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S
olution-phase synthesis is a powerful
method by which to control the size,
shape, and composition of inorganic

nanostructures.1 This approach has recently
been used to prepare numerous interesting
structures, including two-dimensional crystals
of II�VI and IV�VI materials,2,3 heterostruc-
tures with graded interfaces,4,5 seeded rod-
and tetrapod shapes,6,7 and transition-metal-
doped nanocrystals with control over the
location of dopant atoms.8 Control over syn-
thetic conditions can be used to tune energy
level structure and the resultant recombina-
tion dynamics such as photoluminescence
blinking,9,10 Auger processes,11 and multiple
exciton generation,12 offering promise for
next-generation optoelectronic devices.
In many nanocrystal syntheses the chemi-

cal reaction between nanocrystal precursors

slowly releases soluble monomers, leading
to supersaturation, nucleation, and growth
(Scheme 1).13,14 Monomer supply often lim-
its the rate of the crystallization process,
thereby influencing nanocrystal size, shape,
and composition.4,15�21 As a result, by ma-
nipulating the precursor reaction one can
adjust the monomer supply kinetics and
subsequent crystallization steps to produce
a desired shape and size. Reproducible re-
action kinetics are therefore key to predict-
able control over nanocrystal syntheses.
Toward this end, recent efforts have eluci-
dated the mechanism of several precursor
reactions.16,22�25 In particular, the reaction
between tertiary phosphine chalcogenides
and cadmium carboxylate or phosphonate
complexeshasbeenstudiedbyseveralgroups,
leading to the conclusion that Lewis-acid
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ABSTRACT We describe the synthesis of cadmium bis(diphenyldithio-

phosphinate) (Cd(S2PPh2)2) from secondary phosphine sulfides and its

conversion to cadmium sulfide nanocrystals. Heating Cd(S2PPh2)2 and

cadmium tetradecanoate (g4 equiv) to 240 �C results in complete

conversion of Cd(S2PPh2)2 to cadmium sulfide nanocrystals with tetrade-

canoate surface termination. The nanocrystals have a narrow size distribu-

tion (d = 3.8�4.1 nm, σ < 10%) that is evident from the line width of the

lowest energy absorption feature (λ = 412�422 nm, fwhm = 0.17 eV) and

display bright photoluminescence (PLQYband edgeþtrap = 36%). Interestingly, the final diameter is insensitive to the reaction conditions, including the total

concentration of precursors and initial cadmium to sulfur ratio. Monitoring the reaction with 31P NMR, UV�visible, and infrared absorption spectroscopies

shows that the production of cadmium diphenylphosphinate (Cd(O2PPh2)2) and tetradecanoic anhydride co-products is coupled with the formation of

cadmium sulfide. From these measurements we propose a balanced chemical equation for the conversion reaction and use it to optimize a synthesis that

affords CdS nanocrystals in quantitative yield. In light of these results we discuss the importance of well-defined precursor reactivity to reproducible

conversion kinetics and the synthesis of nanocrystals with unambiguous chemical composition.

KEYWORDS: cadmium sulfide . nanocrystal synthesis . quantum dot synthesis . secondary phosphine chalcogenide .
size distribution focusing . cadmium bis(diphenyldithiophosphinate) . growth kinetics
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activation leads to cleavage of the phosphorus�
chalcogen bond.22,23,25 Secondary phosphine chal-
cogenide reactivity is more complex and has been
the subject of recent investigations,18,26 particularly in
the synthesis of lead chalcogenides, where the tertiary
phosphine chalcogenide precursors undergo sluggish
conversion,24,27,28 and in the low-temperature formation
of clusters.24,29 These low-temperature studies report
the in situ conversion of diphenylphosphine selenide
to diphenyldiselenophosphinate derivatives that were
characterized by single-crystal X-ray diffraction as a
complex of lead24 or using NMR spectroscopy.29

In an effort to understand the chemistry of second-
ary phosphine chalcogenides in nanocrystal syntheses,
we have investigated the conversion of cadmium bis-
(diphenyldithiophosphinate) (Cd(S2PPh2)2) to cad-
mium sulfide nanocrystals. Metal bis(dichalcogenido-
phosphinate) complexes are well-known30�37 and
have been used as single-source precursors for II�VI
nanocrystals37,38 and semiconductor thin films;39 how-
ever the details of their reactivity in solution have not
been explored in depth. Herein we explore the reac-
tion of Cd(S2PPh2)2 with cadmium tetradecanoate
and demonstrate that it provides a facile and reli-
able synthesis of CdS nanocrystals with a narrow size
distribution. We demonstrate that cadmium tetrade-
canoate activates the dithiophosphinate complex,
leading to tetradecanoic anhydride and cadmium bis-
(diphenylphosphinate) (Cd(O2PPh2)2);products ana-
logous to those resulting from conversion of tertiary
phosphine chalcogenide precursors.22,23 With an un-
derstanding of the reaction chemistry in hand, we
optimize a synthesis that leads to complete conversion
of the molecular precursors and show that the pre-
cursor reaction limits the rate of the crystallization.

RESULTS AND DISCUSSION

Cd(S2PPh2)2 is readily synthesized in high yield
and on large scale from trin-butylammonium

diphenyldithiophosphinate ([Bu3NH]
þ[S2PPh2]

�) and
cadmium carboxylate according to Scheme 2.
[Bu3NH]

þ[S2PPh2]
� is conveniently obtained in a

single-step reaction from diphenylphosphine, tri-n-
butylamine, and elemental sulfur at room temperature.
Solutions of [Bu3NH]

þ[S2PPh2]
� in acetonitrile react

with anhydrous cadmium benzoate or cadmium acet-
ate, producing the corresponding tri-n-butylam-
monium carboxylate and causing precipitation of
Cd(S2PPh2)2,

31,32,37 which is polymeric in the solid state
and insoluble in common solvents.40 However, Lewis
bases, such as primary alkylamines or tetramethylethy-
lene diamine (TMEDA), bind the cadmium center and
produce soluble complexes that can be used to grow
single crystals suitable for X-ray crystallography (see
Figure 1 and Table S1). Coordination of n-octylamine to
Cd(S2PPh2)2 is visible in the 31P NMR spectrum, which
displays a single resonance (δ = 64.0 ppm, 2 equiv of
n-octylamine in C6D6) that shifts upfield to δ = 62.5
ppm as the concentration of added n-octylamine
increases (Figure S2). The gradual change in chemical
shift results from the dynamic equilibrium between
ligated and unligated species that rapidly interconvert
on the NMR time scale, behavior typical of ligand
substitution at cadmium centers.41

Heating Cd(S2PPh2)2 to 240 �C in a high-boiling
solvent does not produce CdS nanocrystals, indicating
that it is not an effective single-source precursor under
these conditions. However, when heated with cad-
mium tetradecanoate, nanocrystals with narrow ab-
sorption features and bright photoluminescence

Scheme 1. Precursor conversion leads to soluble mono-
mers that undergo crystallization.

Figure 1. Molecular structure of TMEDA-coordinated Cd-
(S2PPh2)2 complex. Selected bond lengths (Å): Cd�S(1)
2.7482(7), Cd�S(2) 2.7015(7), P�S(1) 1.9960(9), P�S(2)
1.9974(9), Cd�N 2.421(2).

Scheme 2. Synthesis of cadmium bis(diphenyldithiophosphinate) complexes.
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appear, as evidenced by spectra of the crude reaction
mixture shown in Figure 2 (PLQYband edgeþtrap = 36%).
The lowest energy absorption maximum of the nano-
crystals invariably falls between 412 and 422 nm,
corresponding to an average diameter of 3.8�4.1 nm
according to the sizing formula published by Yu et al.42

High-resolution transmission electron micrographs
suggest a significantly smaller diameter of ∼3.5 nm
(Figure S3). The line width of the first electronic transi-
tion from a typical synthesis has a full width at half-
maximumheight (fwhm) of 0.17 eV or less, correspond-
ing to a standard deviation of less than 10% and
among the narrowest distributions reported for colloi-
dal CdS.43�46 Powder X-ray diffraction of isolated
nanocrystals is consistent with a predominantly zinc
blende phase (Figure S4).
Figure 2 shows the sharp band-edge photolumines-

cence (fwhm = 0.11 eV) offset from the absorbance
maximum by a 0.06 eV Stokes shift, as well as a broad
trap emission centered at ∼630 nm, which is a
common feature of CdS nanocrystal photolumin-
escence.16,43�45 Taking into account both emission
features the total photoluminescence quantum yield
is as high as 36%when compared with a coumarin-153
standard.47 Most reports of PLQY for colloidal CdS are
e12%;43,44 however there are reports as high as 30%46

and 46%.45 Over the course of the reaction a “photo-
luminescence bright point” is observed that is strongly
correlated with the initial cadmium to sulfur ratio,
much like what has been observed previously48

(Figure S5). At all Cd:S ratios the photoluminescence
peaks <10 min into the reaction, followed by a sub-
sequent decrease. However, at a high cadmium to
sulfur ratio (2:1) the quantum yield does not signifi-
cantly decay,maintaining a PLQYband edgeþtrap of >30%
over the duration of the reaction.
Monitoring the crystallization by removing aliquots

during growth shows a decrease in the breadth of the
lowest energy electronic absorption (σfwhm = 0.09 f

0.07 eV). Extracting a diameter distribution from the
absorption spectrum reveals that the spectral narrow-
ing observed here corresponds to a slight increase in

the absolute size distribution (Figure 3; σ = 0.34 f

0.37 nm). Although size focusing is not observed,
Ostwald ripening is slow under these conditions, even
when the reaction is heatedmuch longer than the time
required to convert all nanocrystal precursors. How-
ever, size distribution broadening does occur when
reactions are run in the presence of added oleic acid, in
agreement with previous studies that show acidic
surfactants catalyze Ostwald ripening.15 Thus, it ap-
pears that the absence of free acids in this synthesis is
at least partially responsible for the narrow size dis-
tributions obtained.
Unlike most II�VI nanocrystal syntheses, the final

size is relatively insensitive to changes in the reaction
conditions. Nanocrystals consistently form with a first
electronic absorption maximum at 412�422 nm and
comparable line width despite changes to the chain
length of the carboxylate (undecanoate vs tetra-
decanoate), the ratio of Cd:S (2:1 vs 4:1), the reaction
solvent (hexadecane vs 1-octadecene), reaction time
(40 min vs 120 min), or total concentration (1�5�)
(Figure S6). This invariance to reaction conditions and
slow Ostwald ripening make the size of nanocrystals
obtained using this method highly reproducible; a
hypothesis for this phenomenon is discussed below.
Larger nanocrystals with narrow size distributions can
be synthesized if additional precursors are added
(as solids) to a standard synthesis that has reached
completion, which leads to nanocrystal growth and not
formation of new nuclei. As shown in Figure 4, this
provides access to nanocrystals ranging in diameter
from 3.9 to 5.4 nm.42 By tuning the amount of pre-
cursors added, the desired size of nanocrystals can be
achieved in full yield.
To gain insight into the mechanism of the precursor

conversion, the reaction co-products were identified.

Figure 2. Representative absorption (red) and photolumi-
nescence (blue dashed) spectra of crude CdS nanocrystals
prepared from Cd(S2PPh2)2 and cadmium tetradecanoate.

Figure 3. Gaussian functions (red, dashed) representing the
distribution of nanocrystal diameters in aliquots removed
during a reaction. The Gaussians were obtained by fitting
histograms of nanocrystal diameters (black, solid) extracted
from the absorbance spectra. Nanocrystals with similar size
distributions are shown in Figures 2 and 6. Homogenous
line broadening of individual nanocrystals is ignored in this
analysis, implying that σ and %σ are overestimates of the
actual polydispersity of the sample.

A
RTIC

LE



HENDRICKS ET AL . VOL. 6 ’ NO. 11 ’ 10054–10062 ’ 2012

www.acsnano.org

10057

Much like the Cd(S2PPh2)2 precursor, the crude product
mixture is partially insoluble in d6-benzene and shows
little to no 31P NMR signal. Adding a Lewis base (e.g.,
octylamine) produces a clear yellow solution with a
single, sharp 31P NMR resonance (δ = 19.2 ppm). This
phosphorus-containing co-product is assigned as
cadmium bis(diphenylphosphinate) (Cd(O2PPh2)2) by
comparison of its spectrum with an independently
synthesized sample (Figure S7). Like Cd(S2PPh2)2, Cd-
(O2PPh2)2 is an insoluble coordination polymer unless
Lewis-basic ligands are present, which has been
observed previously for this and other cadmium phos-
phinate complexes.49,50 Infrared spectroscopy of the
crude reaction mixture also shows a diagnostic signal
for tetradecanoic anhydride (ν = 1755, 1820 cm�1), the
assignment ofwhichwas verified by comparisonwith a
commercial sample (Figure S8). Isolated nanocrystals
were analyzed with 1H NMR spectroscopy and showed
signals consistent with tetradecanoate termination.
The ligands were further analyzed by cleaving them
from the nanocrystal with trimethylsilyl chloride
(Me3Si�Cl), leading to insoluble chloride-terminated
nanocrystals and trimethylsilyl esters of the ligands.51
13C, 1H, and 31P NMR of the soluble byproducts demon-
strated exclusive formation of trimethylsilyltetrade-
canoate, confirming that the nanocrystals are bound
solely by tetradecanoate ligands (no signatures of
trimethylsilyldiphenylphosphinate are visible; see Fig-
ures S9 and S10).
On the basis of the co-product assignments we

propose a balanced reaction for this transformation
whereCd(S2PPh2)2 deoxygenates cadmiumtetradecano-
ate, leading to tetradecanoic anhydride and Cd(O2PPh2)2
(Scheme 3).52 The proposed stoichiometry is further

supported by comparing the initial ratio of cadmium
tetradecanoate and Cd(S2PPh2)2 with the final yield of
CdS. Figure 5 shows that the relative absorbance of CdS
increases as the amount of cadmium tetradecanoate
is increased, reaching a plateau at 5:4 cadmium:
sulfur due to the cadmium-containing co-product
in the proposed stoichiometry. 31P NMR spectrosco-
py of the reaction mixture also corroborates the
proposed stoichiometry, demonstrating complete
conversion of the dithiophosphinate precursor to
the phosphinate co-product at this Cd:S ratio (g5:4;
Figure 6). Together, these results imply that all sulfur
atoms in Cd(S2PPh2)2 are converted to cadmium
sulfide in the presence of g4 equivalents of cad-
mium tetradecanoate. Additional equivalents of cad-
mium tetradecanoate are needed to passivate the
nanocrystal surface;53 a standard synthesis utilizes
seven equivalences of cadmium tetradecanoate (3
excess) in order to maintain maximum photolumi-
nescence for the duration of the reaction as de-
scribed above.
The co-products described above are analogous to

those produced from the reaction of tertiary or sec-
ondary phosphine chalcogenides with metal carbox-
ylates, where a Lewis-acid activation mechanism
results in a tertiary phosphine oxide and carboxylic
acid anhydride.22,23 A similar pathway appears to be
important in the present case, particularly because
Cd(S2PPh2)2 does not undergo reaction in the absence
of cadmium tetradecanoate. This pathway differs from
previous work on secondary phosphine chalcogenides

Figure 4. Absorbance spectra of larger nanocrystals grown
by adding additional precursors (as solids) to a standard
synthesis that has reached completion.

Scheme 3. Balanced chemical equation for the conversion of cadmium bis(diphenyldithiophosphinate) to cadmium sulfide
nanocrystals.

Figure 5. Relative absorbance of completed reactions that
were initiated with varying amounts of cadmium tetradeco-
ate (Cd(O2CR)2). The dashed line assumes the balanced
chemical reaction in Scheme 2.
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in which zerovalent lead is believed to be an
intermediate22,27 and conversion of Cd(Se2PPh2)2 oc-
curs at much lower temperature in the presence of
additional diphenylphosphine.29 Reaction with the
solvent does not appear to be important because
similar reaction rates were observed in 1-octadecene
or a saturated hydrocarbon (hexadecane).16

Having identified the underlying precursor reaction
stoichiometry, we investigated the relative rates of
precursor conversion and nanocrystal formation with
31P NMR and UV�visible absorption spectroscopies,
respectively (Figure 6). Figure 7 shows the percentage
of precursors converted and the percent yield of
cadmium sulfide versus time. The strong correspon-
dence between the rates of these processes indicates
that the crystallization rate is limited by the precursor
conversion kinetics and supports a nucleation and
growth mechanism, much like has been observed in
other nanocrystal syntheses.15,17,54,55

In our study the final number of nanocrystals is
proportional to the initial precursor concentration. This
follows from the invariability in the final size with
respect to the total concentration, the quantitative
conversion of Cd(S2PPh2)2, and the lack of Ostwald
ripening. Previous studies have made related observa-
tions and suggest that the number of nanocrystals
depends on the rate of solute formation during
nucleation.15,17 In that work the precursor conversion
rate and the number of nanocrystals display a second-
order concentration dependence. In contrast, under
our conditions the final number of nanocrystals is
directly proportional to changes in the precursor
concentration over a factor of 5; that is, nucleation
has a first-order dependence on total precursor con-
centration. Combined with reproducible conversion

chemistry this first-order concentration depen-
dence is likely responsible for the invariability in
the final size.
The reactivity described above has significant im-

plications for nanocrystal syntheses that utilize single-
source precursors or secondary phosphine chalcogen-
ides. In particular, Lewis-acid activation of the dithio-
phosphinate is likely an important step to monomer
generation, suggesting that other “single-source” pre-
cursors may undergo more facile conversion to nano-
crystals in the presence of added metal carboxylate or
phosphonate salts. Furthermore, the rapid formation
of dichalcogenidophosphinate derivatives from sec-
ondary phosphines and their complexation with cad-
mium and lead24 may be an important parallel path to
the reduction pathways proposed by others in second-
ary phosphine based reactions.22,24,27

CONCLUSION

We have identified a new synthetic route to CdS
nanocrystals based on the reaction between cadmium
bis(diphenyldithiophosphinate) and cadmium carbox-
ylate. Nanocrystals formed under these conditions
consistently fall within a narrow range of sizes and
exhibit unusually sharp absorption features. This be-
havior results from well-defined and reproducible pre-
cursor reactivity and a lack of Ostwald ripening.
Unambiguous characterization of the tetradecanoic
anhydride and Cd(O2PPh2)2 co-products allows us to
write a balanced chemical equation for the precursor
reaction (Scheme 3). With this knowledge we were
able to optimize a synthesis that provides cadmium
sulfide nanocrystals in quantitative yield and obtain

Figure 7. Summary of kinetics data showing both precursor
conversion (filled circles) and nanocrystal formation (empty
circles), determined from 31P NMR and UV�vis absorbance
spectroscopies, respectively. The data points, and thus
reaction rates, correspond closely with one another. The
panel above shows the temperature changeduring a typical
reaction.

Figure 6. Time-dependent 31P NMR spectra (left) and
UV�visible absorbance spectra (right). The NMR shows
conversion from the Cd(S2PPh2)2 precursor to the Cd-
(O2PPh2)2 co-product, enabling a measure of the precursor
reaction. The absorbance spectra enable a measured nano-
crystal formation. (Note: The Cd(O2PPh2)2 peak slightly
broadens with time, causing the height to decrease. The
integrals of the initial and final peaks match.)
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nanocrystals with unambiguous chemical composition.
The observed co-products are analogous to those result-
ing from tertiary phosphine chalcogenide precursors,
suggesting a similar Lewis-acid activation pathway is
likely important in this case. From this we suggest that
Lewis-acidic metal complexes could activate related

single-source precursors, significantly improving their uti-
lity in nanocrystal syntheses. In addition to their consistent
size and narrow size distribution, their bright photolumi-
nescence (PLQYband edgeþtrap = 36%) and unambiguous
chemical composition make these nanocrystals ideal
candidates for studying nanocrystal chemistry.

EXPERIMENTAL SECTION
Materials and Methods. All manipulations were performed

under air-free conditions unless otherwise indicated using
standard Schlenk techniques and/or in a nitrogen-filled glove-
box. Cadmium nitrate tetrahydrate (99%), sodium hydroxide,
tetradecanoic acid (99%), undecanoic acid (98%), diphenylpho-
sphinic acid (98%), methanol (99.8%), benzoic acid (>99.5%),
tetradecanoic anhydride (95%), coumarin 153, hexadecane
(99%), and 1-octadecene (90%) were obtained from Sigma
Aldrich and used without further purification. Tri-n-butylamine
(99%), n-octylamine (99%), and chlorotrimethylsilane (99%)
were obtained from Sigma Aldrich; tetramethylethylenedia-
mine (99%) was obtained from Strem Chemicals; all were dried
over CaH2, distilled, and stored under nitrogen prior to use.
Diphenylphosphine (99%) was obtained from Strem and used
without further purification. CdMe2 was purchased from Strem
and vacuumdistilled prior to use. CAUTION: Dimethylcadmium is
an extremely toxic liquid and due to its volatility and air-sensitivity
should only be handled by a highly trained and skilled scientist.
Cadmium tetradecanoate and cadmium undecanoate were
prepared on a 5 mmol scale according to Chen et al.56 Pentane
(99%) and toluene (99%) were dried over alumina drying
columns, shaken with activated alumina, and stored over 4 Å
molecular sieves for at least 24 h prior to use. Benzene-d6
(99.6%), anhydrous acetonitrile (99.8%), and anhydrous methyl
acetate (99.5%) were purchased from Sigma Aldrich, shaken
with activated alumina, filtered, and stored over 4 Å molecular
sieves for at least 24 h prior to use. ACS grade toluene (>99.5%)
used for optical spectroscopy was purchased from Sigma
Aldrich and used without further purification. CD2Cl2 was
purchased from Cambridge Isotope Laboratories, filtered over
activated alumina, and stored over 4 Å molecular sieves for at
least 24 h prior to use.

NMR spectra were recorded on Bruker Avance III 400 and
500 MHz instruments. UV�visible absorption data were ob-
tained using a Perkin-Elmer Lamda 650 spectrophotometer
equipped with deuterium and tungsten halogen lamps. Fluo-
rescence measurements were performed using a FluoroMax 4
fromHoriba Scientific. FT-IR spectra were obtained on a Thermo
Scientific Nicolet 6700 spectrometer equipped with a liquid N2

cooledMCT-A detector. Powder XRD analysis was performed on
an Inel X-ray diffractometer equipped with a wide-angle detec-
tor. Quantum yield was measured against a freshly prepared
coumarin standard in ethanol (PLQY = 53%) by exciting at the
point where the absorption of the CdS and coumarin over-
lapped (∼390 nm) and taking into account the different indices
of refraction of the solvents according to Kuznetsova.47 31P NMR
spectra were externally referenced to 85% H3PO4 at 0 ppm.

Synthesis of Cd(O2P(C6H5)2)2 (cadmium diphenylphosphinate). Following
a procedure analogous to that used to make cadmium
tetradecanoate,56 1 equivalent of cadmium nitrate tetrahydrate
(0.15 g; 0.5 mmol) was dissolved in 5 mL of methanol. Sodium
diphenylphosphinate was prepared by mixing 3 equivalents of
sodium hydroxide (0.06 g; 1.5 mmol) and 3 equivalents of diphe-
nylphosphinic acid (0.33 g; 1.5 mmol) in 50 mL of methanol. The
cadmium nitrate solution was then added to the diphenylpho-
sphinate solution dropwise over 10 min with vigorous stirring.
Following 1 h of stirring ∼80% of the methanol was removed by
rotary evaporation, and the resultingwhite powderwas isolated via
filtration. The powder was washed three times with methanol and
dried under vacuumat∼60 �Covernight (0.25 g; 90%). The isolated
powder was insoluble in common organic solvents; however

solutions forNMR spectroscopy canbeobtainedby adding TMEDA.
1HNMR (CD2Cl2, 500MHz):δ2.18 (s, TMEDA,�CH3), 2.32 (s, TMEDA,
�CH2), 7.19 (b, 2H, m-CH), 7.30 (b, 1H, p-CH), 7.65 (b, 2H, o-CH).
13C{1H} NMR (CD2Cl2, 125.7 MHz): δ 46.18 (s, TMEDA,�CH3), 58.25
(s, TMEDA,�CH2), 127.69 (b, 2H,m-C), 129.80 (b, 1H, p-C), 131.29 (b,
2H, o-C). 31P{1H} NMR (CD2Cl2, 202.4 MHz): δ 22.90 (s).

Synthesis of Cd(O2CC6H5)2 (cadmium benzoate). This procedure is
similar to previous examples of using dimethylcadmium to
prepare cadmium salts.51 In a nitrogen-filled glovebox, benzoic
acid (6.84 g; 56 mmol) was suspended in a mixture of pentane
(120 mL) and toluene (20 mL), and the vessel wrapped in
aluminum foil. With the lights turned off, dimethylcadmium
(3.99 g; 28 mmol) was added dropwise to the suspension over
10 min, causing bubbling of the solution. The resulting white
slurry was stirred for 3 h in the dark, and the resulting precipitate
was isolated by filtration, washed with pentane, and dried to a
constantmass under vacuum (9.54 g, 96%). The isolated powder
is insoluble in common organic solvents. Solutions for NMR
spectroscopy were obtained by adding an excess of TMEDA. 1H
NMR (CD2Cl2, 500MHz): δ 2.24 (s, TMEDA,�CH3), 2.38 (s, TMEDA,
�CH2), 7.37 (t, 2H, m-CH), 7.45 (t, 1H, p-CH), 8.06 (d, 2H, o-CH).
13C{1H} NMR (CD2Cl2, 125.7 MHz): δ 46.30 (s, TMEDA, �CH3),
58.11 (s, TMEDA, �CH2), 128.31 (b, m-C), 130.63 (b, o-C), 131.51
(b, p-C), 175.35 (s, 1-C).

Synthesis of [Bu3NH]
þ[S2PPh2]

�. To a round-bottom flask
equipped with a stir bar, sulfur powder (960 mg; 30 mmol),
diphenylphosphine (2.79 g; 15 mmol), and tri-n-butylamine
(2.78 g; 15 mmol) were added to 35 mL of toluene at room
temperature, and the mixture was left stirring overnight. The
solvent was removed in vacuo, leaving an oily residue, which
was triturated with pentane (20 mL), filtered, and washed with
additional pentane (50 mL). The resulting white powder was
dried under vacuum (6.21 g; 95%). [Bu3NH]

þ[S2PPh2]
� can be

stored indefinitely at room temperature under an inert atmo-
sphere. Slow evaporation of a diethyl ether solution produced
single crystals of [Bu3NH]

þ[S2PPh2]
� suitable for X-ray crystal-

lography (see Table S1 for structure parameters and Figure S12
for an ORTEP diagram). 1H NMR (CD2Cl2, 500 MHz): δ 0.87 (t, 3H,
CH3), 1.29 (m, 2H, CH2), 1.66 (m, 2H, CH2), 3.07 (m, 2H, CH2), 7.30
(m, 3H, m-CH and p-CH), 8.08 (m, 2H, o-CH), 10.02 (b, 1H, NH).
13C{1H}NMR (CD2Cl2, 125.7 MHz): δ 13.89 (s, CH3), 20.55 (s, CH2),
25.43 (s, CH2), 52.25 (s, CH2), 127.90 (d, m-C), 129.54 (d, p-C),
131.02 (d, o-C). 31P{1H} NMR (CD2Cl2, 202.4 MHz): δ 60.86 (s).

Synthesis of Cd(S2PPh2)2 (cadmium bis(diphenyldithiophosphinate)).
Following a variation onprevious syntheses utilizingmetal halide
salts and ammonium dithiophosphinates,31,32,37 [Bu3NH]

þ-
[S2PPh2]

� (2.61 g; 6 mmol), cadmium benzoate (1.06 g; 3 mmol),
and acetonitrile (100 mL) were added to a 250mL round-bottom
flask equipped with a stir bar. The solution was left stirring
overnight, resulting in a pale pink suspension. The acetonitrile
was removed in vacuo, leaving an oily residue, to which methyl
acetate (5mL) was added. Pentane (∼8mL) was then added, the
mixture filtered through a glass frit, and the white powder
washed twice with pentane (50 mL) and dried under vacuum
(1.47 g; 80%). The complex was unchanged when stored under
ambient conditions after >6 months, as confirmed by NMR
spectroscopy. The complex is insoluble in common organic
solvents;57 however it is minutely soluble in dichloromethane-
d2 such that a 31P NMR spectrum could be obtained, matching
that of a previously reported synthesis of this compound.33 1H
NMR (CD2Cl2, 500 MHz): δ 7.49 (m, 3H,m-CH and p-CH), 7.97 (m,
2H, o-CH). 31P{1H} NMR (CD2Cl2, 161.9 MHz): δ 65.7 (s).
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Synthesis of Cd(S2PPh2)2(TMEDA). Excess tetramethylethylene-
diamine was added to a suspension of Cd(S2PPh2)2 in dichlo-
romethane, resulting in a clear and colorless solution. Slow
evaporation of the solvent produced single crystals of Cd-
(S2PPh2)2(TMEDA) suitable for X-ray crystallography (see Table
S1 for structure parameters and Figure 1 for an ORTEP diagram).
1H NMR (CD2Cl2, 500 MHz): δ 2.19 (s, TMEDA, �CH3), 2.35
(s, TMEDA, �CH2), 7.37 (b, 2H, m-CH), 7.42 (b, 1H, p-CH), 7.99
(b, 2H, o-CH). 13C{1H} NMR (CD2Cl2, 125.7 MHz): δ 46.08
(s, TMEDA, �CH3), 58.11 (s, TMEDA, �CH2), 127.80 (b, 2H,
m-C), 130.01 (b, 1H, p-C), 130.76 (b, 2H, o-C). 31P{1H} NMR
(CD2Cl2, 202.4 MHz): δ 64.01 (s).

Synthesis of CdS Nanocrystals. Cd(S2PPh2)2 (15.3 mg; 0.025
mmol) and cadmium tetradecanoate (99.3 mg; 0.175 mmol)
were added to a three-neck round-bottom flask fitted with a
septum, distillation head, and glass thermocouple probe adap-
ter. 1-Octadecene was added (6.3 mL), and the mixture was
degassed (<50 mbar) with vigorous stirring for 1 h, after which
the reaction vessel was filled with argon. The solution was then
heated to 240 �C at an average rate of 40 �C min�1 using a
heating mantle and temperature controller. Timing began
when the mantle was turned on, and beginning at t = 6 min,
25 μL aliquots were removed and dissolved in 2.5 mL of toluene
in air and UV�vis and fluorescence measurements were ac-
quired. At the completion of the reaction (normally 40 min) the
reaction vessel was cooled to ∼100 �C.

Isolation of CdS Nanocrystals. Upon cooling to 100 �C, volatiles
were removed by distillation under vacuum (20�50 mbar). The
resultant residue was dissolved in toluene (2 mL), TMEDA
(0.5 mL) was added, and the suspension was centrifuged at
7000 rpm for 10 min. The translucent golden solution was
decanted, and the pellet discarded. Acetonitrile was added
until the solution maintained cloudiness upon mixing, which
was followed by an extra∼0.5 mL added, after which the solids
were isolated by centrifugation. The yellow precipitate was
redissolved in toluene and TMEDA and precipitated by adding
acetonitrile a second time. The resultant yellow precipitate was
then dissolved in toluene only (without TMEDA) and precipi-
tated with acetonitrile. This previous step was repeated twice
more, the resultant pale yellow powder dissolved in pentane
and centrifuged a final time to remove insoluble material, and
the pale yellow solution containing the nanocrystals was
decanted.

Ligand Characterization. A sample of isolated nanocrystals was
dissolved in anhydrous C6D6, to which an excess of Me3Si�Cl
was added under nitrogen. Upon addition of the Me3Si�Cl, the
nanocrystals precipitated. The sample was allowed to react for
at least 15 min, after which it was characterized by 1H, 13C, and
31P NMR spectroscopies. The trimethylsilyltetradecanoate is
assigned as follows: 1H NMR (C6D6, 500 MHz): δ 0.21 (s, �Si-
(CH3)3), 0.90 (t, 3H,�CH3), 1.20�1.30 (b, 20H,�CH2), 1.56 (m, 2H,
β-CH2), 2.18 (b, 2H, R-CH2).

13C{1H} NMR (CD2Cl2, 125.7 MHz): δ
0.11 (s, �Si(CH3)3), 2.12 (s, �Si(CH3)3), 3.12 (s, �Si(CH3)3), 14.40
(s,�CH3), 23.15 (s,�CH2), 25.41 (s,�CH2), 29.47 (s,�CH2), 29.51
(s,�CH2), 29.76 (s,�CH2), 29.86 (s,�CH2), 29.96 (s,�CH2), 30.09
(s,�CH2), 30.15 (b,�CH2), 30.18 (s,�CH2), 32.39 (s,�CH2), 36.08
(s, R-CH2), 173.65 (s, �C(O)O).

Kinetics. The procedure for nanocrystal synthesis described
above was carried out at twice the scale. Aliquots (250 μL) were
takenwith a glassmicroliter syringe at 1min intervals starting at
t = 5min. A portion of this aliquot (200 μL) was added to an NMR
tube containingC6D6 (300 μL) and octylamine (100 μL) and used
to monitor the ratio of the dithiophosphinate precursor and
phosphinate product. No other intermediates were visible in
the 31P NMR spectra. The remainder of the aliquot (50 μL) was
added to 2.5 mL of toluene for analysis with UV�visible
absorbance spectroscopy. The percent conversion was mea-
sured by comparing the relative integrals of the 31P NMR signals
fromCd(O2PPh2)2 and Cd(S2PPh2)2. NomixedO/S intermediates
are visible. Relative CdS yield was determined by comparing the
concentration of CdS at each time point with the concentration
of CdS at full conversion. The concentration of CdS was esti-
mated from the product of the nanocrystal concentration and
nanocrystal molar volume as determined from the absorbance
and wavelength of the lowest energy absorption maximum

according to Yu et al.42 Estimating the percent yield relative to
the known end point of 100% reduces the impact of systematic
error in the extinction coefficient of CdS.

Size Distribution Analysis. Each point in the absorption spectra
was converted fromwavelength todiameter and corrected for the
size-dependent extinction according to Yu et al.42 The region
corresponding to the lowest energyabsorption in the transformed
spectra (now a histogram of diameters) was fit with a Gaussian
function using a least-squares analysis. Values of diameters be-
yond the first excitonic transition are meaningless and were not
included in the fit. The center of the Gaussian corresponds to the
average size of the nanocrystals and the breadth of the Gaussian
to the polydispersity of the sample. The standard deviation (σ) was
extracted and used to calculate the percent standard deviation
(%σ) by dividing σ by the average diameter. Homogenous line
broadening of individual nanocrystals is ignored in this analysis,
resulting in σ and %σ that are slight overestimates (∼25%) of the
actual polydispersity of the sample.58
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