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The cost, reaction temperature, particle yield, and synthetic
reproducibility of colloidal semiconductor quantum dots
(QDs) are the enduring issues for these materials to reach
their full potential.[1–9] Herein, using the reaction of cadmium
oleate (Cd(OA)2 or Cd(OOCC17H33)2) and tri-n-octylphos-
phine selenide (SeTOP or Se=P(C8H17)3) to produce CdSe
nanocrystals (NCs) as a model system, we demonstrated that
together with high Cd-to-Se and Se-to-TOP feed molar ratios,
the use of a small amount of a secondary phosphine,
commercial diphenylphosphine (DPP or PPh2H), offers
a practical means to overcome these challenges: particle
yield and synthetic reproducibility were greatly enhanced at
lower reaction temperatures. For the reaction of Cd(OA)2 +

SeTOP + DPP, in situ 31P NMR and density functional theory
(DFT) calculations suggested that it is SeDPP rather than
SeTOP that reacts with Cd(OA)2 at low temperature, leading
to the formation of the CdSe NCs. The facile coordination of
TOP instead of DPP to Cd(OA)2 conveys the subtle chemistry
of the tertiary and secondary phosphines affecting the
formation of the NCs: the equilibrium of SeTOP +

DPP,TOP + SeDPP is weighted toward SeTOP, but high
Cd-to-Se and Se-to-TOP feed molar ratios drive the equilib-
rium toward SeDPP. The reactivity of SeDPP is much higher
than that of SeTOP. We postulate herein a probable chemical
mechanism for the reaction of Cd(OA)2 + SeDPP: the release
of acid C17H33COOH from (OA)2Cd(Se=PPh2H)2 followed
by the release of PPh2H from (OA)Cd(Se=PPh2)(Se=PPh2H)
by way of cleavage of the Se=P bond of the Se=PPh2H arm.
With a small amount of secondary phosphines and with high

Cd-to-Se and Se-to-TOP feed molar ratios, the enduring
issues for the synthesis of colloidal semiconductor QDs can be
overcome.

Colloidal semiconductor QDs have been the focus of
much research, from basic science to applied technologies.[1,2]

Many methods have been developed to improve the control
of NC size, size distribution, and shape,[3–18] with a few also
addressing particle yield and synthetic reproducibility.[6–9]

Motivated by a need for a higher degree of synthetic control,
more rational design and lower cost for NCs of high quality,[2]

some efforts were made to understand the formation mech-
anism of monomers (such as from the reaction of Cd(OA)2 +

SeTOP).[10]

There has only been limited improvement of the wet-
chemical synthesis of colloidal NCs for the past decade
despite the great flexibility of the reactions involved.[3–18] For
example, the definitive precursors in the synthesis of II–VI
NCs have now been determined, mainly, to be metal
alkylcarboxylates, such as cadmium oleate (Cd(OA)2), and
trialkylphosphine chalcogenides, such as SeTOP. To promote
the particle yield of PbSe NCs, Bawendi and co-workers
pioneered the use of a secondary phosphine, commercial
diphenylphosphine (DPP), as an additive in 2006.[6] In that
case, Pb(OA)2, SeTOP, and DPP were mixed in 1-octadecene
(ODE), with low Pb-to-Se feed molar ratios, such as 1:5 and
1m SeTOP made from elemental Se or commercial TOP with
a feed molar ratio of 1:2.2.[6] Two reaction paths for the
formation of PbSe monomers were proposed: one was the
reaction of Pb(OA)2 and SeTOP and the other was the
reaction of metallic Pb0 (from the reduction of Pb(OA)2 by
DPP) and Se0 (released from SeTOP).

Krauss and co-workers articulated a completely different
role for DPP in 2010.[8] They claimed that the formation of Pb0

was unlikely at low reaction temperatures and Pb0 had little
reactivity towards SeTOP. Instead, they proposed the for-
mation of SeDPP by way of Se exchange from SeTOP to DPP.
They stated that SeTOP was inert toward metal carboxylates
and was only a soluble Se source. Without the addition of
DPP, they designated that dioctylphosphine selenide
(SeDOP) represented the very reactive species responsible
for the formation of PbSe NCs at low temperature.

DOP, another secondary phosphine, was acknowledged as
one important impurity in commercial 90 % TOP and possibly
in 97% TOP.[7, 8,12, 13, 14b,17] The amount of DOP in commercial
TOP may vary from batch to batch; such batch-to-batch
variation was correlated to the problems of low particle yield
and low synthetic reproducibility. At the beginning of 2012,[17]

Wang and Buhro reported that the formation of CdSe QDs,
instead of nanorods, was favored by the addition of DOP to
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the reaction of cadmium alkylphosphonates and SeTOP,
where DOP was synthesized in situ and is not commercially
available. The presence of DOP was believed to promote the
reactivity between the Cd and Se precursors appreciably.[17]

A similar strategy was used with commercial DPP[6] to
synthesize various NCs, such as PbSe,[7–9, 12] CdSe,[8, 11] ZnSe,[13]

PbSeS,[14] ZnSeS,[15] and CuInS2.
[16] Improvements in the yield

of small PbSe QDs (with a band-gap of 1239 nm) have been
made with the use of DPP and a high feed molar ratio of
4Pb(OA)2:1SeTOP;[9] with the use of DPP but a lower feed
molar ratio (1Pb(OA)2:5SeTOP), the yield of PbSe QDs
(with a band-gap of 1716 nm) was only approximately 16 %.[6]

The combination of DPP and high Pb-to-Se feed molar ratios
was the key to high reaction yields, particularly for small
QDs.[9] SeTOP has been used as the phosphine chalcogenide
precursor in standard QD syntheses, and the chemistry of the
tertiary and secondary phosphines is still remains inconclu-
sive. The lack of a rational synthetic mechanism, including
mechanisms for Se=P bond cleavage of SeTOP and SeDPP
leading to the formation of monomers, has delayed the
advance of design and synthesis of colloidal QDs.[8, 18] Herein,
we have studied the effect of the tertiary and secondary
phosphines on low-temperature nucleation/growth with
enhanced particle yield and synthetic reproducibility. With
insight into the phosphine chemistry, we provide a conceptual
method for the rational design of low-temperature, low-cost
production of high-quality colloidal NCs, with high reprodu-
cibility and yield.

Equation (1) illustrates our model reaction system of
Cd(OA)2 and SeTOP in ODE at low temperature with the
addition of DPP.

CdðOAÞ2 þ SeTOPþDPP! CdSe NCs ð1Þ

The presence of DOP in commercial 90% and 97 % TOP is
shown in Figure S1 A (see Supporting Information). Note that
DOP was not detected in 97% TOP in a previous study.[17]

Thus, the amount of DOP in commercial TOP changes from
batch to batch. The difference between the DOP amounts of
90% and 97% TOP should be larger than the variation
between two batches of either 90% or 97% TOP. Thus, we
used 90% and 97% TOP to verify the ability of DPP to
promote synthetic reproducibility.

Figure S1 B shows the temporal evolution of the absorp-
tion of growing CdSe NCs in ODE from five pairs of ten
batches with and without DPP; SeTOP was made from
commercial 90 % and 97% TOP. Without DPP, SeTOP made
from 90 % TOP is more reactive than that made from 97%
TOP. With DPP, the formation of the CdSe NCs was much
favored at lower reaction temperatures along with giving
a higher yield and reproducibility; high Se-to-TOP feed molar
ratios to limit the presence of TOP were also preferred. For
the batches with the 4Cd:1Se:2.2TOP feed molar ratios, the
size of the particles formed was insensitive to the amounts of
DPP used (Figure S1 C). Figure S1D shows a slower rate of
nucleation in the presence of a large amount of TOP.

With high Cd-to-Se and Se-to-TOP feed molar ratios, the
addition of commercial DPP can be used for efficient NC
synthesis at low cost, high yield, and good reproducibility at

low reaction temperatures.[9, 12, 13] Note that high-quality
colloidal NCs were produced at low reaction temperatures
when there was high reactivity of the precursors.[9, 13,14b, 15] Such
a requirement on high Cd-to-Se and Se-to-TOP feed molar
ratios could be attributed to the coordination of TOP instead
of DPP toward Cd(OA)2 (shown in Equation (2)) and the
equilibrium shown in Equation (3).

TOPþ CdðOAÞ2,ðTOPÞ2CdðOAÞ2 ð2Þ

SeTOPþDPP,TOPþ SeDPP ð3Þ

The coordination of Se=P(C8H17)3 and Se=PPh2H to
M(OA)2 (M = Cd or Pb) was suggested,[6, 8, 10] but no one has
addressed the coordination of TOP to Cd(OA)2. Such
coordination is critical to drive the equilibrium of Equa-
tion (3) to the right: with high Cd-to-Se and Se-to-TOP feed
molar ratios, Cd(OA)2 can consume free TOP (Equation (2))
from the SeTOP solution, together with what is produced
from Equation (3) after the Se exchange from TOP to DPP.
Figure 1 shows the coordination of TOP and/or DPP towards
Cd(OA)2. TOP exhibited much higher coordination capabil-
ity than DPP. Figure 1A and Figure S2 A illustrate our DFT
calculations on the coordination of Cd(OAc)2 with tertiary
and secondary phosphines of trimethylphosphine (TMP) and
DPP, respectively. This calculation suggests a similar inter-
action pattern, namely the P atom in the phosphines attacking
directly the Cd in Cd(OAc)2. See Table S2A for calculations
of the relative energy (DE) and Gibbs free energy (DG) for
the Cd(OAc)2 coordination with PPh2H, (CH3)2PH, or
(CH3)3P. Note that these reactions are barrier-free but have
DG values of 25.04 kJmol�1, 9.87 kJ mol�1, and�1.45 kJmol�1

for PPh2H, (CH3)2PH, and (CH3)3P, respectively. Accordingly,
the Cd(OA)2 coordination with the tertiary phosphine TOP
should proceed more easily than with the secondary phos-
phine PPh2H. This result is noteworthy and was supported by
our in situ 31P NMR spectroscopy experiments.

Figure 1B shows in situ 31P NMR spectra from five
mixtures and 90 % TOP at different temperatures. The
mixtures were 1Cd(OA)2:6TOP, 1Cd(OA)2:3TOP,
2Cd(OA)2:1TOP, 2Cd(OA)2:1TOP:1DPP, and
1Cd(OA)2:1DPP. For the first four mixtures, the P resonance
of TOP (�32 ppm) disappeared upon mixing at room
temperature (25 8C), and a relatively low-field signal was
detected, the chemical shift of which was affected by the
amount of TOP used. For example, one P resonance at
�25 ppm was detected for the mixture 1Cd(OA)2:6TOP, at
�19 ppm with 1Cd(OA)2:3TOP, and at �9 ppm with
2Cd(OA)2:1TOP. The more TOP that was present, the
larger the high-field signal was (closer to the P resonance
(�32 ppm) of free TOP). Probably, the single P resonance
signal detected at 25 8C (1:6) and at 80 8C (1:6) represents an
averaged chemical shift of both free TOP (�32 ppm) and
coordinated TOP (�10 ppm).[19]

Accordingly, when the four mixtures were cooled to
�55 8C (Figure 1 B, bottom left), there were two P signals
detected at approximately �10 ppm and �33 ppm. The
chemical shift of TOP at �55 8C was �33 ppm. For example,
when the 1Cd(OA)2:3TOP mixture was cooled to �55 8C
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(Figure 1B, middle right), the signal broadened from 0 8C to
�40 8C; two signals emerged at �55 8C. When the temper-
ature was re-elevated to 25 8C, a single resonance was
recovered at the same chemical shift as from before cooling.
Subsequently, an equilibrium between TOP and a Cd-P-
(C8H17)3 complex, seems to exist even at low temperature

(�40 8C and above). The formation of such a Cd-P(C8H17)3

complex should be facile. The in situ 31P NMR study shows
a classical chemical exchange for the coordination of TOP to
Cd(OA)2:[19] the spectra become sensitive to the exchange
when the exchange rate becomes similar to the frequency
difference between the signals, and the exchange slows down
at low temperature. Figure S2 B shows MALDI mass spectra
of a mixture of 1Cd(OA)2:3TOP, suggesting that this complex
is of the form of Cd(OA)2(TOP)2.

Little coordination was revealed from the mixture of
1Cd(OA)2:1DPP at 25 8C, when heated to 80 8C and then
cooled to 25 8C (Figure 1B, bottom right). Only the P
resonance of free DPP (�40 ppm) was detected from various
mixtures of Cd(OA)2 and DPP. Even after three hours at
140 8C, our 1Cd(OA)2:1.3DPP mixture did not exhibit any
Cd0 precipitation, and little change of DPP was detected
(Figure S2 C).

TOP is a better donor ligand than DPP for the coordina-
tion toward Cd(OA)2. The P atom of P(C8H17)3 has larger
condensed nucleophilic softness than that of PPh2H. See
Table S2 B for the calculation of the softness, a DFT descrip-
tor used to assess atomic reactivity.[20,21] The P atom of TMP
has greater condensed softness than that of DPP; thus, TMP is
more nucleophilic than DPP.

For Equation (3), DFT and in situ 31P NMR studies are
shown in Figure S3 A. With a calculated equilibrium constant
of 6.76 � 10�4 and activation energy of 119.22 kJmol�1, the
equilibrium was weighted toward SeTOP. Calculations of DE
and DG (Table S3) confirm the probable exchange of Se
between TMP and DPP or between TMP and DMP. The
TMPSe + DPP or TMPSe + DMP reactants have a lower DG
(27.32 kJmol�1 or 14.81 kJ mol�1) than the TMP + SeDPP or
TMP + SeDMP products, respectively. Se=PPh2H at approx-
imately 7.2 ppm was not detected in 4DPP:1Se:2.2TOP but
was detected in 4DPP:1.2Se:1TOP (Figure S3 A). This
SeTOP made from 1.2Se:1TOP was filtered before use and
is called pure SeTOP. Free TOP was found in 1m SeTOP but
not in pure SeTOP (Figure S3 B). Hence, the transformation
of SeTOP to SeDPP was by way of Se exchange from TOP to
DPP. [8] Furthermore, the consumption of free TOP in
Equation (2) favors such exchange, which provides an
answer to the open question of why secondary phosphines
could have a strong impact on QD syntheses (with the
exchange equilibrium of Equation (3) weighted toward
SeTOP). Figure 2 and Figure 3 offer the other answer,
showing the production of DPP from Cd(OA)2 + SeDPP
reactions.

Accordingly, for the approach in Equation (1), with high
Cd-to-Se and Se-to-TOP feed molar ratios, SeTOP is a soluble
Se source for DPP. SeDPP, being much more reactive than
SeTOP,[8, 9,11–13] is consumed quickly by Cd(OA)2. It is SeDPP
rather than SeTOP that reacts with Cd(OA)2, and DPP
interacts with SeTOP directly rather than with Cd(OA)2. The
coordination of TOP to Cd(OA)2 (Equation (2)) moves the
equilibrium of Equation (3) to the right.

We designed two reactions with pure SeTOP to demon-
strate the release of TOP shown in Equation (3), taking
advantage of the strong coordination of TOP to Cd(OA)2

shown in Equation (2). The two mixtures used were

Figure 1. A) DFT calculations of the coordination between Cd(OAc)2

and TMP or DPP (Cd yellow; P green; C gray; H white; O red). The
calculated changes in Gibbs free energy are shown in parentheses.
B) In situ 31P NMR spectra of the coordination from five mixtures of
Cd(OA)2 (X) and TOP (Y) and/or DPP (Z) with the different feed molar
ratios (in the form X :Y :Z) and at the temperatures indicated. Also, the
31P NMR spectra of TOP at �55 8C is shown.
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2Cd(OA)2:1SeTOP:1.5DPP and 4Cd(OA)2:1SeTOP:1.5DPP.
Again, the pure SeTOP made from filtering 1.2Se:1TOP
(90 %) did not contain any free TOP (Figure S3 B, bottom).
TOP coordination to Cd(OA)2 was detected by 31P NMR
spectroscopy (Figure S3 C; with more from Batch 4Cd(OA)2

than from Batch 2Cd(OA)2). Many more CdSe QDs were
produced from Batch 4Cd(OA)2 than from the Batch
2Cd(OA)2. High metal-to-Se and Se-to-TOP feed molar
ratios should be used for the approach shown in Equa-
tion (1).[9, 12, 13,15]

The reaction of Se=PPh2H and Cd(OA)2 and the ready
coordination of TOP to Cd(OA)2 push the equilibrium of
Equation (3) to the right. Thus, the reaction in Equation (1)
affords low-temperature nucleation/growth of CdSe NCs with
good yield and reproducibility. We also studied another
three reactions: a) 2.3Cd(OA)2:1SeTOP:2.3DPP,
b) 2.2Cd(OA)2:1SeTOP, and c) 2.3Cd(OA)2:1SeDPP. These
reactions were monitored by in situ 31P NMR spectroscopy
(Figure S4 A and Figure 2). SeTOP (1m)was made with a feed
molar ratio of 1Se:2.2TOP (90% pure; Figure S3 B, top).
SeDPP, with a feed molar ratio of 1Se:1DPP contained no
free DPP (Figure S4 B). Compound 1 C17H33COO-PPh2

(approximately 98 ppm, Figure 2; labeled as 3 in Ref. [8])
and compound 7 Ph2P-PPh2 (approximately �14 ppm; la-
beled as 12 in Ref. [8]) were detected in reactions (a) and (c),
but not (b). Thus, the role of DPP in (a) appeared to be similar
to that in (c). Note that SeDPP was not detected in reaction
(c), while SeTOP was in reactions (a) and (b). Thus, SeDPP
should be much more reactive than SeTOP or DPP towards
M(OA)2 (where M = Cd, Pb, or Zn).

Figure S5 A shows the temporal evolution of 31P NMR
signals of a reaction mixture of 1Cd(OA)2:2SeDPP with [Se]
of 44 mmolkg�1 in [D8]toluene. The SeDPP used did not
contain any free DPP (Figure S4 B). The mixing of Cd(OA)2

and SeDPP was carried out at �78 8C (see Supporting
Information for details). In situ 31P NMR spectra were
collected from �55 8C to 100 8C and back down to 25 8C, as
indicated. Unexpectedly, no SeDPP was detected at �55 8C,
but DPP was detected. The coordination of 2SeDPP to
1Cd(OA)2 was as we expected, together with the release of
DPP. The coordination of SeDPP or SeTOP to Cd(OA)2 has
been suggested but with 1:1 ratio, rather than 2:1.[6,8, 10]

Compounds 1–7 were detected together with DPP

(C17H33COO-PPh2 1, � 98 ppm; C17H33COO-(Se)PPh2 3,
� 78 ppm; Ph2P(O)OH 4, � 27 ppm; Ph2P(O)H 5,
� 22 ppm; Figure S4Aa), and Ph2P-PPh2 (��14 ppm, 7),
with unknown 2 and 6. The disproportionation reaction of
a secondary phosphine oxide 5 to a secondary phosphine
(DPP) and a secondary phosphinic acid 4 has been described
elsewhere.[8, 17] The formation of 1 and DPP has been shown in
a reaction of 7 and C17H33COOH.[15] The absorption spectrum
of the resulting CdSe NCs is shown in the right part of
Figure S5 A. The disappearance of SeDPP indicates a fast
reaction, with the production of DPP (Figure S5 B, collected
from another two mixtures of 1Cd(OA)2:1SeDPP and
1Cd(OA)2:3SeDPP).

Further, we studied the reactions of Cd(OAc)2 + Se=

P(CH3)2H, Cd(OAc)2 + Se=PPh2H, and Cd(OAc)2 + Se=P-
(CH3)3 with a computational approach, trying to identify the
structures of the reactants, intermediates, transition states,
and products for Cd(OA)2 + SeDPP. For the first reaction, the
release of acetic acid from a Cd(OAc)2(Se=P(CH3)2H)2

complex (Scheme S1-1a) followed by the release of P(CH3)2H
through Se=P bond cleavage (Scheme S1-1b) are shown in
Figure 3A, with detailed calculations in Scheme S1-1. For the
first step of the acid release, Cd(OAc)2(Se=P(CH3)2H)1 and
Cd(OAc)2(Se=PPh2H)1 exhibit similar pathways, with com-
parable activation energy of DG = 21.00 kJmol�1

(Scheme S1-2) and 38.07 kJmol�1 (Scheme S1-3), respec-

Figure 2. 31P NMR spectra from three reactions collected at 25 8C,
a) Cd(OA)2 + SeTOP +DPP, b) Cd(OA)2 + SeTOP, and
c) Cd(OA)2 + SeDPP. See Figure S4A for in situ spectra collected at
various temperatures. 1 is C17H33COO-PPh2 and 7 is Ph2P-PPh2.

Figure 3. A) DFT calculations lead to a reaction pathway of Cd(OAc)2

and SeDMP (Se orange, other colors same as Figure 1A). See
Scheme S1 for detailed calculations. B) Proposed reaction mechanism
for the reaction of Cd(OA)2 and SeDPP.
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tively. Thus, it is possible to simplify PPh2H with P(CH3)2H in
our calculations, as confirmed by Tables S2 and S3.

Without an energy barrier, the Se atoms of two Se=

P(CH3)2H molecules absorbed directly onto the Cd atom of
Cd(OAc)2 (Figure 3 A). The resulting IM1 (Cd(OAc)2(Se=

P(CH3)2H)2) releases acetic acid, giving IM3. This pathway
involves a transition state (TS1, with a DG = 21.03 kJmol�1

energy barrier) of a seven-membered ring, formed by
nucleophilic attack of the carboxylate on the proton of Se=

PPh2H to form one O�H bond and the breaking of one P�H
bond. There are two Se-P arms bonded to the Cd atom of
IM3; these two arms rotate to overcome the energy barrier of
the transition state (TS2, DG = 16.57 kJ mol�1) to give IM4.
Then the P atom of a Se-P(CH3)2 arm of IM4 approaches the
Se atom of a Se-P(CH3)2H arm, resulting in a transition state
(TS3, DG = 28.88 kJmol�1) of a P-Se-Cd-Se four-membered
ring. IM5 forms after the release of P(CH3)2H from the Se-
P(CH3)2H arm, with the Se�P bond cleavage.

For the formation of an CdSe monomer with the Se=P
bond cleavage of Se=P(C8H17)3 from reactions of Cd(OA)2

and SeTOP, Alivisatos, Liu, and co-workers proposed a reac-
tion pathway of nucleophilic attack of the carboxylate (of free
C17H33COOH) on the P atom of SeTOP in Cd(OA)2-
(SeTOP).[10] Thus, we calculated a similar pathway
(Scheme S2) showing nucleophilic attack of the carboxylate
on the P atom of Se=P(CH3)2 H. The energy barrier of the
resulting transition state (TS1, DG = 116.01 kJ mol�1) of a six-
membered ring is much higher than that of the acid release
pathway (Scheme S1). Thus, the pathway shown in Scheme S2
is not plausible. Furthermore, for Cd(OAc)2(Se=P(CH3)3),
nucleophilic attack of the carboxylate on the P atom of Se=

P(CH3)3 was calculated (Scheme S3). The energy barrier of
the transition state (TS1, DG = 161.76 kJ mol�1) of a six-
membered ring is high. Therefore, without the addition of
DPP, a high reaction temperature is needed for the formation
of CdSe NCs from reactions of Cd(OAc)2 and Se=P(CH3)3.

Now, it is easy to understand that with the approach from
Equation (1), the formation of CdSe NCs is much easier,
owing to the formation of SeDPP. SeDPP is much more
reactive toward Cd(OAc)2 than SeTOP. For reactions of
Cd(OA)2 and SeDPP, we propose a mechanism, shown in the
bottom part of Figure 3. The release of RCOOH first and
DPP second is noteworthy: the RCOOH release was detected
by 1H NMR and 13C NMR spectroscopy (Figure S5 C), while
the DPP release could be seen clearly by 31P NMR spectros-
copy (Figure 2c; Figures S5 A and S5 B at �55 8C). The
equilibrium of C17H33COO-PPh2 + DPP,Ph2P-PPh2 +

RCOOH exists (Figure S5D). See Scheme S4 for our step-
by-step explanation of Figure 3B.

In conclusion, we demonstrated that the use of a commer-
cial secondary phosphine PPh2H, together with high Cd-to-Se
and Se-to-TOP feed molar ratios, offers a practical means to
overcome the challenges associated with the synthesis of
colloidal semiconductor QDs: reaction temperature, particle
yield, and synthetic reproducibility. For a model reaction of
Cd(OA)2 and SeTOP in ODE, the effect of a small amount of
DPP added was studied by in situ experiments and DFT
calculations, which provided insights into the phosphine
chemistry. We found that SeDPP, instead of SeTOP, reacts

with Cd(OA)2 at low temperature for Cd(OA)2 + SeTOP +

DPP with high Cd-to-Se and Se-to-TOP feed molar ratios: the
TOP coordination with Cd(OA)2 and high SeDPP reactivity
shifted the equilibrium of SeTOP + DPP,SeDPP + TOP
toward SeDPP. For the Cd(OA)2 and SeDPP reaction,
reaction pathways were outlined showing the release of
C17H33COOH from Cd(OA)2(Se=PPh2H)2, followed by the
release of PPh2H. The two reactions are fast with small energy
barriers. Accordingly, the presence of a small amount of
secondary phosphines can play a significant role for the
approach shown in Equation (1), with high Cd-to-Se and Se-
to-TOP feed molar ratios. For the Cd(OA)2 + SeDPP reac-
tion, after the release of acid and DPP, our DFT calculations
suggested the presence of an intermediate RCOO-CdSe-
SePPh2 (C), a diselenophosphinato complex that is a single-
source precursor in nature. Thus, the approach in Equa-
tion (1) shares similar technological implications as the use of
single-source precursors for various semiconductor materials
including spherical NPs, nanowires, nanorods, and thin
films.[22] We provided a straightforward approach for the
rational design and synthesis of colloidal semiconductor NCs
at low temperature, maintaining high quality, particle yield,
and synthetic reproducibility.
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