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ABSTRACT: ZnS nanocrystals (A, (1S.—1S5/5,) = 260—320 nm, d
= 1.7—-10.0 nm) are synthesized from Zn(O,CR), (O,CR =
tetradecanoate, oleate and 2-hexyldecanoate), N,N’'-disubstituted and
N,N',N’-trisubstituted thioureas, and P,P,N-trisubstituted phosphane-

—— P (ZnS) nanocrystals
d=1.80-10.0 nm

ZnS sizing curve

S
Zn(O,CR), + I

Size and shape control of ZnS

carbothioamides. The influence of precursor substitution, ligand
sterics, and reaction temperature on the final nanocrystal size was
evaluated. Using saturated hydrocarbon solvents and saturated
aliphatic carboxylate ligands, polymeric byproducts could be avoided
and pure ZnS nanocrystals isolated. Elevated temperatures, slower
precursor conversion reactivity, and branched zinc 2-hexyldecanoate
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yield the largest ZnS nanocrystals. Carefully purified zinc carboxylate,
rapidly converting precursors, and cooling the synthesis mixture
following complete precursor conversion provide quasispherical

Diameter (nm)

nanocrystals with the narrowest shape dispersity. Nanocrystal sizes were measured using pair distribution function (PDF) analysis
of X-ray scattering and scanning transmission electron microscopy (STEM) and plotted versus the energy of their first excitonic
optical absorption. The resulting empirical relationship provides a useful method to characterize the nanocrystal size from 1.7 to 4.0

nm using optical absorption spectroscopy.

B INTRODUCTION

Semiconductor nanocrystals that emit visible light, including
CdS, CdSe, CdSe/CdS, ZnSe, and InP, are highly desirable for
solid-state lighting, imaging, electroluminescent displays, and
down conversion applications.' > ZnS$ plays an important role
in many of these technologies as a shell material that improves
the optical performance of emissive cores. Its wide band gap
(zinc blende (ZB): 3.74 eV, wurtzite (WZ): 3.77 eV)*
provides a barrier layer that passivates surface traps and
confines the exciton to the core, increasing the photo-
luminescence quantum yield (PLQY).>® ZnS§ is also a common
host for luminescent dopants (e.g., Co**, Cu**, Pb**, and Mn*",
mono- or dual-doped) with long-lived excited lifetimes, useful
for sensing and imaging applications.” ' Furthermore, pure
ZnS nanocrystals can serve as a seed for more complex
heterostructures such as blue-emitting spherical quantum wells
(i, ZnS/ZnSeTe/ZnS),"" whose architecture mitigates
interfacial strain and further increases PLQY."”
Unsurprisingly, a variety of methods have been developed to
grow ZnS$ shells. To control the reactivity and ensure shells
grow without separately nucleating ZnS, precursors are often
added slowly via a syringe pump,"*~"* in sequential steps, such
as in successive ion layer adsorption and reaction
(SILAR),"*™*° or colloidal atomic layer deposition (c-ALD)
methods.””> However, the synthesis of colloidal Zn$S
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nanocrystals is less well developed, especially when compared
to colloidal CdE nanocrystals (E = S, Se, Te).>*** While a
variety of syntheses have been reported, including examples in
aqueous media,”*” those that use elemental sulfur or
thioacetamide precursors,”~*" or single-source precursors,"**
it remains challenging to finely control ZnS nanocrystal sizes.
Many examples achieve sizes too large to exhibit quantum
confinement or require the precursor reaction to be terminated
prematurely to obtain small sizes.”>****** Other reports
describe problems with colloidal stability and aggrega-
tion 30374547

Similarly, controlling the shape of ZnS is very important to
optoelectronic properties and spectral line widths. While ZnS
n;inopleatel<ets,48_50 nanorods,*>" and nanowires***? have all
been reported, the characterization and uniformity of these
shapes lags behind heavier II-VI counterparts. In addition,
ZnS shells often form islands that are attributed to the effects
of interfacial strain.’>>* Improved synthetic methods that
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control these structural features could improve the perform-
ance of emissive quantum dots.

These synthetic issues are further compounded by the
challenge of accurately monitoring and characterizing the
products. Ultraviolet (UV) absorption spectroscopy measure-
ments are complicated by the absorbance of solvents,
precursors, and coproducts. While extinction coefficients for
the related cadmium and lead chalcogenides are known, %%
no such measurements on Zn$ have been reported, preventing
particle concentrations and yields from being easily extracted
from UV absorbance spectra.

There is also significant disagreement between reports
describing the size dependence of the absorption spectrum of
ZnS.”** The inconsistencies are likely the result of error in
common sizing methods, including electron microscopy (EM),
leading to a range in nanocrystal sizes reported for the same
energy of transition (Figure S$32 and Tables S3—
§5).77733374074347,39766 Compared to CdE and PbE materi-
als, ZnS has a lower Z-contrast, making EM techniques
challenging, especially for the smallest nanocrystals. Scherrer
analysis of powder X-ray diffraction (pXRD) is also limited at
very small sizes, especially when stacking faults and
inhomogeneous strain contribute to peak broadening.’"®’
Mass spectrometry has been used to probe ZnS QD
ensembles;***° however, zinc isotope patterns, broad distribu-
tions that depend on ligands and their coverage, as well as the
formation of multiply charged species and fragmentation
complicate the interpretation of this data. The sizes of
nanocrystals have also been estimated using the Brus
equation,”””" which is known to overestimate sizes, particularly
for ZnS nanocrystals (d < 3 nm).”’

X-ray scattering techniques such as small-angle X-ray
scattering (SAXS) and X-ray pair distribution function
(PDF) analysis are valuable tools for probing nanocrystal
structures. Recently, SAXS has been used to confirm the sizing
curves for several metal chalcogenide nanocrystals.”> PDF
analysis is especially useful due to its sub-Angstrom level
resolution.”*”’® This has enabled the determination of
crystallite sizes and characterization of crystal structures, and
internal stacking faults have been demonstrated in different
nanocrystal systems,”””””* including ZnS.””*

Following previous work on the synthesis of PbS and CdS
nanocrystals from thiourea derivatives,”""” we targeted a
synthesis of ZnS nanocrystals that would provide narrow size
distributions and ready access to a range of sizes. With such
nanocrystals in hand, we report a comparison between the
optical spectrum and the size as measured with high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM, referred to herein as STEM) and PDF
analysis. The effect of precursor structure, surfactants, and
temperature on the final crystal size and shape is described.

B RESULTS AND DISCUSSION

ZnS nanocrystals were synthesized by the reaction of
Zn(O,CR), (O,CR = tetradecanoate, oleate, and 2-hexylde-
canoate) with N,N’-disubstituted and N,N’,N’-trisubstituted
thioureas, and a novel class of metal sulfide precursors: P,P-
phenyl, N-substituted phosphanecarbothioamides (1—3, Table
1). The sulfur precursors were dissolved in tetraglyme (5% of
total reaction volume) and injected into the preheated zinc
carboxylate solution. Syntheses were conducted under an inert
atmosphere over a wide range of temperatures (130—280 °C),
sulfur precursor concentrations (5—100 mM), and Zn/S ratios
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Table 1. Substituted Phosphanecarbothioamide and
Thiourea Precursors Used in This Study

X, X,
la NH(n-C¢H,3) NH(n-C,,H,;)
1b NH(4-CF,-Ph) NH(1-C,,H,s)
1c NH(i-Pr) NH(i-Pr)
1d NH(Ph) NH(Ph)
2a NH(n-Bu) N(n-Bu),
2b NH(Ph) N(n-Bu),
2% NH(Ph) N(CH,)Ph
2d NH("'CéHls) N(n'CSHN)Z
2e NH(n-C,,H,s) pyrrolidine
of NH(4-MeO-Ph) N(n-Bu),
2g NH(4-CF,-Ph) N(n-Bu),
3a NH(Ph) PPh,
3b NH(4-CF,-Ph) PPh,

(1.5-3.0:1) (Scheme 1 and Figure S1). Tuning the precursor
substitution pattern, carboxylate structure, and reaction

Scheme 1. Standard Reaction Conditions for the Synthesis
of ZnS Nanocrystals from Zinc Carboxylates and a
Substituted Thiourea Listed in Table 1

S 130-280°C,20 mM
1.5Zn(0,CR), + I

» (ZnS),(Zn(O,CRY),),

95% hexadecane
or 1-octadecene
5% tetraglyme
X~ NRy PR, d=1.7-10.0 nm
O,CR, = oleate, tetradecanoate, P
o 2-hexyl decanoate A(1S, - 185,,,) = 260 - 320 nm

temperature allowed a range of sizes (d = 1.7—10.0 nm) to
be synthesized whose lowest energy excitonic transitions
(Amax(1S.—1S5/51)) span 260—320 nm (Figure 1).

STEM analysis confirms that the resulting nanocrystals have
small size polydispersity (percent dispersity, 6/d = 7—16%)
and morphology that varied from quasispherical to more
irregular shapes depending on the reaction conditions (see
detailed discussion below). The size of quasispherical nano-
crystals is compared to the corresponding excitonic absorption
energy to generate an empirical sizing formula. The formula
was used to estimate the size of nanocrystals from the UV
absorption spectra of reaction aliquots in the following
sections.

When synthesized in 1-octadecene (ODE), the ZnS
nanocrystal groduct is not easily separated from polymeric
coproducts,” as was observed using 'H nuclear magnetic
resonance (NMR) spectroscopy (Figures S2 and S3).
Postsynthetic exchange of oleate ligands with 6-[2-[2-(2-
methoxyethoxy)-ethoxy]-ethoxy]hexyl phosphonate (Fi§ure
S4) allows removal of polymerized ODE, if necessary.*” In
contrast to other nanocrystal syntheses,*"*" thiourea con-
version does not rely on the reactivity of an unsaturated
solvent, so it can be replaced with a saturated hydrocarbon to
eliminate polymeric coproducts. At reaction temperatures
below 280 °C, n-hexadecane (bp = 287 °C) can be used, while
squalane (bp = 350 °C) can be used at higher temperatures.

Zinc oleate decomposes to ZnO (band gap = 3.37 eV) when
heated at elevated temperatures (>310 °C) and in the presence
of oleic acid and/or oleylamine.gé’87 We therefore avoid these
surfactant additives and use the thiourea library to identify
precursors that convert appropriately at lower temperatures
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Figure 1. (A) UV absorption spectra of isolated ZnS nanocrystals
used to create the sizing curve. (B—D) HAADF-STEM images for
corresponding UV absorption spectra showcase the range of sizes that
can be obtained (scale bars = 50 nm). Synthetic parameters for all
sizing samples are included in the Supporting Information (Table S6).

(<280 °C). Nonetheless, the stability of zinc carboxylate
precursors was probed. While the solutions of zinc oleate in
octadecene remain clear and colorless, with no significant
change in the UV—vis absorption spectra below 260 °C, turbid
yellow mixtures form in hexadecane in less than an hour
(Figure S5). The solutions of zinc tetradecanoate in
hexadecane, on the other hand, remain clear and colorless
after 2 h at 260 °C. These experiments demonstrate that zinc
carboxylates can be used to synthesize ZnS in alkane solvents
without significant problems with decomposition. ZnS
produced from the two sets of the solvent and metal
carboxylates have similar final 4,,,, values.

Factors Influencing Nanocrystal Size. The final nano-
crystal diameter can be tuned by adjusting the precursor
conversion reactivity, the carboxylate structure, and the
synthesis temperature. It is well established that the precursor
conversion kinetics can be used to control the extent of
nucleation and the final size following complete precursor
conversion.”"***~*° By modifying the thiourea structure, the
conversion reactivity can be finely adjusted across a wide range
of temperatures. Decreasing precursor reactivity produces
larger nanocrystals (Figures 2 and S8). The reactivity of
electron-deficient and sterically unencumbered thioureas with
zinc carboxylates is greatest: N,N'-disubstituted precursors are
most rapid, followed by N,N’,N'-trisubstituted thioureas and
then P,P-phenyl, N-substituted phosphanecarbothioamides
(3a,b, Table 1).

The effect of the thiourea reactivity on the synthesis was
monitored using a quantitative, timed aliquoting method and
UV absorption spectroscopy. The nanocrystal absorbance,
particularly at higher energies in the UV region, can be
obscured by precursors, coproducts, and even surfactant
ligands and so, on its own, is not a reliable measure of the
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Figure 2. Representative UV—vis absorption spectra of reaction
aliquots taken from ZnS syntheses and the diameter and hwhm as a
function of reaction time. All reactions are run with zinc oleate unless
otherwise noted, at 240 °C, and with the following precursors: (A) 1a,
(B) 2d, (C) 2f, and (D) 3b with zinc tetradecanoate.

reaction yield. Instead, the evolution of the size, yield, and
polydispersity is monitored by following the position, intensity,
and half width at half-maximum (hwhm) of the lowest-energy
excitonic feature, in conjunction with the absorbance intensity
at higher energies (4 < 240 nm) (Figures 2, S8, and S16).
The evolution of syntheses conducted with N,N’-disub-
stituted thioureas are distinct from slower converting N,N',N’-
and P,P,N'-trisubstituted precursors (Figure 2). At T > 240
°C, N,N’-disubstituted thioureas undergo rapid conversion,
which is followed by slow ripening of nanocrystals. Aliquots
from these reactions display a red-shifting and broadening peak
(increasing hwhm), without an increase in the absorbance
intensity (1 < 240 nm or 4,,,) (Figure 2A). At temperatures
below 240 °C, a consistent terminal size is formed (d ~ 1.8
nm, Figure S9) and, conversely, there is no obvious ripening
detected by UV absorption spectroscopy. We hypothesize that
at this low temperature, the solutes are entirely consumed by
nucleation at early times and any subsequent nanocrystal
growth (T > 240 °C) occurs by a ripening process.
Syntheses conducted with trisubstituted precursors (2 and
3) display a steadily increasing UV absorbance intensity and
simultaneous peak red shift, indicative of conventional
nanocrystal growth by rate-limiting precursor conversion
(Figure 2B—D). Eventually, the absorbance intensity and
nanocrystal size plateau, signifying the end of growth driven by
precursor conversion, are referred to hereafter as the “reaction

https://doi.org/10.1021/acs.chemmater.1c03432
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end point.” The hwhm typically reaches a minimum at this
point, following which the syntheses should be removed from
the heat source to prevent broadening the spectral distribution
(Figure 2B—D). Nanocrystals prepared using 3a,b possess
narrower first excitonic absorption peaks than similar sizes
produced from N,N’,N’-trisubstituted precursors. These results
are reminiscent of systematic differences in the fwhm between
different precursor families documented for CdS.*

At longer times, the excitonic feature broadens without an
obvious accompanying red shift. STEM analysis of aliquots
following the reaction end point confirms no obvious size
increases (Figures S22 and $23), except at very long times (¢ ~
6 X end point). The steady final size during this period
suggests that the process that broadens the spectrum is not a
consequence of Ostwald or aggregative ripening but some
other process such as increasing shape polydispersity. Note
that, at large sizes (4, > 305 nm), weak quantum
confinement and greater shape polydispersity (discussed
below) make it challenging to ascertain the exact peak
position, so UV spectroscopy alone is not able to determine
further size increases.

The size at the reaction end point is plotted as a function of
the reaction temperature in Figures 3 and S10. When N,N’,N’-

4.0
] -310
3.5
E ]
= 3.0 >
g ] -300 &
) ] 3
g 2.5 { 3
a ] i . F290
2.0- I
e0o o 8 08°¢ o 8 L 270
100 150 200 250 300

Temperature (°C)

Figure 3. Size of ZnS$ at end point, determined by the sizing curve, as
a function of reaction temperature. ZnS is synthesized from N.N'-
disubstituted (pink) and N,N’,N’-, P,P,N-trisubstituted (blue)
precursors. The plot coded by the specific precursor is shown in
the Supporting Information (Figure S10). All reactions use zinc oleate
or zinc tetradecanoate and have an initial zinc carboxylate to thiourea
precursor ratio of 1.5:1. Error bars are calculated using the uncertainty

in the peak energy.

trisubstituted thioureas are used, the final size depends on both
the conversion reactivity and the synthesis temperature. Larger
sizes are obtained at higher temperatures and when using less
reactive thioureas. These results can be explained by a
thermally activated growth process that competes with the
nucleation process for solutes, as has been reported in PbS,
PbSe, and InP systems.”"”*

On the other hand, the size produced by N,N’-disubstituted
thioureas is insensitive to the temperature (Figures 3 and S9).
The spectra of aliquots consistently display an excitonic feature
(Amax ~ 270 nm, d ~ 1.75 nm, ~70 ZnS units) that matches a
recently reported material proposed to be a magic sized
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cluster.”® Above 240 °C, the final size increases slightly (260—
280 °C, d ~ 1.9-2.1 nm), presumably via a ripening
mechanism, rather than a precursor conversion limited growth
mechanism. At 240 °C, the initial spectra of aliquots red shifts
and broadens without increasing in intensity (from d = 1.7 to
1.9 nm) (Figure 2B). We interpret these changes to mean that
N,N’-disubstituted thiourea conversion and nucleation are
much more rapid than growth beyond d ~ 1.75 nm at all
temperatures studied here. Above 240 °C, however, ripening
mechanisms become important and can lead to larger sizes,
while below this temperature, small crystallites are rapidly
generated that are stable to ripening. The results described in
Figure 3 illustrate the importance of matching the precursor
conversion reactivity and the synthesis temperature to gain
control over the size.

The influence of the carboxylate chain structure on the size
and shape was also investigated. With N,N’-disubstituted
precursors, optical features and STEM images appear identical
regardless of whether oleate or tetradecanoate is used, while
the branched zinc 2-hexyldecanoate leads to larger nanocrystals
(Figures 4 and S13). For example, switching from oleate to 2-

branched
1a, 240 °C

ranhed {

branchd
1a, 265 °C
=

-

Figure 4. HAADF-STEM images showing replacing unbranched zinc
tetradecanoate (A) with branched zinc 2-hexyldecanoate (B—D)
results in larger ZnS. The selection of slower thiourea precursors and
higher temperature further increases the diameter (D). ZnS sizes: (A)
d = 1.9 + 0.2 nm, percent size polydispersity, o/d = 9.6%; (B) d = 3.8
+ 0.6 nm, 6/d = 16%; (C) d = 4.5 + 0.5 nm, 6/d = 11%; and (D) d =
10.1 + 1.3 nm, o/d = 13%.

hexyldecanoate results in nanocrystals with more than twice
the diameter (1a, T = 240 °C, d = 1.9 and 3.8 nm respectively,
Figure 4A,B). Larger sizes can also be accessed using higher
temperatures and slower precursors. N,N’,N’-Trisubstituted
thioureas and zinc 2-hexyldecanoate at elevated temperatures
(T = 265 °C) produce nanocrystals that are too large (d ~ 10
nm) to exhibit quantum confinement. The larger sizes indicate
that 2-hexyldecanoate-stabilized nanocrystals grow more
rapidly, which may be the result of a reduced ligand
coverage.

The final ZnS diameter is most effectively tuned through
precursor selection and reaction temperature. Further synthetic
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changes, such as adjusting the Zn/S ratio and addition of oleic
acid, can also be used to influence the size but increase the size
dispersity (Figures S11, S12, S14, and S29). To obtain specific
sizes of ZnS, a synthesis guide is provided in the Supporting
Information (Tables S1 and S2). Further, synthetic details for
all of the samples used in the sizing analysis presented below
are provided in Table S6.

Factors Influencing Nanocrystal Shape. ZnS nanocryst-
als with well-resolved absorption features have an isotropic,
quasispherical shape. However, some syntheses produced
significant shape polydispersity and broadened optical spectra
(Figures S17 and S18). Extensive work to understand the
shape polydispersity is described in the Supporting Informa-
tion (Section II for discussion and Figures S17—S31). Among
a variety of factors, the shape polydispersity is sensitive to the
chalcogenourea precursor selection, the structure of the
carboxylate ligands, the metal precursor purity, and the
reaction time. Thus, syntheses can be designed to promote
spherical, isotropic growth as described below.

Impure zinc precursors and small impurity ions led to
polydisperse products (Figure S18). For example, more
irregular shapes were obtained if zinc tetradecanoate was
synthesized from zinc nitrate,” rather than from zinc
trifluoroacetate. The zinc trifluoroacetate preparation allows
water to be completely eliminated, and the presence of
trifluoroacetate impurities can be ruled out using '"F NMR
spectroscopy (Figure S6).°" Hence, we hypothesize that
undetected nitrate, hydroxide, or water impurities in the zinc
starting material can induce shape anisotropy. Previous work
on other IV-VI and II-VI systems has illustrated the
importance of sterically small anions to shape control:
cadmium acetate is added to CdSe reactions to form
nanoplatelets,”® and water impurities in cadmium acetate,
thought to lead to hydroxide formation, causes irregularly
shaped CdSe nanoplatelets,” irregularly shaped PbSe nano-
crystals are produced from lead oleate contaminated with lead
acetate,”® and methylphosphonate anions induce II-VI
tetrapod formation.”” Further, it has recently been reported
that nitrate plays a noninnocent role in the synthesis of metal
oxide nanocrystals.'” These observations underscore the
importance of pure zinc carboxylate precursors and the
advantage of preparing them from metal trifluoroacetates.

Increasingly isotropic shapes are obtained when sterically
encumbered chains are used (acetate < tetradecanoate < oleate
< 2-hexyldecanoate) (Figures S17, S19, S26, and S27). Adding
zinc acetate (10 mol %) to zinc oleate yielded highly
anisotropic, tetrapod-like morphologies and broadened optical
features (Figure S19). The relationship between ligand bulk
and resulting isotropy is not limited to ZnS nanocrystal
syntheses. The carboxylate chain bulk also influenced ZnS shell
deposition: zinc oleate produced anisotropic shells compared
to zinc 2-hexyldecanoate (Figure S21). These observations
might be explained by the influence of the chain structure on
the extent of surface ligand coverage. Consistent with this
hypothesis, it was found that significantly more anisotropic
particles were produced when the zinc oleate to thiourea ratio
was increased to 3:1, a change that may increase the ligand
coverage during growth (Figure S20). We note that this
behavior is counter to the influence of metal and chalcogen
stoichiometry in the synthesis of PbS.'?"'%* Alternatively, these
effects may result from the spurious decomposition of zinc
carboxylate during the reaction, a process that may depend on
the chain structure, as was observed in our study of zinc
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carboxlyate stability. Together with the purity issues
mentioned above, we conclude that the shape anisotropy is
caused by the reactivity of the metal precursor.

Faster converting N,N’-disubstituted thioureas also yield
more isotropic nanocrystals compared to the slower N,N’,N’-
trisubstituted precursors. Together with the increased growth
kinetics afforded by the branched carboxylate, large, isotropic
nanocrystals can be synthesized in short reaction times (Figure
4). We tested whether the effect is the result of the carboxylate
structure or the chalcogenourea structure by slowly adding a
reactive N,N’-disubstituted thiourea to zinc oleate over the
course of 75 min. This approach slows the solute supply
kinetics to a rate that matches tri-substituted precursors, and
larger, more irregularly shaped nanocrystals are obtained
(Figure S30). Thus, anisotropy is not caused by the precursor
selection alone and is likely determined by the total reaction
time or the rate of growth.

Particular thiourea structures also influenced the shape
anisotropy, including the pyrrolidine derivative (2e), which
produces tetrapod-like morphologies with featureless UV-
absorbance spectra (Figures $22—S24, S26, and S27). On the
other hand, even under conditions promoting more anisotropic
growth, syntheses employing P,P-diphenyl-N-substituted phos-
phanecarbothioamides (3a,b) produce narrow absorbance
features (Figure S2S). Thus, it appears that the precursor
conversion reaction is not orthogonal to the crystal growth in
all cases. Similar, albeit smaller, effects were observed in a
recent study of CdS.*

Size and Band Gap Relationship. With a range of Zn$S
sizes in hand (Table S6), we compared the nanocrystal size
and the energy of the lowest energy excitonic transition. X-ray
PDF and STEM were both used to measure the ZnS
nanocrystal sizes (see the Supporting Information, Section III).

All ZnS sizes used to determine the sizing curve were
obtained from HAADF-STEM rather than TEM measure-
ments. Size distributions were estimated by measuring several
hundred nanocrystals per ZnS sample and fitting the
distribution to a Gaussian function (Figure S, Tables S9—
S11, and Appendix I). Twenty-six different ZnS samples
yielding spherical or quasispherical nanocrystals were analyzed
in this manner. With the exception of five samples, >300 NCs
per sample were counted; however, the exclusion of these data
points does not impact the extracted sizing curve. Further
details and discussion regarding the sizing methods are
provided in the Experimental Methods section and Supporting
Information, Section III. Percent polydispersities (¢/d, %) of
7—13% in the nanocrystal diameter were found for most
samples. This polydispersity corresponds to ¢ ~ 0.2 nm in
diameter for the smaller sizes, which is approximately the
length of a Zn—S bond, further indicating the monodispersity
these syntheses achieve. Samples synthesized from zinc 2-
hexyldecanoate typically had slightly greater size dispersities,
despite their greater shape isotropy (Figures S11 and S15).

To help assess STEM results, diameters measured with
STEM were compared with crystallite sizes extracted by
modeling X-ray PDF data. ZnS nanocrystals were assumed to
be spheres, and PDFs were fit using a spherical envelope
function and mixed zinc blende and wurtzite (“2-phase”)
model to extract the nanocrystal diameter, as described
previously (Figure 6 and Table S8).”” Crystallite sizes obtained
with the two-phase model are larger and have lower Ryy values,
suggesting the presence of wurtzite stacking faults in a primary
zinc blende structure (Figures S33—S38). The sizes extracted
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Figure S. Representative size distributions from STEM analysis of
different ZnS$ sizing samples (A—D). Black lines represent Gaussian
curves fit the STEM data. The percent size dispersity (¢/d, %) for the
samples ranges from 8 to 16%, with only two samples having a percent
dispersity >13%, indicating samples with small polydispersity (E).
Sizing samples correspond to Table S6: 8 (A), 7 (B), 17 (C), and 18
(D). Histograms for all samples are included in the Supporting
Information (Appendix I).
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Figure 6. Representative UV absorbance spectra (A) and correspond-
ing PDF data (B). The ZnS diameter is measured by STEM in (A),
and PDF data is fit by a two-phase model to extract the crystallite sizes
shown in (B).
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using the single-phase pure zinc-blende model agree with the
trend measured using HAADF-STEM. This confirms the
utility of PDF analysis for estimating the diameter of small
nanocrystals where EM techniques can struggle. However,
PDF modeling underestimates the nanocrystal size above d ~
2.1 nm (Figure S36). Previous PDF studies on ZnS have also
shown a discrepancy with TEM for sizing ZnS with d > 2 nm,
which was attributed to inhomogeneous strain within the
nanocrystal,”” but may also result from multiple crystalline
domains within each nanocrystal.

The E;,_,, is compared to the nanocrystal diameter extracted
from STEM in Figure 7 and is fit to eq 1, where E,,y, 4, b, and

5.04
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Figure 7. Energy of transition versus diameter as determined by
STEM (yellow) and PDF (green) analysis. Sizing curve is shown in
black. PDF data was not used to create the sizing curve but is shown
here for comparison. Error bars represent d + o, where ¢ is the
standard deviation. Fitting parameters for eq 1: Egpyy (eV) =3.801,a
(V) = —1.413, b (eV ! nm™) = 1.515, ¢ (eV ! nm™?) = 0.01513.
For further details, see the Supporting Information, Section IIL

¢, are fitting parameters summarized in Figure 7. Only
quasispherical nanocrystals were used in the analysis. The
experimental data spans d = 1.7—4.5 nm, and so the fit is valid
within this range (3.95—4.64 eV). Additionally, we fit the
relationship between wavelength (1) and diameter (Figure
S40). The PDF data was not included in either fit due to the
previous discussion but is plotted in Figure 7 for completeness.
The Egj value we extract (3.80 eV) lies close to the reported
bulk band gap of ZnS (ZB = 3.74 eV, WZ = 3.77
V)7 T3AR067 egpite the fact that strain and crystal
phase can alter the band gap.*

1

Eg=Eppu + —————
£ ¥ a + bdye + cdic

(1)
The sizing curve presented in Figure 7 is comparable to other
reports at small sizes but deviates for larger nanocrystals
(Figure $45).2%*>% ZnS has a small exciton Bohr radius (2.5
nm) that makes the size dependence of the band gap relatively
weak compared to other metal sulfides.”” Beyond d ~ 4 nm
excitons in ZnS are only weakly quantum confined, and
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increasing the nanocrystal size does not significantly influence
the energy of the absorbance spectrum. Thus, the relationship
in eq 1 can be used in the range 1.7—4.0 nm (E;,_;, = 3.97—
4.64 eV, A = 266—312 nm). Further discussion is provided in
the Supporting Information, Section III.

B CONCLUSIONS

A variety of factors can control the size of ZnS nanocrystals
grown in a zinc carboxylate solution, including the thiourea
and carboxylate structure and the reaction temperature.
Saturated carboxylate surfactants and hydrocarbon solvents
increase the stability of the zinc precursor at high temperatures
and eliminate polyoctadecene byproducts, improving the
product purity. The chain structure and any impurities in
zinc precursors influence the size and shape polydispersity,
effects that may be related to the total reaction time and the
growth kinetics. 2-Hexyldecanoate ligands proved especially
valuable for growing large isotropic shapes using more rapid
precursors.

By adjusting the conversion reactivity over a wide range, the
temperature dependence of the nucleation and growth kinetics
can be evaluated. N,N’-disubstituted thiourea conversion
appears to be faster than growth at all temperatures, and
thus, the final size is insensitive to thiourea substituents. The
conversion of less reactive N,N’,N’-trisubstituted thioureas,
however, limits the kinetics of nucleation and growth at all
temperatures. Under these conditions, the size depends on
temperature and thiourea structure. These results clearly
illustrate the importance of controlled reactivity in tailoring
the reaction outcome. They also establish an improved
relationship between the energy of the first excitonic transition
and the nanocrystal size, which will enable the rapid
characterization and advancement of ZnS nanocrystal based
technologies.

B EXPERIMENTAL METHODS

General Methods. All manipulations were performed in air unless
otherwise indicated. Acetone, (>99.5%), acetonitrile (>99.5%),
aniline (99%), dibutylamine (99.5%), dichloromethane (>99.5%),
diethyl ether (>99%), dioctylamine (98%), dodecylamine (98%),
hexafluorobenzene (99%), hexanes (>98.5), isopropylamine
(>99.5%), isopropyl isothiocyanate (97%), N-methyl aniline (98%),
4-(methoxy)phenyl isothiocyanate (98%), phenyl isothiocyanate
(98%), pyrrolidine(99%), sodium hydroxide (>98%) triethylamine
(299%), trifluoroacetic anhydride (>99%), trifluoroacetic acid
(99%), tetradecanoic acid (>99%), toluene (99.5%), oleic acid
(99%), zinc(Il) acetate (99.99%), and zinc(II) nitrate (98%) were
obtained from Sigma-Aldrich and used without further purification.
Pentane and toluene were purchased anhydrous from Sigma-Aldrich
and shaken over activated alumina, filtered, and stored over 4 A
molecular sieves in an inert atmosphere glovebox at least 24 h prior to
use. Diphenylphosphine (99%) was purchased from Strem and used
without further purification. 4-(Trifluoromethyl)phenyl isothiocya-
nate and dodecyl isothiocyanate were purchased from Santa Cruz
Biotechnology and used without further purification. Hexyl
isothiocyanate (>97%), phenyl isocyanate (>98%), and zinc(II)
oxide (99.99%-Zn) were obtained from Alfa Aesar. Butyl
isothiocyanate (>98%) and 2-hexyldecanoic acid (>98%) were
purchased from TCI Chemicals and used without further purification.
Hexadecane (99%), 1-octadecene (90%), and tetraethylene glycol
dimethyl ether (“tetraglyme,” >99%) were obtained from Sigma-
Aldrich, stirred with calcium hydride overnight, distilled, and stored in
a nitrogen glovebox. Benzene-dg (99.5%) and chloroform-d (99.8%)
were obtained from Cambridge Isotopes and used without further
purification. TEM grids were obtained from Ted Pella.
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UV—visible absorbance spectra were obtained using a PerkinElmer
Lambda 950 spectrophotometer equipped with deuterium and
halogen lamps. Transmission electron microscopy (TEM) and
scanning transmission electron microscopy (STEM) were performed
on a FEI Talos F200X. STEM images were acquired using the high-
angle annular dark-field (HAADF) detector with a camera length of
0.205 m, condenser 2 aperture of 50 ym, and an accelerating voltage
of 200 kV. FT-IR spectra were obtained using a PerkinElmer
Spectrum 2. Powder X-ray diffraction patterns were measured using a
PANalytical X’Pert Powder X-ray diffractometer.

Zinc Oleate Synthesized from Zinc Trifluoroacetate. Zinc
oleate is synthesized according to a procedure developed for lead
oleate.®" Trifluoroacetic anhydride (4.24 mL, 30 mmol, 1 equiv) and
trifluoroacetic acid (0.46 mL, 6 mmol, 0.2 equiv) are added to a
mixture of zinc (II) oxide (2.44 g, 30 mmol) and acetonitrile (15 mL)
in a 100 mL round-bottom flask. Note: upon addition of
trifluoroacetic anhydride or acid, the flask can heat up; an ice bath
is kept on hand if temperature rises too far. At room temperature, the
white suspension is stirred overnight, resulting in a colorless solution.
In a 500 mL Erlenmeyer flask, oleic acid (17.8 g, 63 mmol, 2.1 equiv)
and triethylamine (9.83 mL, 71 mmol, 2.35 equiv) are dissolved in
250 mL of dichloromethane at 35 °C. After dissolution, the solution
of zinc trifluoroacetate is added dropwise, maintaining the temper-
ature at 35 °C. The flask is allowed to cool to room temperature over
1 h and then to =20 °C in a freezer for an additional hour. A white
powder is isolated by filtration through a glass fritted filter funnel and
washed with acetonitrile (3 X 200 mL) and diethyl ether (3 X 200
mL). The white powder is isolated and dried under vacuum for 6 h.
Yield is 17.9 g (95%). The purity can be confirmed by 'H and "F
NMR. If necessary, further washes can be performed or recrystalliza-
tion undertaken. The crude product is recrystallized from tetraglyme
(~1000 mL); it is dissolved at 120 °C, then cooled to room
temperature over 1 h, and then to —20 °C in a freezer for an
additional hour. The white powder is isolated and washed as per the
earlier step, before being dried under vacuum for 6 h. For additional
characterization, see Figures S6 and S7. Note: starting with pure zinc
oleate is important for achieving isotropic nanocrystals. The acid to
zinc oxide ratio used is higher than the stoichiometric 2:1 to help
ensure that there is no remaining unreacted zinc oxide or partially
reacted zinc hydroxide, which we suspect also impacts the shape
dispersity.

Zinc Tetradecanoate Synthesized from Zinc Trifluoroace-
tate. Zinc tetradecanoate is synthesized following the method for zinc
oleate, using tetradecanoic acid (14.4 g, 63 mmol, 2.1 equiv) in place
of oleic acid. Yield is 15.0 g (96%). For additional characterization,
see Figures S6 and S7.

Zinc Tetradecanoate Synthesized from Zinc(ll) Nitrate. Zinc
tetradecanoate is synthesized according to a procedure developed for
cadmium tetradecanoate.'” Briefly, zinc nitrate (Zn(NO,),-6H,0,
2.38 g, 8.0 mmol) is dissolved in methanol (40 mL). In a S00 mL
Erlenmeyer, tetradecanoic acid (3.84 g, 16.8 mmol) and sodium
hydroxide (0.67 g, 16.8 mmol) are dissolved in methanol (200 mL).
Upon dissolution, the zinc nitrate solution is added dropwise to the
sodium tetradecanoate solution, resulting in the formation of a white
precipitate. The flask is cooled to —20 °C in a freezer for an hour;
then, the white precipitate is washed three times with methanol (200
mL) and dried under vacuum for 6 h. Yield = 4.0 g (95%). The
product can be recrystallized as described above.

Zinc 2-Hexyldecanoate Synthesized from Zinc Trifluoroa-
cetate. Zinc 2-hexyl decanoate is synthesized following the method
for zinc oleate, using 2-hexyl decanoic acid (16.2 g, 63 mmol) in place
of the oleic acid. After addition, the flask is stirred for a further 2 h at
40 °C. Then, the flask is cooled to room temperature. Volatiles are
removed in vacuo, yielding a viscous, colorless oil. The oil is dispersed
in toluene (~20 mL) and run through a silica plug three times to
purify. Volatiles are removed in vacuo and acetone (~20 mL) is added
to the crude product. This is gently heated in an Erlenmeyer flask
until the product is miscible with the acetone and then cooled to —20
°C in a freezer for 2 h. The acetone is decanted, leaving a colorless oil.
This process is repeated twice more before the product is dried under
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vacuum for 6 h. Yield is 9.3 g (52%). 'H NMR (500 MHz, CDCL;): 5
0.88 (m, 12H), 1.25 (m, 38 H), 1.44 (m, 4H), 1.58 (m, 4H), and 2.33
(m, 2H). C{’"H} NMR (125 MHz, CDCl;): § 14.23, 14.26, 22.81,
22.84, 27.54, 27.59, 29.42, 29.51, 29.62, 29.78, 31.85, 32.0S5, and
32.60.

Synthesis of P,P-Phenyl, N-(R)Phosphanecarbothioamides
(3a,b). P,P-phenyl and N-(R)phosphancecarbothioamide derivatives
are synthesized following a preparation from Itazaki et al. for P,P-
phenyl, N-(phenyl)phosphanecarbothioamide.'**

P,P-Phenyl, N-(Phenyl)Phospanecarbothioamide (3a). Briefly,
diphenylphosphine (3.79 g, 20.4 mmol) is injected into a Schlenk
flask containing phenyl isothiocyanate (2.75 g, 20.4 mmol) and
toluene (4 mL) under Ar at room temperature. Upon addition, color
change to yellow is observed. The Schlenk flask is heated (~45 °C)
for an hour, and the solution turns dark orange. Volatiles are removed
in vacuo, yielding a yellow-orange crude solid (6.5 g). The crude
product can be recrystallized from ethanol to yield yellow crystals (4.8
g, 73%). "H NMR (500 MHz, CDCLy): § 7.24 (t, 1H), 7.36 (t, 2H),
7.48 (m, 6H), 7.58 (m, 4 H), 7.64 (d, 2H), and 8.73 (br, 1H).
BC{'H} NMR (125 MHz, CDCL;): § 122.48 (d), 127.13, 129.08,
129.44 (d), 130.44, 134.50 (d), 134.70 (d), 138.90, and 206.86 (d).
Sp{'H} NMR (202 MHz, CDCl): & 19.35. Anal. caled for
C,HNPS: C, 71.01; H, 5.02; N, 4.36. Found: C, 70.82; H, 5.40;
and N, 4.35. MS (ASAP) m/z calcd for [CgH (NPS + H*]: 322.08.
Found: 322.08.

P,P-Phenyl, N-(4-CF;-Phenyl)Phospanecarbothioamide (3b).
This is synthesized as outlined for P,P-phenyl, N-(phenyl)-
phosphanecarbothioamide, with the following adaption: 4-CF;-phenyl
isothiocyanate is used in place of phenyl isothiocyanate. The crude
yellow product is recrystallized from ethanol to yield yellow crystals of
3b (2.0 g 66%). '"H NMR (500 MHz, CDCL,): & 7.48 (m, 6H), 7.58
(m, 6H), 7.80 (d, 2H), and 8.78 (br, 1H). *C{'H} NMR (125 MHz,
CeDg): & 121.44, 125.93 (q), 129.19 (d), 130.09, 134.59 (d), 135.12
(d), 141.78, and 207.84 (d). *'P{'"H} NMR (202 MHz, CDCl,): §
21.63. Anal Calcd for C,,H,F;NPS: C, 61.69; H, 3.88; and N, 3.60.
Found: C, 61.70; H, 4.10; and N, 3.56. MS (ASAP) m/z calcd for
[C,oH sF;NPS + H*]: 390.07. Found: 390.07.

Synthesis of N,N’-Disubstituted Thioureas (1a—d). N,N'-
Disubstituted thioureas are synthesized following the procedure
reported by Hendricks et al.®'

Synthesis of N,N’,N’-Trisubstituted Thioureas (2a—g).
N,N’,N’-Trisubstituted thioureas (2a—e, 2g) are synthesized follow-
ing a report by Hendricks et al,*' and precursor 2f is synthesized
following a report by Hamachi et al.*> Compounds 2a and 2e—g are
not reported in the literature, and their synthesis and characterization
are detailed below. NMR spectra for all new compounds are included
in Appendix II

N-n-Butyl, N',N'-n-Dibutyl Thiourea (2a). Di-n-butylamine (2.58
g, 20 mmol) and n-butyl isothiocyanate (2.30 g, 20 mmol) are
combined in toluene (20 mL) and stirred for >30 min are room
temperature. Volatiles are removed in vacuo resulting in a viscous, pale
yellow oil. Yield is 4.5 g (92%). "H NMR (500 MHz, CDCl,): § 0.93
(t, 9H), 1.34 (m, 6H), 1.59 (m, 6H), 3.54 (t, 4H), 3.62 (td, 2H), and
525 (br, 1H). BC{'H} NMR (125 MHz, CDCL,): § 13.90, 20.26,
29.63, 31.53, 45.93, 50.94, and 180.67. Anal. Calcd for C;3H,4N,S: C,
63.88; H, 11.55; and N, 11.46. Found: C, 63.90; H, 11.80; and N,
11.49. MS (ASAP) m/z: caled for [C13H,gN,S + H']: 245.21. Found:
245.21.

N-Dodecyl, N'-Pyrrolidine Thiourea (2e). The crude material (1.1
g) was recrystallized from ethanol to yield 1.0 g (88%) of 2e as white
crystals (3.95 mmol scale). '"H NMR (500 MHz, CDCl;): & 0.88 (t,
3H), 1.25 (m, 18H), 1.60 (quint, 2H), 3.94 (br, 4H), 3.58 (br, 4H),
3.63 (td, 2H), and 5.12 (br, 1H). BC{*H} NMR (125 MHz, CDCl,):
5 14.27, 22.84, 27.11, 29.49, 29.52, 29.71, 29.73, 29.77, 29.80, 32.06,
45.80, and 178.77. Anal. Calcd for C;;H;,N,S: C, 68.40; H, 11.48;
and N, 9.38. Found: C, 68.37; H, 11.23; and N, 9.33. MS (ASAP) m/
z caled for [C;H3,N,S + H*]: 299.25. Found: 299.25.

N-4-Methoxy-Phenyl, N',N'-n-Dibutyl Thiourea (2f). The crude
material was collected as a light yellow powder, recrystallized from
toluene/hexanes and dried under vacuum for >6 h to yield 1.8 g
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(86%) of 2f was white crystals (7.6 mmol scale). '"H NMR (500 MHz,
CDCL): § 0.97 (t, 6H), 1.39 (sextet, 4H), 1.71 (m, 4H), 3.67 (t, 4H),
3.81 (s, 3H), 6.87 (br, 1H), 6.88 (d, 2H), and 7.21 (s, 2H). 3C{'H}
NMR (125 MHz, CDCLy): § 13.90, 20.29, 29.62, 51.50, 55.44, 114.01,
128.00, 132.74, 157.83, and 181.72. Anal Caled for C,H,N,0S: C,
65.26; H, 8.90; and N, 9.51. Found: C, 65.38; H, 8.87; and N, 9.53.
MS (ASAP) m/z calcd for [C;(H,N,OS + H*']: 295.18. Found:
295.18.

N-4-Trifluoromethyl-Phenyl, N',N’-n-Dibutyl Thiourea (2g). The
crude material (1.5 g) was recrystallized from ethanol and dried under
vacuum for >6 h to yield 1.3 g (78%) of 2g as white crystals (run on §
mmol scale). '"H NMR (500 MHz, CDCl;): 6 0.98 (t, 6H), 1.40
(sextet, 4H), 1.72 (m, 4H), 3.69 (t, 4H), 7.00 (s, 1H), 7.47 (d, 2H),
and 7.58 (d, 2H). *C{'H} NMR (125 MHz, CDCl,): § 13.99, 20.39,
29.70, 51.78, 124.43, 125.99 (q), 143.09, and 180.87. Anal Calcd for
CsH,3F3N,LS: C, 57.81; H, 6.97; and N, 8.43. Found: C, 57.96; H,
6.89; and N, 8.43. MS (ASAP) m/z calcd for [C,4H,3F;N,S + H*:
333.16. Found: 333.16.

Synthesis of ZnS Nanocrystals from Zinc Oleate. In an inert
atmosphere glovebox, zinc oleate (0.226 g, 0.36 mmol, 1.5 equiv) and
1-octadecene (8.99 g, 11.4 mL) are added to a SO mL three-neck
round-bottom flask equipped with a stir bar and sealed with an air-free
vacuum adapter and two rubber septa. The desired thiourea (e.g,, N-
hexyl-N'-dodecyl thiourea (0.079 g, 0.24 mmol)) and tetraglyme
(0.61 g, 0.6 mL) are added to a 4 mL vial equipped with a stir bar and
sealed with a rubber septum. After transferring to a Schlenk line, the
vessels are attached to an argon inlet. The three-neck round bottom
flask is heated rapidly to the desired temperature (e.g., 240 °C), and
the 4 mL vial is heated to 80 °C. After the temperature stabilizes, the
thiourea solution is swiftly injected into the round-bottom flask
containing the clear, colorless zinc oleate solution. The reaction is run
for the optimum reaction time according to the data shown in Tables
S1 and S2 (e.g, S min) before being removed from the heating mantle
and allowed to cool to room temperature. Upon a white suspension
forming, the reaction is split into two 50 mL centrifuge tubes. Acetone
(30 mL) is added to precipitate nanocrystals in each tube, appearing
cloudy white and opaque. After centrifugation (8000 rpm, 7 min), the
supernatant is decanted, and hexanes (2 mL per tube) are added to
white pellets. The resulting suspension is filtered using a 0.2 uM pore
size syringe filter into a SO mL centrifuge tube. Acetone is added (30
mL) forming an opaque white suspension. After centrifugation (8000
rpm, 7 min), the supernatant is discarded and the white solid
redispersed in hexanes (2 mL). The cycle of precipitation from
hexanes with acetone was performed four times in total. Note: this
procedure can be scaled up 3X without a noticeable change in
product quality. No attempt was made to scale further.

Synthesis of ZnS Nanocrystals from Zinc Tetradecanoate.
Reactions using zinc tetradecanoate instead of zinc oleate were carried
out with the following modifications: (1) hexadecane is used in place
of 1-octadecene and (2) upon cooling to 100 °C at the end of the
reaction, oleic acid (2.20 mmol, 0.68 mL) is injected.

Synthesis of ZnS Nanocrystals from Zinc 2-Hexyldecanoate.
Reactions using zinc 2-hexyldecanoate instead of zinc oleate were
carried out with the following modifications: (1) upon cooling to 100
°C at end of reaction, no oleic acid is added and (2) 1-octadecene and
hexadecane can be used interchangeably. Precipitation can occur
during reactions where large nanocrystals are being grown (estimated
d > 6 nm) and the addition of oleic acid will help solubilize.
Additionally, during the isolation steps, nanocrystals can irreversibly
precipitate due to stripping of the ligands. The addition of octylamine
will help resolubilize.

Synthesis of ZnS with Added Zinc Acetate. ZnS was
synthesized using the method outlined for synthesis from zinc oleate,
with the addition of zinc acetate, maintaining the initial Zn/S ratio of
1.5:1. For example, the three-neck round-bottom flask preparation for
10% acetate: zinc oleate (0.204 g, 0.32 mmol, 1.35 equiv), zinc acetate
(0.0066 g, 0.04 mmol, 0.15 equiv), and 1-octadecene (8.99 g, 11.4
mL) are loaded into a 50 mL three-neck round-bottom flask in an
inert atmosphere.
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UV-Visible Absorption Spectroscopy of Aliquots. Aliquots
(50 uL) from the reaction are diluted with hexanes (3 mL), and the
UV—visible absorption is measured (4 = 200—400 nm). For reactions
using a thiourea containing an aryl group, aliquots are washed once
before obtaining UV—visible absorption. For aliquots used for STEM
imaging, aliquots are washed twice (without syringe filter step) and
then redistributed in hexanes. Further details are provided in the
Supporting Information.

X-ray Total Scattering Experiments. ZnS nanocrystals are
synthesized and purified on 35 mL scale and then dried under vacuum
for 6 h. For the smallest diameter dots, a sticky white paste forms; for
the larger dots, a white powder was formed. Samples are loaded into
polyimide tubing (OD: 0.0750”, ID: 0.0710”) in air and sealed with
modeling clay. X-ray total scattering measurements are performed at
the National Synchrotron Light Source II (XPD, 28-ID2),
Brookhaven National Laboratory. Diffraction patterns for the ZnS
size series are collected at room temperature in a transmission
geometry with an X-ray energy of 66.874 keV (4 = 0.1854 A) using a
large area 2D PerkinElmer detector. The detector is mounted with a
sample-to-detector distance of 204.64 mm. The experimental
geometry, 26 range, and detector misorientations are calibrated by
measuring a crystalline nickel powder directly prior to the ZnS
nanocrystals, with the experimental geometry parameters refined
using the Fit2D program.'® Standardized corrections are then made
to the data to obtain the total scattering structure fllncti<)ns,106’107 as
detailed in the Supporting Information.

Pair Distribution Function Analysis Modeling. Optimized
parameter values for calculating the model reduced pair distribution
function G(r) are obtained using least-squares refinement in
PDFgui'®® using an established method to account for the finite
size effects and mixed-phase zincblende/wurtzite structure of
nanoparticles.””'*” Further details are included in the Supporting
Information.

Sample Preparation for HAADF-STEM. Nanocrystals are
isolated by washing at least three times, as per the instructions listed
above, and redistributed in hexanes. For STEM on reaction aliquots,
aliquots are washed twice and redistributed in hexanes. Samples are
diluted and UV—vis spectra are obtained. Dilution is adjusted such
that the absorbance intensity of the peak is the following: <0.6 for
nanocrystals with 4, = 270—280 nm, <0.2 for nanocrystals with 4,
= 280—290 nm, and <0.1 for nanocrystals with 4, 290+ nm. TEM
grids are held at the edge by tweezers and one drop of the nanocrystal
solution is added and the solvent allowed to evaporate. TEM grids are
dried under vacuum for >2 h before imaging.

Size Determination of ZnS Using HAADF-STEM. To minimize
the error between samples, a consistent magnification (630kx) was
used to acquire the micrographs.''© HAADF-STEM images were
imported into Image]J as a tif file, and the scale bar was set using the
scale from the micrograph. For samples containing uniform and
spherical ZnS, nanocrystals were measured individually using the
circle tool. An oval or polygon selection was occasionally used if
deemed more appropriate. The measured areas were then converted
to the radius that corresponds to a circle with the same area. Highly
anisotropic nanocrystals were not analyzed in this manner and were
not included in the sizing curve fit. Further specific details and
discussion of errors are included in the Supporting Information,
Section III.

Postsynthetic Ligand Exchange. Following the procedure from
Dhaene et al,* native oleate ligands are exchanged for (6-[2-[2-(2-
methoxy-ethoxy)-ethoxy]-ethoxy hexyl) phosphonate ligands. Briefly,
nanocrystals are isolated by washing as per the instructions above.
The sample is dried under vacuum and taken up in chloroform-d; (~
0.5 mL). The concentration of oleate is estimated using '"H NMR and
the ERETIC method."'" Approximately 2 equiv of (6-[2-[2-(2-
methoxy-ethoxy)-ethoxy]-ethoxy]hexyl) phosphonic acid per oleate is
added, and the solution is left to stir for 10 min. NCs are precipitated
with hexanes. After centrifugation, the supernatant is discarded and
NCs are dispersed in minimal chloroform. This wash is repeated twice
more.
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