhPH —» RC{  >PbSe-PPh, '+ RCOOH RCNg 1, 2+ P RCx 2
g, 2 So 'y 2 2 O™'2 0" 10
,o} q RC<O§ PbPPh, + Ph,PH —> Ph,PPbPPh, + RCOOH
2eq. 1 —> RCy  IPbSe);PPh, + | PhPOCR So 1
3 -
o Q QO Ph,PPbPPh, —> Pb® + | PhPPPh,
Ph,POQCR + RCOOH —> Ph,PH + RCOCR 12 _1p R=Cy7H33
Se 4 5
1] lo] Se .
1+ PhPH == RC{ “Pb/_ PPh, + PhPH Ref 26 proposed the formation of
S monomert -~ geis 1a (99 ppm) + RCOO(PbSe),PPh,.

2eq 6 —> RoZOPbSePb” SSNPPn. < | Ph ol 2a (77 ppm) + RCOOPbSePbSe ,PPh,.

' Ao “se? ¥ 8=2a 1b (-14 ppm) + Pb?, having nothing to do with
6 ‘?F Sen, b/SE\ 2 the Pb-Se bond formation. Obviously, this

" Zeq. PhPH —> PhZP\SE--"F; "~.39//PPh2 "'R_ o +H ! pathway does not fit with the experimental
=3 e observation on Pb- and Cd-based systems.
We elucidate the formation of monomer N—— N—— 1 monomer
Pb,Se, + 1a (99 ppm) and/or 1b (-14 ppm) . 2 2(5 2k¥2  — PhoPY + MgE;
Pb,Se, + 2a (77 ppm) and/or 2b . . » . . Y = OOCR: 1a
) C j( PPh,: 1b

($=PPh2H)2

MXz M(E-PPh3); —» M3E2(EPPh3)2(PPhy); — thg-Pth - M2E2
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, MX  Teamr A D 2b
Our mechanism is general and applicable to the 3 ) C L C '
various quantum dot systems. , H . H
o monomer
) 3 ME2PPhY  — M2E2(EPPhy)Y2 — th‘P’-Y + MzE;
For the below exoergic reactions, c F )
CdOA, + 1SeDPP = RCOOCdSePPh, +1RCOOH 56.4 kJ mol! Y = OOCR: 2a

CdOA, + 2SeDPP = Ph,PSeCdSePPh, + 2RCOOH 115.1 kJ mol!

Supplementary Figure 26. The mechanistic difference between the two studies, Ref 26 (JACS 2010)
and the present investigation. Top is from JACS 2010 (with 3 = 1a, 8 =2a, 12 = 1b 9 = 3 and labeled)
and bottom from our Fig. 1. Clearly, with Y = OOCR or PPh,, the two studies detected the same P-
containing chemicals 1a (99 ppm, Ph,P—OOCR), 2a (77 ppm, Ph,P(Se)—OOCR) and 1b (-14 ppm,
Ph,P—PPh,) by *'P NMR. However, our important IM A (Pb(SePPh,), with M = Pb and E = Se) and its

dimer D, together with their reactions with H-Y leading to IM E and F were not mentioned in the JACS
2010 study.
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Supplementary Figure 27. The geometric structures of the intermediates indicated, and the relative
Gibbs free energies (G;) (kJ mol'l) relative to the discrete reactants calculated at the M06//B3LYP/6-
31++G(d, p), SDD level are shown. Bond lengths are reported in A.
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Supplementary Figure 28. The geometric structures of the species indicated and the schematic
energy diagrams for the reaction of Ph,PSe—Cd—-SePPh, (Alb) + RNH, - RN—CdSe—PPh, (RNH,-B2a) +
SePPh;H calculated at the M06//B3LYP/6-31++G(d, p), SDD level are shown. Bond lengths are
reported in A. Relative Gibbs free energies (G,) (kJ mol ™) for the corresponding species are shown
relative to Alb + RNH,. For the additive RNH,, the activation energy barriers for the N—H bond
cleavage is 148.1 kJ mol™, resulting in the release of SePPh,H from Alb to B2a.
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Supplementary Figure 29. The geometric structures of the species indicated and the schematic
energy diagrams for the reaction of Ph,PSe—Cd—SePPh, (Alb) + HPPh, - Ph,P—CdSe—PPh, (HPPh,-
B2a) + SePPh,H calculated at the M06//B3LYP/6-31++G(d, p), SDD level are shown. Bond lengths are
reported in A. Relative Gibbs free energies (G,) (k) mol™) for the corresponding species are shown
relative to Alb + HPPh,. For the additive HPPh,, the activation energy barriers for the P-H bond
cleavage is 135.6 kJ mol™, resulting in the release of SePPh,H from Alb to B2a.
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Supplementary Figure 30. The geometric structures of the species indicated and the schematic
energy diagrams for the reaction of Ph,PSe—Cd—SePPh, (Alb) + ROH - RO-CdSe-PPh, (ROH-B2a) +
SePPh,H calculated at the M06//B3LYP/6-31++G(d, p), SDD level are shown. Bond lengths are
reported in A. Relative Gibbs free energies (G,) (k) mol™) for the corresponding species are shown
relative to Alb + ROH. For the additive ROH, the activation energy barriers for the O—H bond cleavage
is 109.9 kJ mol™?, resulting in the release of SePPh,H from Alb to B2a.
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Supplementary Figure 31. The geometric structures of the species indicated and the schematic
energy diagrams for the reaction of Ph,PSe—Cd—-SePPh, (Alb) + RSH - RS—-CdSe—PPh, (RSH-B2a) +
SePPh;H calculated at the M06//B3LYP/6-31++G(d, p), SDD level are shown. Bond lengths are
reported in A. Relative Gibbs free energies (G,) (kJ mol ™) for the corresponding species are shown
relative to Alb + RSH. For the additive RSH, the activation energy barriers for the S—H bond cleavage
is 64.0 kJ mol'l, resulting in the release of SePPh,H from Alb to B2a.



Supplementary Table 1. 31p NMR detected phosphorous-containing compounds 1 and 2 from
reactions shown in Figs 1-5 and Supplementary Figs 1-5. Their chemical shifts are listed. Due to the
equilibrium of 1 + E=PPh,H < 2 + HPPh; (Supplementary Table 2 and Note 2), when the assignment
of 1is correct, 2 (Ph,P(E)-Y) should be straightforward. Thus, we further computed the 31p NMR
chemical shift of 1 (Ph,P-Y, Y =—-0O0CR, —PPh;, —NHR, —SH, and —OR) in toluene and in ODE, with
HsPO4 as an external standard in water solution. Our calculated data (presented in parentheses with
toluene above ODE) are obviously in good agreement with our experimental values (except for 1b).
(See Supplementary Note 1)

O0CC7H33 PPh, NHC47H33 SCy,Hys OCy,Hys
Y a b c d e
99 ppm —14 ppm 42 ppm 29 ppm 112 ppm experiment
1: Ph,P-Y (90 ppm) (=3 ppm) (43 ppm) (28 ppm) (118 ppm) DFT-toluene
(93 ppm) (5 ppm) (45 ppm) (28 ppm) (119 ppm) DFT-ODE

77 ppm 58 ppm 56 ppm 85 ppm
2: PhyP(Se)-Y |Jpse (Hz) =870 37/-13 ppm Jpg, (Hz) =775 Jpg, (Hz) =800 Jpg, (Hz) =820  experiment
2":Ph,P(S)-Y NA 45/-14 ppm NA NA NA experiment




Supplementary Table 2. Relative Gibbs free energies (AG,) (k) mol™) to 1 (Ph,P-Y) + E=PPh,H for all
the species in the reaction of 1 (PH,P-Y) + E=PPh,H < 2 (PH,P(E)-Y) + HPPh, calculated at the
MO06//B3LYP/6-31++G(d, p), SDD level in 1-octadecene under room temperature (298.15 K) and
atmospheric pressure (1 atm). Y = —-NHR, —SR, —OR, —OOCR, and —PPh, (with R = C;Hs); E = S, Se, and
Te. The DFT examination is in agreement with experimental observation. The equilibriums about the
Se change are weighted towards the right, except for 1b + Se=PPh;H <= 2b + HPPh,. Corresponding
chemical reactions performed could be found elsewhere, with Ref 30/25 for c (Se), Supplementary Fig.
1 for d (Se), Supplementary Fig. 2 for e (Se), Ref 2/24 for a (Se), and Ref 31/21 for b (S and Se). (See
Supplementary Note 2)

AG,
Reaction equations E
S Se Te
¢ Ph;P-NHR + E=PPh,H = Ph,P(E)-NHR + HPPh, —25.8 -17.8 -11.9
d Ph,P—-SR + E=PPh,H - Ph,P(E)-SR + HPPh, -33 8.6 10.0
e Ph,P-OR + E=PPh,H = Ph,P(E)-OR + HPPh, —36.8 —24.5 —-18.6
a Ph,P-O0CR + E=PPh,H - Ph,P(E)-OOCR + HPPh, -12.5 8.3 19.0

b Ph,P—PPh, + E=PPh,H - Ph,P(E)-PPh, + HPPh, -3.9 34.9 32.9




Supplementary Table 3. Optimized geometric structures of typical A (M(EPPh,),) species. Relative

Gibbs free energies (G;) (k) mol™®) to Ala (Ph,PE-M—EPPh,, E = Se, M = Cd) for all the species

calculated at the M06//B3LYP/6-31++G (d, p), SDD level in ODE media. G, in ODE solution and in gas
phase are presented without and with parentheses, respectively. Also, some bond lengths (in A)
calculated are indicated in black; the NBO charges of P, Se, and Cd calculated are indicated in red.
Such calculation level, G, and the expression with bond length in black and charges in red apply to the

rest of the tables (Supplementary Tables 4-19, 24 and 25). Our results suggest that the trend of

energy differences between conformations in gas phase is, mainly, similar to that in ODE.

Species Geometric Structure G, Species Geometric Structure G,
&
0.69
0.0 4.6
Al Al
a (0.0) b (3.9)
-0.50 0.82 -0.50
0.70
18.7 41.2
A2
(1.4) A3 (44.8)
0.69
51.6 88.3
Ad A
(s62) | *° (77.1)
95.1 113.7
A6
(125.3)| A7 (141.0)




Supplementary Table 4. Optimized geometric structures of typical B (MEPPh,Y) species. Relative
Gibbs free energies (G;) (k) mol™) to Bla (E-M—PPh,Y, E = Se, M = Cd, Y = —NHR, —SR) for all the
species calculated.

Species | Geometric Structure | G, | Species | Geometric Structure | G,
Y =-NHR
0.0 15.2
Bla 0.0) | B (33.2)
10.1 14.6
B2 B2
° (-11.5) b (-14.9)
56.5
B
3 (25.9)
Y =-SR
0.0 17.0
Bla (0.0) B1b (19.0)
062 008
-82.5 -78.0
B2a (-os.8) | B2P (~100.3)
-0.49 0.86  -0.37
-3.3
83 (30.6)




Supplementary Table 5. Optimized geometric structures of typical B (MEPPh,Y) species. Relative
Gibbs free energies (G;) (k) mol™) to Bla (E-M—PPh,Y, E = Se, M = Cd, Y = —OR) for all the species
calculated.

Species Geometric Structure G, Species Geometric Structure G,
-0.84
1.647 0.0 25.7
Bla ® 2.366 G 2.577 (0.0) Blb (35.9)
-0.83 0.52
-6.9 -1.4
B2 B2
a (~19.3) b (~22.0)
92.3
B
3 (63.3)




Supplementary Table 6. Optimized geometric structures of typical B (MEPPh,Y) species. Relative
Gibbs free energies (G;) (k) mol™?) to Bla (E-M—PPh,Y, E = Se, M = Cd, Y= —OOCR, —PPh,) for all the
species calculated.

Species | Geometric Structure G, | Species | Geometric Structure G,
Y =-00CR
-0.58 f
0.0 28.2
Bla i Blb
1.705 (0.0) (16.5)
-0.74
-111.3 -104.9
2.347
B2a (-1187) | B2P (~119.3)
0.69
-0.46
29.5 —69.8
B3 107) | B4 (=75.6)
Y=—PPh,
0.0
B1 (0.0)
-58.7 -49.7
B2a (-g93) | B2P (~91.5)




Supplementary Table 7. Optimized geometric structures of typical C (ME,PPh,Y) species. Relative
Gibbs free energies (G;) (k) mol™?) to €1 (E-M-EPPh,Y, E = Se, M = Cd, Y = —-NHR) for all the species

calculated.
Species Geometric Structure G, Species Geometric Structure G,
-0.42
0.0 18.7
c1 (0.0) 2 (~22.5)
-0.41
43.4 46.6
C3a (133) | 3P (8.3)
48.2 50.9
ca 237) | © (58.1)
81.8 90.4
c6 ae9) | (54.6)




Supplementary Table 8. Optimized geometric structures of typical C (ME,PPh,Y) species. Relative
Gibbs free energies (G;) (k) mol™) to €1 (E-M-EPPh,Y, E = Se, M = Cd, Y = -SR) for all the species

calculated.
Species Geometric Structure G, Species Geometric Structure G,
-0.40
0.0 -125.1
1 2
¢ 0o | ¢ (~155.4)
-0.38
-54.3 —46.1
C3a (-s21) | 3P (~85.1)
2.309
0.00
-77.3 32.6
4
¢ (023) | © (25.2)
0.70
-46.9 -10.9
c6 2 | ¢ (-38.7)




Supplementary Table 9. Optimized geometric structures of typical C (ME,PPh,Y) species. Relative
Gibbs free energies (G;) (k) mol™?) to €1 (E-M-EPPh,Y, E = Se, M = Cd, Y = -OR) for all the species

calculated.
Species Geometric Structure G, Species Geometric Structure G,
-0.42
0.0 -2.3
c1 00 | (~34.5)
-0.41
74.0 89.1
C3a (aag) | P (50.0)
34.3 54.2
ca 177) | © (56.3)
0.70
65.1 118.0
ce 381) | ¢ (85.6)




Supplementary Table 10. Optimized geometric structures of typical C (ME,PPh,Y) species. Relative
Gibbs free energies (G;) (kJ mol™?) to €1 (E-M-EPPh,Y, E = Se, M = Cd, Y= —OOCR) for all the species

calculated.
Species Geometric Structure G, Species Geometric Structure G,
0.0 -128.5
c1 (0.0) 2 (~154.7)
-8.5 0.6
32 (-42.2) c3b (—48.2)
43.6 -89.4
Gc (20.5) ca (~100.3)
41.2 —-61.8
¢ (202) | ©® (=78.1)
38.0
7 (~4.8)




Supplementary Table 11. Optimized geometric structures of typical E (M,E,>(PPh,),Y>) species.
Relative Gibbs free energies (G;) (kJ mol™?) to Ela (YPh,P-M(E),M-PPh,Y, E = Se, M = Cd, Y = —NHR, —
SR) for all the species calculated.

Species| Geometric Structure ‘ G, \Species\ Geometric Structure | G,
Y =-NHR
0.0 153.0
Ela (0.0) E2 (102.9)
Elb
Y =-SR
0.0 -32.7
El E2
? (0.0) (-19.7)
34.8
El
b (41.9)




Supplementary Table 12. Optimized geometric structures of typical E (M,E,>(PPh,),Y>) species.
Relative Gibbs free energies (G;) (kJ mol™?) to Ela (YPh,P-M(E),M-PPh,Y, E = Se, M = Cd, Y = -OR, —
PPh,) for all the species calculated.

Species | Geometric Structure | G, | Species | Geometric Structure | G,
Y =-NHR
0.0 127.8
El E2
2 (0.0) (136.2)
38.4
El
b (64.5)
Y =—PPh,
0.0 17.5
El E2
(0.0) (10.6)




Supplementary Table 13. Optimized geometric structures of typical E (M,E>(PPh,),Y>) species.
Relative Gibbs free energies (G;) (kJ mol™?) to Ela (YPh,P-M(E),M-PPh,Y, E = Se, M = Cd, Y = —OOCR)
for all the species calculated. Relative Gibbs free energies in ODE solution and in gas phase are
outside and in parentheses, respectively.

Y Species Geometric Structure G,
&
1.372 “‘\1.‘212

1.708 0.0

Ela @ (0'0)
-107.3

E2
(—90.8)
-O0OCR

27.5
Elb (179.5)

59.9

Elc - 1.77 (16.4)

1.327




Supplementary Table 14. Optimized geometric structures of typical F (M,E,(EPPh,),Y;) species.
Relative Gibbs free energies (G;) (kJ mol™?) to F1 (YPh,P—E-M(E),M—E—PPh,Y, E = Se, M = Cd, Y = —NHR)
for all the species calculated. Relative Gibbs free energies in ODE solution and in gas phase are

outside and in parentheses, respectively.

Species Geometric Structure G, Species Geometric Structure G,
e % | n s
F3a (ig;i) F3b (ig; :g)
F4 éii:g) Fe égiﬁ)
F5 (Zgﬁﬁ)




Supplementary Table 15. Optimized geometric structures of typical F (M,E,(EPPh,),Y;) species.
Relative Gibbs free energies (G;) (kJ mol™) to F1 (YPh,P—E—M(E),M—E—PPh,Y, E = Se, M = Cd, Y = —SR, —
OR) for all the species calculated. Relative Gibbs free energies in ODE solution and in gas phase are
outside and in parentheses, respectively.

Species | Geometric Structure | G, | Species | Geometric Structure | G,
Y =-SR
0.0 -78.0
F1 F2
(0.0) (—87.4)
10.6
F
3 (9.5)
Y=-0R
0.0 126.1
F1 (0.0) F2 (96.3)
245.8
F3 (228.3)




Supplementary Table 16. Optimized geometric structures of typical F (M,E,(EPPh,),Y;) species.
Relative Gibbs free energies (G;) (kJ mol™?) to F1 (YPh,P—E-M(E),M—E—PPh,Y, E=Se, M=Cd, Y = —
OOCR) for all the species calculated. Relative Gibbs free energies in ODE solution and in gas phase are
outside and in parentheses, respectively.

Y Species Geometric Structure G,

0.0

F1 (0.0)

-78.8
F2 (~94.7)

-O0CR

227.5
F3 (218.4)




Supplementary Table 17. Optimized geometric structures of typical D (M,E,(EPPh,),(PPh,),) species.
Relative Gibbs free energies (G;) (kJ mol™?) to D1 (YPh,P—E—M(E),M—E—PPh,Y, E = Se, M = Cd, Y = —PPh,)
for all the species calculated. Relative Gibbs free energies in ODE solution and in gas phase are

outside and in parentheses, respectively.

Y Species Geometric Structure G,
0.0
b1 (0.0)
-86.6
D2
'PPhZ (_106.5)
-51.1
D
3 (-52.5)




Supplementary Table 18. Relative Gibbs free energies (G;) (kJ mol™?) to B1 (E-M—PPh,Y, E =S, and Te,
M = Cd, Y = —NHR) for all the species calculated. HOMO and LUMO are indicated (contour value:
0.030), which are similar for S and for Te.

E Species Geometric Structure G,
Bl 0.0
S
B2 -24.3
Bl
Te
B2




Supplementary Table 19. Relative Gibbs free energies (G,) (kJ mol™?) to C1 (E-M—EPPh,Y, E =S, and Te,
M = Cd, Y = —NHR) for all the species calculated. HOMO and LUMO are indicated (contour value:
0.030). The former is similar for S and for Te.

E Species Geometric Structure G,
Cc1 0.0
S
c2 -30.9
Cc1 2.489 : 0.0
2.834 2,575
-0.22 0.22
-0.22
Te
Cc2 46.7




Supplementary Table 20. Relative Gibbs free energies (G;, kJ mol™) to Ala (Ph,PE-M—EPPh,, E = Se,
M = Cd) for all the species. The energies of HOMO (Eomo, €V) and LUMO (Exomo, €V) are indicated.

—PPh,

Species Isomer G, Evomo Eiumo AE

Ala trans-Ph,PE-M-EPPh, 0.0 —6.0334 3.4998 9.5332

Alb Ph,PE-M-EPPh, 46 -6.0632 3.4245 09.4877
A2 Ph,P-M-E,-PPh, 18.7 -5.3995 3.5759 8.9754
A3 Ph,P(E)-M-EPPh, 41.2 -5.4757 3.3132 8.7889
A4 Ph,P-M-EP(E)Ph, 51.6 -5.6353 3.3929 09.0282
A5 Ph,P-M-E-EPPh, 88.3 -5.6881 2.8581 8.5462
A6 E-M-EP(Ph,)-PPh, 95.1 -4.1962 3.0190 7.2152

A7 E-M- PPh,P(E)Ph, 113.7 -4.6110 3.0372 7.6482




Supplementary Table 21. Relative Gibbs free energies (G;, k) mol™) to Bla (E-M—PPh,Y, E = Se, M =
Cd, Y =—-NHR, —=SR, —OR, —O0CR, and —PPh;) for all the species. The energies of HOMO (Exomo, €V) and
LUMO (Enomo, eV) are indicated.

—NHR -SR
Species Isomer G, Ervomo E.umo AE G, Evomo E.umo AE
Bla E-M-PPh,Y 0.0 —-4.4578 3.3851 7.8429 0.0 —-4.5876 3.1749 7.7625
Blb E-M-YPPh, 15.2 -4.5098 3.4317 7.9415 17.0 -4.6151 2.9261 7.5412
B2a Ph,PE-M-Y 10.1 -5.8686 3.6141 9.4827 -82.5 -6.2217 3.5073 9.7290
B2b trans-Ph,PE-M-Y 14.6 -5.9127 3.7934 9.7061 -78.0 -6.1966 3.5848 9.7814
B3 YE-M-PPh, 56.6 —5.6347 3.6737 9.3084 -3.3 =5.7217 3.3753 9.0970
-OR —0OOCR
Species Isomer G, Eromo E.umo AE G, Evomo E.umo AE
Bla E-M-PPh,Y 0.0 —-4.5453 3.1914 7.7367 0.0 -4.4616 3.0378 7.4994
Bilb E-M-YPPh, 25.7 -4.5834 3.1976 7.7810 28.2 —-4.6307 -2.1769 2.4538
B2a Ph,PE-M-Y -6.9 -6.2838 3.4613 9.7451 -111.3 -6.2820 3.4883 9.7703

B2b trans-Ph,PE-M-Y -1.4 -6.2885 3.4928 09.7813 -104.9 —6.1235 3.4754 9.5989

B3 YE-M-PPh, 923 -5.7761 3.5018 9.2779 29.5 -5.5932 3.1007 8.6939
—PPh,

Species Isomer G, Evomo ELumo AE

B1 E-M-PPh,Y 0.0 -4.3967 3.1562 7.5529

B2a Ph,PE-M-Y -58.7 -5.1679 3.5306 9.1485

B2b trans-Ph,PE-M-Y -49.7 -5.6777 3.6140 9.2917




Supplementary Table 22. Relative Gibbs free energies (G;, kJ mol™) to C1 (E-M—EPPh,Y, E = Se, M =
Cd, Y =—-NHR, SR, —OR, and —OOCR) for all the species. The energies of HOMO (Exomo, €V) and LUMO
(Enomo, eV) are indicated.

—-NHR -SR
Species Isomer G, Evomo E.umo AE G, Evomo E.umo AE
Cc1 E-M-EPPh,Y 0.0 -4.6249 3.3517 7.9766 0.0 -4.1942 2.9000 7.0942
Cc2 Ph,PE,-M-Y 18.7 -5.4104 3.5646 8.9751 -125.1 -5.8343 3.4819 9.3162
C3a Ph,PE-M-EY 434 -6.0422 3.5124 9.5546 -54.3 -6.1333 3.2943 9.4276
C3b  trans-Ph,PE-M-EY 46.6 —6.0323 3.4999 9.5322 -46.1 -6.1675 3.1972 9.3647
ca Y-M-EP(E)Ph, 48.2 -5.7416 -2.0694 3.6722 -77.6 -5.8319 3.2795 9.1114
c5 E-M-YP(E)Ph, 509 -4.7536 3.2066 7.9602 32.6 -4.8003 2.6655 7.4658
C6 Y-M-E-EPPh, 81.8 -5.8927 12.7812 8.6739 -46.9 -6.2652 2.7197 8.9849
c7 Ph,P(E)-M-EY 90.4 -5.4194 -2.1350 3.2844 -10.9 -5.5380 3.1480 8.6860
-OR —0OOCR
Species Isomer G, Eromo Eumo AE G, Eromo Eiumo AE
c1 E-M-EPPh,Y 0.0 -4.4105 3.1728 7.5833 0.0 -4.1071 3.0307 7.1378
c2 Ph,PE,-M-Y -2.3 -6.1950 3.3876 9.5826 -128.5 -6.4041 3.4326 9.8367
C3a Ph,PE-M-EY 740 -6.1683 3.3013 9.4696 -8.5 =5.9909 3.1948 9.1857
C3b  trans-Ph,PE-M-EY 89.1 —6.1902 3.3399 9.5300 0.6 -5.7951 2.9954 8.9705
c4 Y-M-EP(E)Ph, 343 -5.8893 3.2541 09.1433 -89.4 -5.8340 3.2404 9.0804
c5 E-M-YP(E)Ph, 54.2 -4.8153 3.0137 7.8289 412 -4.6523 -2.2433 2.4090
C6 Y-M-E-EPPh, 65.1 -6.3175 2.6485 8.9659 -61.8 -6.2813 2.7271 9.0084
c7 Ph,P(E)-M-EY 118.0 -5.5519 3.2155 8.7674 38.0 -5.3625 2.8629 8.2254




Supplementary Table 23. Relative Gibbs free energies (G;) (k) mol™) to 2A + 2HY for all the species
calculated. (A = Ph,PSe—Cd-SePPh,, Y = —NHR, —SR, —OR, —OOCR, and —PPh,). The energy value of the
left column B includes 2B + 2Se=PPh,H, E includes E + 2Se=PPh,H, Ph,P-Y includes 2Ph,P-Y + Cd,Se, +
2Se=PPh,H, Cincludes 2C + 2HPPh,, F includes F + 2HPPh, and Ph,P(Se)-Y includes 2Ph,P(Se)-Y +
Cd,Se, + 2HPPh,.

Y
NHR SR OR OOCR PPh,
—48.4
P (D2)
Ph,P(Se)-PPh, 117.5
272.0 84.0 272.1 117.6 190.3
B (Bla) (B2a) (Bla) (B2a) (B2a)
E 111.9 27.6 88.6 47.1 114.1
(El1a) (E2) (El1a) (E2) (ED)
Ph,P-Y 71.0 26.6 64.3 97.8 47.7
C 109.5 -92.4 110.2 -35.7
(cv) (c2) (co (c2)
F —-60.2 -105.0 -45.8 -44.9
(FD (F2) (FD (F2)

Ph,P(Se)-Y 35.4 43.7 15.3 114.3




Supplementary Table 24. Optimized geometric structures of typical stable B species (B: E-M—P(Y)Ph,,
E=Se, M=Cd, Y=—-NHR, —SR, —OR, —OOCR, and —PPh,). HOMO and LUMO are indicated (contour value:
0.030).

Species Geometric Structure HOMO LUMO

0.69

2.351
Y=-0R 2.506 2.008

-0.51 111 -0.95

B1

—PPh,




Supplementary Table 25. Optimized geometric structures of typical stable A (Ph,PE-M—EPPh;) and C
(E-M—EPPh,Y), E =Se, M = Cd, Y =—NHR, —SR, —OR, and —OOCR). HOMO and LUMO are indicated
(contour value: 0.030).

Species Geometric Structure LUMO

Ala

C1

—NHR

C2

—00CR




Supplementary Note 1. 3p NMR study of Compound Ph,P-Y (1) and Ph,P(E)-Y (2).

As indicated in Supplementary Table 1, for the NMR spectrum calculation, a gauge-including-
atomic-orbital (GIAO) method at the M06 /6-31++G(d, p), SDD theoretical level was used***°. A
polarized continuum model (PCM-SMD)***! was utilized to simulate the solvent effects of toluene
and 1-octadecene (ODE) with dielectric constant = 2.0. Full geometry optimizations were carried out
to locate all of the stationary points both in toluene and ODE solutions, via a hybrid M06 functional
method? and the 6-31++G(d, p) basis set”***, namely M06 /6-31++G(d, p). Systematic harmonic
frequency calculations were performed to ensure all the structures obtained are true minima on the
potential energy surfaces.

The DFT calculation for MesP=E provides the insight into the nature of the P=E bond and the
thermal and photochemical instability of compounds with terminal P=Te bonds®.

Previously, Compound 1a and 1b and 2a were detected from the syntheses of PbSe?’, CdSe*?”*
ZnSSl, ZnSe31, ZnSeS31, and CdSeS NCs*. Ref 17 and Ref 18 reported Compound 1a with Ph,P—OOCPh
(102 ppm), in addition to 1b. Compound 1c and 2c were detected from the syntheses of CdSe in the
presence of a primary amine C1,H,5NH, (with 2¢ of Ph,P(Se)-NHC;,H;s, 57 ppm)27 or C17H33NH23°.
Compound 1d was reported from the synthesis of Cu,S, In,Ss, and CulnS, in the presence of a primary
thiol C12H255H15. For details, see below (Ref x/y, x is what numbered below and y is what numbered in
the main text)

Ref 31/21 (ACS Appl. Mater. Interfaces 2012) reported the synthesis of ZnSe, and ZnSeS alloyed QDs at 80
°C - 300 °C (Fig. 2 and Supplementary Fig. 2) and the *'P NMR spectra collected at 80 °C for ZnSe, ZnS and
ZnSeS (Fig. 8). 1a (99 ppm), 2a (77 ppm) and 1b (-14 ppm) were obtained.

Ref 15/22 (ACS Appl. Mater. Interfaces 2013) reported the synthesis of CulnS, alloyed QDs at from 50 °C -
160 °C (Figs 1 and 3, and Supplementary Fig. 1) and the in situ *'P NMR spectra (Fig. 2) of the three
reactions of Cul + S=PPh,H, InOAc; + S=PPh,H, and Cul + InOAc; + S=PPh,H at 100 °C. 1d (29 ppm) was
obtained.

Ref 2/23 (Angew. Chem. 2013) reported the in situ *'P NMR spectra collected from 25 °C up to 140 °C
(Supplementary Fig. 4) of the three reactions of (a) CdOA, + SeTOP + HPPh,, (b) CdOA, + SeTOP, and (c)
CdOA, + Se=PPh,H. 1a (99 ppm) and 1b (—14 ppm) were obtained for the first and last reactions.
Absorption and emission spectra were also shown for the three reactions.

Ref 32/38 (Chem. Mater. 2016) reported the synthesis of CdSe, CdS and CdSeS alloyed QDs at 100 °C - 240
°C (Fig. 4) and the *'P NMR spectra collected at 120 °C (Fig. 5 and Supplementary Fig. 5a) which is the
temperature to obtain CdSe and CdS and CdSeS QDs. 1a (99 ppm) and 1b (-14 ppm) were obtained.

Ref 26/15 (JACS 2010) performed the study close to room temperature (with 1a, 2a, and 1b detected), to
explore the effect of the unavoidable impurity HP(CgH17), in commercial P(CgH,7)s on the formation of the
Pb—Se bond. Per this JACS 2010 (Ref 26) said that the growth temperature of current syntheses are high
(~300 °C for CdSe) but with poor conversion yield (< 2 %) and reproducibility. Also, the typically synthetic



method has remained largely unchanged, with the use of tertiary phosphine chalcogenides and metal salts.
Such a statement still holds, with a few papers addressing the use of a commercial secondary phosphine
HPPh, to carry out syntheses at lower temperature but with enhanced yield and reproducibility (such as
Ref 32/38).

To study the reaction mechanism of one organic reaction, such as glycosylation, it has been widely
accepted to perform NMR at lower temperature (as compared to usual reaction temperatures) with even
additives to trap intermediates. For example,

Nature Chem. 4, 663—667 (2012) “Dissecting the mechanisms of a class of chemical glycosylation using
primary “C kinetic isotope effects”. The NMR experiments were carried out at —72 °C.

Nature Chem. 7, 186—191 (2016) “Catching elusive glycosyl cations in a condensed phase with HF/SbFs
superacid” The NMR experiments were carried out at =50 — 0 °C.

For a defined chemical reaction, the mechanism of the reaction is not dependent on its reaction
temperature in a certain range. There is a required minimum energy to overcome the activation energy for
the transition state of the rate-determining step; the reaction could only proceed above that
corresponding temperature. In general, reaction mechanistic studies are carried out in a temperature
range in which reaction intermediates could be “observed” (sometimes at very low temperature but within
a suitable instrument operation window), along the progress of the reaction monitored by the decrease of
starting materials or increase of products. The possible side reactions because of thermally instability of
products should also be considered; and lower reaction temperature could avoid such side reactions.

Our mechanistic study is based on the monitoring of phosphorus compounds, which are formed
accompanied by the monomer formation. The NMR monitoring was carried out at RT and up to 120 °C,
depending on the individual experiment and the purpose of one experiment. It has to be pointed out that
addition of HPPh, (to traditional approach such as CdOA, + SeTOP) led to monomer formation at much
lower temperature. On the other hand, using relatively high temperatures with optimized temperature
control in real QDs syntheses (such as for ZnSeS*!, cdseS*, and CulnSzls) is to control nucleation and
growth for the quality of photoluminescence of the resulting QD product.

Thus, it is reasonable to conclude or assume that our study has followed general mechanistic study
methodology to study the monomer formation under realistic reaction conditions of the approach
addressed.

The assignment of 1a, 2a, 1b, 2b, 1c, and 2c were addressed in the previous study (for 2 with E= Se).
Refs 2 and 30 reported the direct syntheses of Compound 1a and 2a, and Compound 1c and 2c,
respectively. Ref 31 dealt with the assignment of Compound 1a, 1b, 2b and 2b’ (with E = S). Here, the
experimental data that corroborates the assignment of Compound 1d and 2d is addressed in
Supplementary Fig. 1, while Compound 1e and 2e in Supplementary Fig. 2. For details, see below

1a: oleoyloxy diphenylphosphine Ref 31/21 S.Fig. 9A. 1b+ RCOOH <> 1a + HPPh,
Ref 2/24 S. Fig. 1a. RCOONa + CIPPh, — 1a + NaCl
Ref 26/15 Table 1

2a: oleoyloxy selenodiphenylphosphate Ref 2/24 S. Fig. 1a. 1a + Se=PPh,H <> 2a + HPPh,
Ref 26/15 Table 1



1b: tetraphenyldiphosphine Ref 31/21 Fig. 9B. Commercial 1b purchased.
Ref 2/24 S. Fig. 1a. 1a + HPPh, — 1b + RCOOH
Ref 26/15 Table 1.
Ref 27/16 S. Fig. 3.
2b: tetraphenyldiphosphine monoselenide  Ref 31/21 Fig. 9C. 1b + Se=PPh,H <> 2b + HPPh,
2b’: tetraphenyldiphosphine monosulfide Ref 31/21 Fig. 9D. 1b + S=PPh,H <> 2b’ + HPPh,

1c: oleylamino diphenylphosphine Ref 30/25 S. Fig. 2A.  2c + Se=PPh,H <> 1c + HPPh,
Ref 30/25 S. Fig. 2B.  RNH, + CIPPh, — 1c¢ + HCl
2c: oleylamino diphenylphosphine selenide  Ref 30/25 S. Fig. 2A.  Ph,P(Se)Cl + RNH, — 2c + HCl

1d: dodecylthio diphenylphosphine present study Supplementary Fig. 1.
2d: dodecylthio diphenylphosphine selenide present study Supplementary Fig. 1.

1le: dodecyl diphenylphosphinite present study Supplementary Fig. 2.
2e: dodecyl selenodiphenylphosphate present study Supplementary Fig. 2.

It should be of help to provide the reason for the names provided for Compound 1 (Ph,P—Y) and 2
(Ph,P(E)-Y) above. Basically, we tried to find similar compounds and their names provided (listed
below); due to literature inconsistency (such as Chem Commun. 2005 vs Ref 26/15 and Ref 28/34),
we also followed the principle indicated below.

In order to name our P-containing compound 1 and 2, similar compounds were searched.

CH;COO—PPh, acetoxydiphenylphosphinite J. C. S. Perkin |1 2416-2422 (1977)
C,;H;3CO0-PPh, oleyloxydiphenylphosphine J. Am. Chem. Soc. 134, 1400-1403 (2012)
CH;COO—P(Se)Ph, acetoxy selenodiphenylphosphinite Chem. Commun. 2692-2694 (2005)
C,;H33CO0-P(Se)Ph, 9-octadecenoxydiphenylphosphine J. Am. Chem. Soc. 132, 10973-10975 (2010)
C,;H33CO0-P(Se)Ph, oleyloxydiphenylphosphine selenide J. Am. Chem. Soc. 134, 1400-1403 (2012)
Ph,P-PPh, tetraphenyldiphosphine Can. J. Chem. 49, 994-100 (1971)
Ph,P(S)PPh, Tetraphenyldiphosphine monosulfide Chem. Commun. 50, 4707-4710 (2014)
MeNH-PPh, methylamino diphenylphosphine J. C. S. Dalton 1424-1428 (1976)
EtNH-PPh, ethylamino diphenylphosphine Tervalent P-N Chem. 1543-1547 (1964)
EtNH—P(Se)Ph, ethylamino diphenylphosphine selenide

EtS—PPh, ethylthio diphenylphosphine J. Raman Spectrosc. 23, 107-124 (1992)
EtS—P(Se)Ph, ethylthio diphenylphosphine selenide

EtO—PPh, ethyl diphenylphosphinite J. C. S. Perkin 12416 -2422 (1977)
EtO—P(Se)Ph, ethyl selenodiphenylphosphinite

We also followed the principle
Ph,P triphenylphosphine phosphine + Se — phosphine selenide
Ph,;PSe triphenylphosphine selenide phsophinite + Se — seleno phosphate



Supplementary Note 2. The reaction of 1 (Ph,P-Y) + E=PPh,H < 2 (Ph,P(E)-Y) + HPPh,.

As shown in Supplementary Table 2, it is noteworthy that these E exchange reactions could be
considered as “side reactions” in our reaction systems, but affecting the amount of 1, 2, and HPPh,
observed. The amount of HPPh, could also be affected by other “side reactions” such as Reactions 6
and 7 listed below.

For example, the increase of 1a and 1b is accompanied by the disappearance of HPPh; as
demonstrated by Fig. 1 (about the reaction of CdOA; + SeTOP + HPPh; in our main text where the
SeTOP amount is very low). For the reaction of CdOA, + SeTOP + HPPh,, the formation of 1a, 1b, and
2a have been documented by Refs 29/23 and 2/24 to be related to Cd—Se bond formation. And the
related reactions or so-called background experiments have been investigated and reported which
are summarized below (Ref x/y, where x is what numbered below and y is what numbered in the
main text):

1) CdOA, + SeTOP Refs 33/32 and 23/23 (S. Fig. 4A-b)
2) SeTOP + HPPh, << TOP + Se=PPh,H Ref 26/15 suggested and
Ref 33/23 demonstrated by *'P NMR (S. Fig. 3)
3) CdOA, + TOP < TOP-Cd(OA), complex Ref 33/23 by *'P NMR (Fig. 1)
4) CdOA, + HPPh,  noreaction (140°C)  Ref 33/23 by *'P NMR (Fig. 1 and S. Fig. 2).
1b (-14 ppm) was not detected, suggesting that
R6/15 pathway is not related to cd®.
5) CdOA, + Se=PPh,H  Ref 33/23 by *'P NMR (Fig. 2 and S. Figs 4A-c and 5A collected at -55 °C
and up to 100 °C). 1a and 1b and HPPh, were obtained.
Ref 2/24 by *'P NMR (Fig. 1). 1a, 2a, 1b and HPPh, were obtained, with
their relative amounts depending on Cd/Se feed ratios. Their formation
was discussed in detail to be related to the monomer Cd;Se; formation.
With a crossover reagent Se=P(CgH11),H instead of Se=PPh,H,
5) CdOA, + Se=P(CgH11),H Ref 2/24 by *'P NMR (S. Table 1, C¢H11 = Cy) (S. Fig. 3b)
1a (Cy,P-OO0CR, 134 ppm) and 2a (Cy,P(Se)-O0CR, 116 ppm) were
obtained.
6) RCOOH + Ph,P-PPh, (1b) —> Ph,P-COOR (1a) + HPPh, Ref 31/21 by *'P NMR (Fig. 9)
7) Ph,P-COOR (1a) + HPPh, — RCOOH + Ph,P-PPh, (1b) Ref 2/24 by *'P NMR (S. Fig. 1a)
8) Ph,P-COOR (1a) + Se=PPh,H <> Ph,P-COOR (2a) + HPPh, Ref 2/24 by *'P NMR (S. Fig. 1c)
9) Due to the fast reaction of CdOA, + Se=PPh,H shown by Ref 29/23 (S. Fig. 5A taking place even
at -55 °C),
Ref 2/24 designed a relatively slow reaction of Cd(Se,PPh,), (3) + CdOA, + HPPh, to study the
formation of monomer Cd;Se;. 1a, 2a and 1b were obtained and their relative amount is
affected by the feed molar ratios of the three starting materials.
Ref 2/24 further investigated the slow reaction with the presence of Cd(OOCPh), instead of
CdOA,; or PhCOOH, and 1a (Ph,P—OOCPh, 102 ppm) and 2a (Ph,P(Se)—OOCPh, 79 ppm) were
obtained, as shown by (Supplementary Table 1, Note 1, and Fig. 4).

So, according to the background experiments reported, the formation of the P-containing
chemicals 1 (Ph,P-Y) and 2 (Ph,P(E)-Y) is related to the formation of monomers/solutes/NCs.



Simultaneously, there are “not-directly-related reactions” or so called “side-reactions” such as 2),
3), 6) — 8). At relatively high T, 6) is favored; at RT, 7) is favored. For the present RT reaction (such
as Fig. 1a), the disappearance of HPPh, is in agreement with 7) reported and the increase of 1a
demonstrates clearly that its formation is related to the monomer formation.



Supplementary Note 3. The comparison of the formation mechanisms of the monomers proposed by
Ref 26 (JACS 2010) and by the present investigation, as shown in Supplementary Fig. 26. For the JACS
2010 study (top): the formation of 1a, 2a, and 1b are from
2 eq. RCOO(PbSe)PPh, — 1a (Ph,P—OOCR) + RCOO(PbSe),PPh,
2 eg. RCOOPbSe,PPh, — 2a (Ph,P(Se)-OOCR) + RCOOPbSePbSe,PPh,
Ph,PPbPPh, — 1b (Ph,P—PPh,) + Pb°
Note that the proposed path to 1b does not address the experimental observation with the
detection of 1a, 2a, and 1b from 1PbOA,; + 1Se=PPh,H and from 2CdOA, + 1Se=PPh,H at room
temperature for 10 min (by its Figs S9 and S8, respectively). Although Figure S6 shows that 1b
was detected from PbOA, + HPPh; at 140 °C with Pb® observed after hours, its says no reaction
was observed to occur for CdOA; + HPPh, at 140 °C for days.
For our study (bottom with the example of PbSe for comparison):
szSEz(Pth)zYz (E) -1 (13 thP—OOCR or 1b thP—Pth) + szS@z
szSEz(SePth)zYz (F) - 2 (2a thP(Se)—OOCR) + Pb,Se;
Here, the formation of the P-containing compounds 1 and 2 is the latest step accompanied by
the formation of M,E, monomers. Both our experimental and DFT investigations support our
pathway proposed, which fits with different reaction systems and thus is GENERAL. Furthermore,
we have used Cd(Se,PPh,), + Cd(OA), as one "captured" intermediate (Fig. 5 and Supplementary
Fig. 24) to further support the reaction pathway proposed (Supplementary Fig. 25).

It is critical to point out that we compared the below two exoergic reactions; the energy barrier is
about 4.2 kJ mol™ for the two reactions. Obviously, what we proposed is much more favored than
that by the work of JACS 2010, especially at low temperature.

CdOA, + 1SeDPP = RCOOCdSePPh, + RCOOH (JACS 2010) 56.4 kI mol™
CdOA, + 2SeDPP = Ph,PSeCdSePPh, + 2RCOOH (our study)  115.1 kJ mol™



Supplementary Note 4. The interaction between these intermediate molecules and solvent
molecules.

With the recommended a, for SCRF calculation = 5.69 angstrom (10.75 Bohr) from the calculated
mole volume (264 cm® mol™), and the dielectric constant of € = 2.0 in the polarized continuum model
(PCM-SMD), no simplification was applied in the present calculation for the solvent effect of 1-
octadecene (ODE, C1¢H33—CH=CH,), but with ethyl groups (C,Hs) representing the alkyl group (R = -
Ci6H33). Namely, ODE is represented by n-butene. As shown in Supplementary Fig. 27, for these
complexes of Ala, Alb, Bla, Blb, B2a, B2b, and B3 with n-butene, the relative Gibbs free energies
are in the range of 22 kJ mol™ to 37 k) mol™. Thus, the interaction between these intermediate
molecules and solvent molecules is very weak and the resulting complexes are unstable. Thereupon,
the solvent molecules play a minor role on the stability of intermediate isomers/conformers.

The above consideration is more about electrostatics, while most people consider dispersion forces
as the most important for VDW forces. There are four M06 schemes listed below* and we choose the
first one for our intermediate molecules which contain “across-the-board” elements including metals.

(a) MO0e, good for transition metals and main group thermochemistry.

(b) M06-2X, not good for transition metals but excellent for main group chemistry.
(c) M06-L, the most accurate functional for transition metals.

(d) M06-HF

For our intermediate molecules, M06 should have a reliable correction for dispersion forces. We
look at delta E for our intermediate isomers. Based on our computation about electrostatics, we think,
if there is some error with VDW forces considered, it should be small. If VDW effects are
underestimated by MO06, the error could be more or less cancelled. Thus, for our isomers, we think,
VDW forces should not critically affect the energy landscape, namely the relative stability of the
conformers suggested. VDW forces should also play a minor role on the relative stability of
conformers proposed.



Supplementary Note 5. The kinetics associated with the putative pathway of the CdSe system: A +
H-Y — B + Se=PPh,H.

We have put efforts to address the kinetics associated with the putative pathway of the CdSe
system: A + H-Y — B + Se=PPh,H in Supplementary Fig. 25. We chose Alb (Supplementary Table 3)
for A and B2a (Supplementary Tables 4-6) for B, with HY = RNH,, HPPh,, ROH and RSH; the geometric
structures of the various species and the resulting schematic energy diagrams of the four reactions
are shown as Supplementary Figs 28-31, respectively.

Therefore, regarding the typical reaction step of the H=Y (Y =N, P, O, and S) bond cleavage of the
putative pathway of the CdSe system of A + H-Y — B + Se=PPh,H, our computation suggests that the
activation energy barriers decrease from H—N (148.1 kJ mol™), H—P (135.6 kJ mol™), H—0 (109.9 kJ
mol™?), to H=S (64.0 ki mol™). This kinetics trend supports our Fig. 1 experimental results showing that
the disappearance of SeTOP is the slowest in Batch b) with HY = RNH,. Also, this trend seems to be in
agreement with our Fig. 5 experimental results showing that the disappearance of precursor 3 is the
slowest in Batch a) with HY = RNH,. Based on the energy calculation shown in Supplementary Tables
4-10 for B and C, it is reasonable that the two putative pathways of A + H-Y — B + Se=PPh,H and A +
H-Y — C+ HPPh, share the same kinetics trend.



Supplementary Methods

Experimentation: for the present experimental study, its detailed information can be found
elsewhere, such as the chemicals used, **P NMR, TEM, XRD and in situ absorption and emission
measurements>>2%313>39,

Chemicals. All chemicals used are commercially available from Sigma-Aldrich and were used as
received (or otherwise specified). The metal sources are CdO (99.999 %), zinc oxide powder (ZnO,
99.24 % from J.T. Baker Chemical Co. (Philipsburg, NJ, USA)), PbO (99.999 %), germanium (ll) chloride
dioxane complex (1:1) (GeCl, « dioxane), copper (I) iodide (Cul, 98 %), and indium (lll) acetate
(In(OACc)3, 99.99 %). The preparation of the corresponding metal precursors used followed published
procedures for Cd(0A),>*>*, Zn(0A),>"*!, Pb(0OA),>*®, Cul/SHC12H,s™, and In(OA)s™. 1-octadecene
(ODE, tech. 90 %) was used. Ge(OA), was prepared as following: the reaction of NaOA (4.538 mmol,
1.388 g, TCl, 97 %) with GeCl; (dioxane) (2.162 mmol, 0.5008 g, mw231.65) in ODE (9.0785 g), which
was gently heated and stirred in glove box for about 1 hour to give cloudy solution. [Ge(OA),] = 2.162
mmol/10.9673 g = 197.1 mmol/Kg.

The used ligands and additives are oleic acid (OA, tech. 90 %), diphenylphosphine (HPPh,, 99 %,
Strem Chemicals). oleic amine (OLA, CigH3sNH,, tech. 70 %), 1-dodecanethiol (C1,H,5SH, 98 %),
and lauryl alcohol (C1,H,50H, 98 %).

The elemental chalcogens used are sulfur (S, precipitated, Anachemia), selenium (Se, 200 mesh,
99.999 %, Alfa Aeser), and tellurium (Te, 200 mesh, 99.8 %). n-trioctylphosphine (TOP, tech. 90 %)
was used to prepare SeTOP and TeTOP. Se=PPh,H and S=PPh,H were prepared following
published proceduresz'15'29'31'37’38. Compound 3 was made in house?®.

For the assignment of Compound 1 and 2, sodium hydride (NaH, 95 %, dry),
chlorodiphenylphosphine (Ph,P—Cl, 97 %, Alfa Aeser) were used.

Solvents used for purification were anhydrous, including toluene (99.8 %), hexane (> 99 %), and
methanol (99.8 %), along with acetone (99.5 %, ACP in Montreal, dried over 4 A molecular sieves).

31p NMR measurements. >'P NMR was performed on a Bruker AV-Ill 400 spectrometer operating at
161.98 MHz, referenced with an external standard, 85 % H3PQO,. Usually, we used D1=2 seconds (64
scans total taking ~3 mins) (unless mentioned otherwise). NMR samples were usually prepared and
loaded in NMR tubes in a glovebox and properly sealed.

Figure 1. [Se] = ~15 mmol/Kg. HPPh, (0.01 mmol, 20.4 mg of 0.4865 mmol/g solution in ODE) was
added to the mixture of Cd(OA), (0.02 mmol, 81 mg, 0.246 mmol/g in ODE) and SeTOP (0.01
mmol, 29.4 mg of 0.339 mmol/g of SeTOP in ODE) in 0.5 g of toluene (tol) (a).

(b) with CygH3sNH, (0.02 mmol, 0.1 ml of 0.2M RNH, in ODE).

(c) with C12Hp5SH (0.02 mmol, 0.067ml of 0.3M solution in ODE).

(d) with C12H,50H (0.02 mmol, 32.3 mg of 0.625 mmol/g in ODE).



Figure 2. [S] = ~17 mmol/Kg. S=PPh;,H (0.01 mmol, 32 mg of 0.3136 mmol/g solution in Tol) was

added to

(a) Cd(OA), (0.02 mmol) in Tol 0.48 g.

(b) the mixture of Cd(OA), (0.02 mmol) and RNH, (0.04 mmol, 0.2ml of 0.2M RNH, in ODE) in
0.32g of tol.

(c) the mixture of Cd(OA); (0.02 mmol), and RSH (0.04 mmol, 0.133 ml of 0.3M in ODE) in 0.38 g
of tol.

(d) the mixture of Cd(OA), (0.02 mmol) and ROH (0.04 mmol, 64 mg of 0.625 mmol/g in ODE) in
0.42 g of tol.

Figure 3. [Te] =~ 16 mmol/Kg. HPPh, (0.02 mmol) was added to the mixture of Cd(OA), (0.02
mmol), TeTOP (0.01 mmol, 50.6 mg of 0.2 mmol/g TeTOP in ODE) in 0.4g tol (a).

(b) with C13H35NH2 (002 mmol)

(c) with C45HpsSH (0.02 mmol).

(E) with C1oHp50H (002 mmol)

Figure 4. [Cu] or [In] = ~20 mmol/Kg.

(@) Cul-Cq3H,5SH solution (0.013 mmol, 0.21 ml of 0.063 mmol/ml of Cul in C1,H,5SH) was added
to a toluene solution of Se=PPh,H (0.028 mmol, 87 mg of 0.3267 mmol/g toluene solution).
0.5 g tol was added.

(b) Cul-C13H5SH solution (0.013 mmol) was added to a toluene solution of Se=PPh,H (0.026 mmol)
mixed with CygH3sNH, (0.105 mmol). 0.4 g tol was added.

(c) Replace the amine with C3,H,50H (0.1049 mmol, 167 mg of 0.628 mmol/g in ODE).

(d) In(OACc)3-C12H25SH (Gel like) (0.01 mol, 412 mg of 0.02485 mmol/g) was mixed with Se=PPh,H
(0.021 mmol). 0.3g of tol was added.

(e) Repeat (d), at room temperature for 15 minutes.

(f) In(OACc)3-C12H25SH (Gel like) (0.01 mmol) was mixed with Cul-Cq1,H,5SH solution (0.01 mmol).
0.25 g of Toluene was added and mixed well with a pipet. To this mixture, Se=PPh,H (0.04
mmol, 123 mg of 0.3267 mmol/g) and transferred to NMR tube.

Figure 5. To a mixture of (Ph,PSe;),Cd (0.005 mmol, 4.2 mg) and Cd(OA), (0.03 mmol, 124 mg of
0.2459 mmol/g in ODE) was added

(a) CigH3sNH; (0.08 mmol, 21.7 mg) in tol_d8 (0.6g) at RT.

(b) C12H25SH (0.02 mmol, 4.5 mg) in tol (0.5g) at RT.

(c) Cq12H250H (0.08 mmol, 15.0 mg) in tol (0.5g) at RT.



Computation: our DFT calculations were performed using Gaussian 09%, with ethyl groups (—C;Hs)
applied to represent the alkyl group of C;7H33CO0—, CigH3sNH—, C1,H,55—, and Cq,H50—; no
simplicity was applied for the phenyl group of —PPh,%. Full geometry optimizations were carried out
to locate all of the stationary points, via a hybrid B3LYP functional method*! with the SDD basis
set** and the corresponding effective core potential (ECP) for the Cd, Se, and Te atoms, and the
all-electron 6-31++G(d, p) basis set**?* for the other atoms of C, H, O, N, P, and S, namely B3LYP/6-
31++G(d, p), SDD. The use of ECP and all-electron basis follows Ref 38.

Systematic harmonic frequency calculations were performed to ensure all the structures obtained
are true minima on the potential energy surfaces. A polarized continuum model (PCM-SMD)***
with dielectric constant € = 2.0 was utilized to simulate the solvent effect of 1-octadecene (ODE), via
a hybrid M06 functional method?* with the same basis sets as mentioned above, by performing
single-point calculation on the optimized structures at the B3LYP/6-31++G(d, p), SDD level, namely
MO06//B3LYP/6-31++G(d, p), SDD. The charges and dominant occupancies of natural bond orbitals
have been analyzed with the help of the natural bond orbital (NBO) analysis**®.

Unless otherwise mentioned, the Gibbs free energy of formation (AG) is relative to the initial
reactants including ZPE correction obtained at M06//B3LYP/6-31++G(d, p), SDD level in ODE
solution under room temperature and atmospheric pressure (25 °C and 1 atm). We would like to
point out that B3LYP was used for full geometry optimization while M06 for the Gibbs free energy
(AG) (in ODE) of the structure obtained. This is due to the fact that M06 takes too much more time
for geometry optimization while provides higher accuracy for the energy calculation*. Similar
results were obtained from our comparison of B3LYP and MO6 for full geometry optimization
followed by M06 for energy®’.



Supplementary Discussion

Description of the results in Supplementary Table 3, Table 4, Table 5, Table 6, Table 7, Table 8, Table
9, Table 10, Table 11, Table 12, Table 13, Table 14, Table 15, Table 16 and Table 17.

These tables present all the DFT structures considered in this work. A species all have the formula
CdSe;(PPh,), but differ in either connectivity or conformation. Alais trans and Alb is syn with
respect to the linear Se-Cd-Se fragment with the trans isomer more stable by 4.6 kJ mol™ and both
are the most stable constitutional isomers. A2 is the next most stable with a 4-membered ring of
Cd*-Se-P-Se-(Cd*). The (*) indicates that it is the same Cd. A3 has Se-P-Cd connectivity which is
different from Ala with P-Se-Cd connectivity suggesting that Se—Cd bonds are better than P-Cd
bonds in these species. A4 is the ring opened isomer of A2 and is 32.9 kl mol™ less stable" In all cases
this magnitude of difference is found for ring opening of analogous 4-membered rings in all
calculated structures in this work. A5 contains a Se—Se bond whereas A6 and A7 are two isomers
with P—P bonds. All three isomers are high energy and are unlikely to be important in the mechanism.

All B-Y(NHR) have the formula RHNCdSePPh,. Bla-Y(NHR) is the lowest energy as described in the
main text as B1 (Fig. 7) and has the Cd-P-N connectivity whereas B1b-Y(NHR) has the connectivity Cd-
N-P which is 15.2 k) mol™ less stable. B2a-Y(NHR) as described in the main text as B2 (Fig. 7) has a
direct Cd—N terminal bond which is 10.1 kJ mol™ less stable than B1a-Y(NHR) whereas B2b-Y(NHR) is
a rotamer about a P-Se bond with the P lone pair pointing towards Cd and the attached phenyl
groups away. The contra intuitive isomer with the P lone pair pointing away from Cd and the phenyls
towards Cd is the lowest energy by 4.1 kJ mol™. This rotamer is the lowest energy in all calculated
species with this conformational possibility. B3-Y(NHR) has a Se—N bond that is much higher in
energy. In fact no low energy species with Se—Y bonds were found in this study.

All B-Y(SR) have the formula RSCdSePPh,. As for B-Y(NHR), B1a-Y(SR) has the connectivity Cd-P-S
and B1b-Y(SR) has the connectivity Cd-S-P but both are much less stable than B2a-Y(SR) or its slightly
less stable rotamer B2b-Y(SR). Similarly B3-Y(SR) has an unfavorable Se—S bond.

All B-Y(OR) have the formula ROCdSePPh,. As for B-Y(NHR), B1a-Y(OR) has the connectivity Cd-P-O
and B1b-Y(OR) has the connectivity Cd-O-P. However, comparing both with B2a-Y(OR) or its slightly
less stable rotamer B2b-Y(OR) they are only slightly less stable. This difference is close to the
accuracy of the DFT method. As well, B3-Y(OR) has an unfavorable Se—O bond and is much higher in
energy.

All B-Y(OOCR) have the formula RCOOCdSePPh,. As for B-Y(SR), B2a-Y(OOCR) the directly bound to
Cd isomer, that additionally has a Cd*-0-C-O-(Cd*) 4-membered ring, is the most stable. Along with
its slightly less stable rotamer B2b-Y(OOCR), both are > 100 kJ mol™* more stable than then the Bla-
Y(OOCR) with the connectivity Cd-P-OOCR or B1b-Y(OOCR) that has the connectivity Cd-O(CR)O-P.
B3-Y(OOCR) has an unfavorable Se—O bond as well as a 5-membered ring but is much less stable. B4-
Y(OOCR) is a close isomer of the B2-Y(OOCR) rotamers but with Cd-P-Se connectivity and not the
more stable Cd-Se-P connectivity of the B2-Y(OOCR) rotamers.

The B-Y(PPh,) all have the CdSe(PPh,), formula but were not considered in detail as we believe the
most important Y(PPh,) species are the A species. As for B2a-Y(SR), B2a-Y(PPh,) the directly P bound
to Cd isomer is the most stable. Its rotamer B2b-Y(PPh,) is less stable as for all similar conformers
and both are about 50 kJ mol™ more stable than the B1-Y(PPh,) isomer with the Cd-P-P connectivity.
Thus, B2-Y(PPh,) is about 50 kJ mol™ more stable than the rotamers of B1-Y(PPh,).



All C-Y(NHR) have the formula RHNCdSe,PPh,. C1-Y(NHR) is the lowest energy species labelled as
C1in Fig. 7 in the main text. This isomer has the Cd-Se-P-N connectivity that is as compared to B1-
Y(NHR) the additional Se is inserted between the Cd and the P. The C2-Y(NHR)-isomer analogous to
B2-Y(NHR) features a 4-membered ring containing both seleniums, Cd*-Se-P-Se-(Cd*), and is 18.7 kJ
mol™ less stable than C1-Y(NHR). Two rotamers C3a-Y(NHR) and C3b-Y(NHR) of the isomers with
unfavorable Se—N bonds were found. C4-Y(NHR) is the ring opened isomer of C2-Y(NHR) but it is 29.5
kJ mol™ less stable. This energy difference for 4-membered ring versus ring opened is slightly lower
than most other cases calculated in this work perhaps reflecting the stability of C1-Y(NHR) over C2-
Y(NHR). C5-Y(NHR) is C1-Y(NHR) with the alternate Cd-P-Se connectivity, C6-Y(NHR) has a Se—Se
bond and C7-Y(NHR) is a C2-Y(NHR) type isomer but with the Se inserted between Cd and N. All
three of these isomers are high energy and not likely relevant to the reaction mechanism.

The same eight isomers (C1-Y(SR) — C7-Y(SR)) were calculated as for Y(NHR) the overall trends for
C3-Y(SR) to C7-Y(SR) are the same but the C1-Y(NHR) over C2-Y(NHR) stability is dramatically
reversed compared to C2-Y(SR) being 125.1 k) mol™ more stable than C1-Y(SR). Also, the 4-
membered ring opened isomer C4-Y(SR) is 47.8 kJ mol™ less stable than €C2-Y(SR) further supporting a
strong stability for this Cd*-Se-P-(Cd*) bonding arrangement in the presence of a Cd*-S bond.

The same eight isomers (C1-Y(OR) — C7-Y(OR)) were calculated as for Y(NHR) and Y(SR), the overall
trends for C3-Y(OR) to C7-Y(OR) are the same but the C1-Y(NHR) over C2-Y(NHR) stability and the C2-
Y(SR) over C1-Y(SR) are levelled out such that C2-Y(OR) is only 2.3 kJ mol™ more stable than C1-Y(OR).
This difference is within the absolute error bars of the DFT method such that these two isomers can
be considered isoenergetic. Also, the 4-membered ring opened isomer C4-Y(OR) is 36.9 kJ mol™ less
stable than C2-Y(OR) which is about halfway between the ring opening difference for Y(NHR) and
Y(SR). We mention this value since such ring opening could be mechanistically important for E2 to E1
or F2 to F1 interconversions.

The same eight isomers (C1-Y(OOCR) — C7-Y(OOCR)) were calculated as for Y(NHR), Y(SR) and
Y(OH), the overall trends for C3-Y(OOCR) to C7-Y(OOCR) are the same. As well, Y(OOCR) is more like
Y(SR) than (NHR) such that C2-Y(OOCR) is 128.5 kJ mol™ more stable than C1-Y(OOCR). Due to the
possibility of the two oxygens of the carboxylate binding an additional isomer C3c-Y(OOCR) was
calculated but none of these isomers are likely to contribute to the mechanism based on energetic
stability. The 4-membered ring opened isomer C4-Y(OOCR) is the second most stable isomer but is
39.1 kJ mol™ less stable than C2-Y(OOCR) and except as a possible short lived intermediate or TS is
not likely to be mechanistically important.

For the dimeric (Cd,) species E and F, less isomers were calculated but the bonding trends were
found to be similar to the C and B species except for some important details to be highlighted in the
following descriptions. It should be recalled that E1 and F1 species are the proposed immediate
precursors to 1 and 2, respectively. All E-Y(NHR) have the formula (RHNCdSePPh,),. In this respect
Ela-Y(NHR) is significantly more stable than E2-Y(NHR) by 153 kJ mol™. Thus, E2-Y(NHR) is unlikely to
be mechanistically important. E1la-Y(NHR) has pre-formed 1c as part of its structure attached to Cd.
E1lb-Y(NHR) has the alternate Se-Cd-N-P connectivity from that of E1a-Y(NHR) with the Se-Cd-P-N
connectivity. However, it is effectively isoenergetic to E1a-Y(NHR). The relevance of this observation
is not known.

All E-Y(SR) have the formula (RSCdSePPh,), and as for B2-Y(SR) being more stable than B1-Y(SR),
the dimer E2-Y(SR) is more stable than E1a-Y(SR). But, the energy difference of 32.7 kJ mol™ is



significantly less than the 82.5 kJ mol™ difference for B2a-Y(SR) to B1-Y(SR). This observation
supports the proposed ligand loss mechanism through E1 like dimeric species that is dimerization
appears to favor isomers that lead to formation of species that have pre-formed 1, 1d in this case.
Also, the E1b-Y(SR) isomer with the alternate Se-Cd-S-P connectivity from that of E1a-Y(SR) with the
Se-Cd-P-S connectivity is less stable than E1a-Y(SR).

All E-Y(OR) have the formula (ROCdSePPh,),. The shift after dimerization towards species with
preformed 1 (1e in this case) is also found for E1a-Y(OR) which is calculated to be significantly more
stable than E2-Y(OR) by 127.8 kJ mol™ whereas B1-Y(OR) was 6.9 k] mol™ less stable than B2-Y(OR).
In this case the isomer E1b-Y(OR) with alternate connectivity was much less stable than E1la-Y(OR).

All E-Y(OOCR) have the formula (RCOOCdSePPh,),. The trend for preformed 1 after dimerization is
not found for Y(OOCR) as E2-Y(OOCR) is significantly more stable than E1a-Y(OOCR) by 107.3 k) mol™.
Isomers E1b-Y(OOCR) and E1c-Y(OOCR) with different connectivities are even less stable than Ela-
Y(OOCR) and are unlikely to be mechanistically important.

The F-Y(NHR) have the formula (RHNCdSe,PPh;),. For these dimeric species the trend to in this
case preformed 2 is also found. Notably, F1-Y(NHR) with preformed 2c is 196.6 ki mol™ more stable
than F2-Y(NHR). F3a-Y(NHR) and F3b-Y(NHR) are isomers with generally unfavorable Se—N bonds.
Calculated isomers F4-Y(NHR) and F6-Y(NHR) have different connectivities but neither are favorable.
F5-Y(NHR) is the twice ring opened by breaking of two P—Se bonds isomer of F2-Y(NHR). F5-Y(NHR)
also has pre-formed 2c¢ but connected to Cd by a Cd—N bond rather than a Cd—Se bond. It is also
significantly less stable than F1-Y(NHR) and except as a possible intermediate or TS not likely
mechanistically important.

The F-Y(SR) all have the formula (RSCdSe,PPh,),. For these Y(SR) species the F2-Y(SR) isomer that
results from direct dimerization of C2-Y(SR) are more stable than F1-Y(SR) by 78 kJ mol™. This
compares to the C2-Y(SR) versus C1-Y(SR) energy difference of 125.1 kJ mol ™. The isomer C3-Y(SR)
with alternate connectivity, notably Se—P bonds, is also much less stable than F2-Y(SR).

The F-Y(OR) all have the formula (ROCdSe,PPh,),. For these Y(OR) species the F1-Y(OR) isomer
that results from direct dimerization of C1-Y(OR) and have pre-formed 2e are more stable than F2-
Y(OR) by 126.1 kJ mol™. This is very different from the very small energy difference of 2.1 kJ mol™ for
C2-Y(OR) versus C1-Y(OR). This result also supports that dimerization favors isomers with preformed
2. The isomer C3-Y(OR) with alternate connectivity, notably Se—P bonds, is also much less stable than
F1-Y(OR).

The F-Y(OOCR) all have the formula (OOCRCdSe,PPh,),. For these Y(OOCR) species the F2-Y(OOCR)
isomer that results from direct dimerization of C2-Y(OOCR) are more stable than F1-Y(OOCR) by 78.8
k) mol™. This is smaller than the 128.5 kJ mol™ for C2-Y(OOCR) over C1-Y(OOCR) but still suggests
that F2-Y(OOCR) would be formed. The isomer C3-Y(OOCR) with alternate connectivity, notably Se—P
bonds, is also much less stable than F2-Y(OOCR).

The D species are equivalent to F-Y(PPh;) with the formula (Cd(Se,PPh,),),. The D2 isomer is the
direct dimer of proposed initial intermediate A and could be the immediate precursor of all other E
and F dimers after reaction with the various YH and noting the equilibria with E=PPh,H and PPh,H
discussed in the main text. D2 is calculated to be the most stable dimer among those calculated and
is 35.5 k) mol™ more stable than D3. D2 is even more stable than D1 which is the direct dimer of Ala.
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