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Two-Step Nucleation and Growth of InP Quantum Dots via Magic-
Sized Cluster Intermediates

Dylan C. Gary,” Maxwell W. Terban,” Simon J. L. Billinge,>® and Brandi M. Cossairt®

“ University of Washington, Department of Chemistry, Box 351700, Seattle, WA 98195-1700; ® Columbia University,
Department of Applied Physics and Applied Mathematics, New York, NY 10027; © Brookhaven National Laboratory,
Condensed Matter Physics and Materials Science Department, Upton, NY 11973.
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ABSTRACT: We report on the role of magic-sized clusters (MSCs) as key intermediates in the synthesis of indium phos-
phide quantum dots (InP QDs) from molecular precursors. Heterogeneous growth from the MSCs directly to InP QDs
was observed without intermediate sized particles. These observations suggest that previous efforts to control nucleation
and growth by tuning precursor reactivity have been undermined by formation of these kinetically persistent MSCs prior
to QD formation. The thermal stability of InP MSCs is influenced by the presence of exogenous bases as well as choice of
the anionic ligand set. Addition of a primary amine, a common additive in previous InP QD syntheses, to carboxylate
terminated MSCs was found to bypass the formation of MSCs, allowing for homogeneous growth of InP QDs through a
continuum of isolable sizes. Substitution of the carboxylate ligand set for a phosphonate ligand set increased the thermal
stability of one particular InP MSC to 400 °C. The structure and optical properties of the MSCs with both carboxylate and
phosphonate ligand sets were studied by UV-Vis absorption spectroscopy, powder XRD analysis, and solution *P{'H} and
'H NMR spectroscopy. Finally, the carboxylate terminated MSCs were identified as effective single source precursors
(SSPs) for the synthesis of high quality InP QDs. Employing InP MSCs as SSPs for QDs effectively decouples the for-
mation of MSCs from the subsequent second nucleation event and growth of InP QDs. The concentration dependence of
this SSP reaction, as well as the shape uniformity of particles observed by TEM suggests that the stepwise growth from

MSCs directly to QDs proceeds via a second nucleation event rather than an aggregative growth mechanism.

INTRODUCTION

Semiconductor nanocrystals (quantum dots, QDs)
have recently entered the marketplace for LED downcon-
version in display applications." The QDs used in these
devices enable the generation of a wider colour gamut
than traditional displays because of their narrow emission
line widths, which are tuneable across the visible region
of the electromagnetic spectrum through the quantum
confinement effect. The material of choice for these ap-
plications has been cadmium selenide (CdSe) QDs be-
cause the techniques developed for the colloidal synthesis
of CdSe yield highly crystalline material with narrow size
distributions across a wide range of sizes.”

Although CdSe QDs are already utilized in displays, the
toxicity of cadmium remains a health and environmental
concern as well as a barrier to further commercialization.?
Indium phosphide (InP) has been identified as an ideal
candidate for cadmium-free QD technology.* InP has a
direct bandgap in the visible region, a Bohr exciton radius
of 1 nm, and preliminary studies suggest that InP/ZnS
QD cytotoxicity is low enough to be utilized for in vivo
biological imaging.*” While current state of the art syn-
theses of InP® lag behind those of CdSe* in terms of the
particle spectral line widths, Cui et al. have demonstrated

through solution phase photon correlation Fourier spec-
troscopy that the intrinsic luminescence line width of InP
QDs is comparable to that of CdSe QDs.® These results
confirm the potential for narrow emission profiles from
InP QDs and highlight the need to minimize sample in-
homogeneity through an improved synthesis. In order to
rationally design such a synthesis, a better understanding
of the underlying mechanisms for the reactions from mo-
lecular precursors to nanocrystals must be acquired.

Previous attempts to improve the quality of InP QDs
through colloidal synthesis have focused primarily on the
precursor conversion event.””* The most common phos-
phorus precursor reported for the colloidal synthesis of
InP QDs is tris(trimethylsilyl)phosphine (P(SiMe,),).?™*
The extreme reactivity of this silylphosphine leads to a
situation where molecular precursors are completely con-
sumed within seconds of a hot-injection. In this scenario,
all InP monomers produced from molecular precursors
are depleted during the nucleation event. This rapid nu-
cleation precludes size-selective growth, which requires
InP monomer reserves.”” Additionally, P(SiMe,), has
been shown to promote detrimental side reactions with
carboxylic acids, which are typically employed as ligands
in such syntheses.*® A recent report by our lab demon-

ACS Paragon Plus Environment



OCoONOOOPR~WN =

Chemistry of Materials

strated that tris(triphenylsilyl)phosphine (P(SiPh,);) can
be employed as a phosphorus precursor for InP QDs.”
By employing P(SiPh,), to provide monomer reserves in
tandem with P(SiMe,), to induce rapid nucleation in a
single injection, a synergistic effect was achieved where
nucleation and growth can be independently tuned
through control of stoichiometry. While this approach
afforded a wide window of growth from a single injection,
it did not improve the final size distribution relative to
syntheses that employed P(SiMe;), as the sole phosphorus
precursor. These results are contrary to classical nuclea-
tion theory and suggest that control of precursor conver-
sion rate alone is not sufficient to obtain a monodisperse
sample of InP.*"**

The origin for this departure from classical nucleation
theory as discussed herein was illuminated by lowering
the temperature at which the crystallites grew. When the
growth temperature of the reaction was lowered to 120 °C,
a peak was observed in the UV-Vis spectrum with a low-
est energy electronic transition (LEET) at 386 nm. This
feature is precisely reproducible from batch to batch for
growth temperatures up to 120 °C, which is indicative of a
magic-sized cluster (MSC). MSCs differ from other ul-
trasmall nanoparticles in that MSCs exhibit remarkable
thermodynamic stability relative to similar sizes.” This
stability leads to a quantized growth from one family of
MSCs to another (heterogeneous growth) rather than
continuous growth without any preference for a specific
size (homogenous growth), which is observed for larger
nanoparticle sizes.* At temperatures of 150 °C and high-
er, UV-Vis spectra of timed aliquots revealed heterogene-
ous growth from MSCs directly to InP QDs with an initial
diameter of approximately 3 nm. This change in LEET
corresponds to a difference in particle diameter of about
1-2 nm. Such a drastic change in particle size without
observation of intermediate sizes suggests that this clus-
ter plays an integral role in the nucleation and growth of
colloidal InP QDs from molecular precursors.

Two possible explanations are that nucleation of InP
QDs either proceeds via dissolution of MSCs back to
monomers followed by a second nucleation event or
MSCs aggregate to yield QDs. Either scenario would un-
dermine previous research efforts to synthesize less reac-
tive phosphorus precursors in order to maintain an InP
monomer reservoir. In the case of a second nucleation
event, precision control of monomer production rates
would be difficult or impossible to achieve through fine-
tuning of molecular precursor reactivity when there are
multiple reaction pathways for monomer production.
Nucleation through aggregation would impede efforts to
separate nucleation and growth as monomers from pre-
cursor conversion could either grow on existing QDs or
form MSCs to nucleate new QDs. It is evident that these
MSCs play a critical role in the nucleation and growth of

InP and warrant further investigation.

A variety of binary semiconductor MSCs have been in-
vestigated including lead selenide (PbSe),” zinc selenide
(ZnSe)*®, zinc telluride (ZnTe)**®, cadmium sulfide

(CdS)*, cadmium selenide (CdSe)***°* cadmium tellu-

ride (CdTe)*, and cadmium phosphide (Cd,P,)*. This
class of nanocluster has shown utility for applications
ranging from white LEDs™, blue LEDs*, room tempera-
ture nucleants for nanoplatelets®, to in vivo biological
imaging™. CdSe clusters in particular have proven to be a
versatile starting material for a variety of nanostructures
such as rods, rice, tadpoles®”, ribbons®**, nanosheets*, and
quantum belts*.

While there have been numerous studies of II-VI MSCs,
there has been, to date, only two reports of III-V MSCs to
the best of our knowledge.”** In the first study by Xie et
al. two MSCs of InAs were observed to precede the for-
mation of InAs QDs. In the second study, Xie et al. em-
ployed InP MSCs as a convenient probe to study the ki-
netics of InP synthesis from molecular precursors. These
clusters were chosen as the ideal end product due to their
stability across a wide range of growth temperatures and
precursor concentrations as well as having a distinct opti-
cal absorption spectrum in the visible region. The UV-Vis
spectrum of the InP MSCs that we observe is identical to
that reported by Xie et al. It is peculiar, given the unique
properties exhibited by MSCs for other materials as well
as their utility as precursors for a range of nanostructures,
that this III-V cluster has not been investigated beyond
the kinetics of its formation. One report by Yang et al.
may have already demonstrated such utility.® In this
study, P(SiMe,), was injected into In(O,C(CH,),,CH,) (in-
dium myristate, In(MA),) at room temperature under
inert atmosphere to preform yellow InP “nuclei” that were
not characterized. These nuclei were superior to molecu-
lar precursors for synthesizing high quality InP/ZnS QDs.

Scheme 1. Reaction pathways from molecular precur-
sors to InP MSCs and QDs.

InP MSC (MA)
A E
In(MA), , 110 °C 400 °C
P(SiMe,), —— B In(MA), + OAm, 160 °C—>
D InP QD
In(ODPA), ., 370 °C
In(ODPA), ., 370 °C il
C

PR
PR

InP MSC (ODPA)

In this study we report that the carboxylate-capped InP
MSCs first reported by Xie et al. are important intermedi-
ates in the growth of InP QDs from molecular precursors
(Scheme 1A). The stability of the MSCs were found to be
highly dependent on the presence of additives such as
amines (Scheme 1B), which have typically been employed
in such syntheses to lower the temperature necessary for
QD growth.®” The thermodynamic stability, absorption
spectrum, and core structure of the MSC was found to be
dependent on the choice of ligand set (Scheme 1C,D). The
utility of the MSC as a single source precursor (SSP) was
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evaluated by hot-injection of isolated clusters into a non-
coordinating solvent (Scheme 1E). The simplicity of using
MSCs, which are isolable on the gram scale, as SSPs has
enabled us to better understand the nucleation and
growth of InP QDs.

RESULTS AND DISCUSSION

We have observed the formation of InP clusters with a
LEET at 386 nm from the reaction of In(MA), as an In**
precursor with either P(SiMe,),, HP(SiMe,),, H,P(SiMe,),
or P(SiPh,); as a P* precursor (Figure 1a, S1, Sz, S3, and
S4).' The final spectrum is indicative of at least two dis-
tinct cluster sizes as there is shoulder present at 420 nm
just before the LEET. This collection of clusters appears to
be kinetically persistent below 120 °C for at least 24 h in
hydrocarbon solvent and have thus been hypothesized to
be MSCs (Scheme 1A, Figure S1 and S2). Once isolated
from solution, the MSCs can be stored as a solid at room
temperature under nitrogen indefinitely. At temperatures
of 150 °C and higher, the MSCs were observed to undergo
heterogeneous growth directly to InP QDs without the
observation of intermediate-sized particles. The first peak
indicating formation of InP QDs exhibits a LEET that cor-
responds to an initial diameter of about 3 nm. There are
no intermediate sizes observed in this reaction from
timed aliquots by UV-Vis spectroscopy (Figure 1b). The
spectra of the QDs synthesized in situ via MSCs at modest
temperatures (150 °C) red-shifted and broadened over
time as the peak from the nanoclusters grew out until
only QDs remained over the course of approximately 20
hours (Figure S2). The insensitivity of the size and size
distribution of the MSCs to the reactivity of the P> source
as well as the observation of heterogeneous growth from
clusters directly to QDs further supports the assignment
of these clusters as MSCs.

InP QD syntheses that employ fatty acid ligands and
their indium salts typically require elevated growth tem-
peratures (200 °C or higher) in order to obtain high quali-
ty, crystalline particles with narrow size distributions.?”
Xie et al. discovered that incorporating primary amines
into these syntheses enabled the formation of high quality
samples of InP with LEETs ranging from 390 nm to 720
nm at temperatures below 190 °C.” Since this discovery,
primary alkyl amines have been utilized as “precursor
activating agents” for the preparation of InP QDs at lower
temperatures.' >

Primary alkyl amines have been assigned multiple roles
in the synthesis of InP QDs ranging from ligands,® to a
base that modulates the protonolysis of P(SiMe,), by
myristic acid.® Allen et al. were able to demonstrate that
primary amines inhibit precursor conversion conflicting
with previous claims that amines are precursor activating
agents.”*® The direct condensation reaction between
carboxylic acids and amines at elevated temperatures (up
to 160 °C) has been reported to proceed with high yields
even in the absence of a catalyst.*” The in situ water gen-
erated from this reaction has been proposed to hydrolyze
the surface bound indium to form an In,O; shell, inhibit-

Chemistry of Materials

ing further growth, further compounding the precise role
of primary amines in particle growth.*
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FIGURE 1. A) UV-Vis spectrum of InP MSCs grown in tolu-
ene at 110 °C from P(SiMe;), and In(MA),. B) UV-Vis spectra
of timed aliquots depicting the formation of InP MSCs in 1-
octadecene followed by heterogeneous growth directly to InP
QDs at 150 °C. The inset shows a close-up of the region de-
picting InP QD growth.

The experimental conditions where we have observed
heterogeneous growth of QDs directly from MSCs are
analogous to previously reported syntheses of InP QDs at
temperatures below 200 °C with the exception of the pri-
mary alkyl amine. We have performed experiments in
order to assess the effect of octylamine (OAm) on the
formation of MSCs and their subsequent conversion to
QDs. In contrast to experiments where amine is excluded
(Figure 1B), we observe homogenous growth of ultra-
small nanoparticles at 160 °C with LEETs ranging from 415
nm to 455 nm when OAm is included in the injection sy-
ringe without the appearance of the MSCs at 386 nm
(Scheme 1B). A separate QD population was not observed
when the primary amine was present even after 48 hours
of growth at 160 °C (Figure 2a). A subsequent heating of
this reaction to 300 °C revealed further homogenous
growth until a LEET at 500 nm was obtained. Finally,
OAm was added to the flask where amine was originally
excluded from the injection. The remaining MSCs rapidly
switched from a heterogeneous growth pathway to a ho-
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mogenous growth pathway in a manner analogous to in-
corporating amine in the initial injection syringe (Figure
2b). It was detrimental to the final size distribution of
QDs to allow the MSCs to fully form as is evident from
the comparison of the full width at half maximum of the
spectra from Figure 2a and Figure 2b.

These results suggest that the main effect of primary
amines is to destabilize the MSCs and thereby switch the
growth profile of InP QDs from heterogeneous from
MSCs, to homogenous from molecular precursors. In this
way, amine can still facilitate formation of InP QDs with
narrow size distributions at low temperatures despite the
inhibition of the precursor conversion event.** This be-
haviour is similar to that recently reported for ZnTe
MSCs.”® In this report, Zhang et al. discovered that ZnTe
MSCs would undergo stepwise growth to nanowires in the
absence of oleic acid and continuous growth in the pres-
ence of oleic acid. The absorption spectra of purified
samples of InP MSCs with myristate (MA) ligands were
also found to broaden and red shift when exposed to
OAm at room temperature in a nitrogen filled glovebox,
suggesting that this effect is due to a direct interaction of
the amine with the MSCs rather than a side reaction (Fig-
ure Ss).

The effect of amines on the MSCs suggests that surface
chemistry plays a critical role on the stability of the InP
MSCs. In line with this hypothesis, we set out to replace
the carboxylate ligand set of InP MSCs and assess the sta-
bility of the resultant MSCs. Phosphonic acids have been
identified as more strongly coordinating capping ligands
than carboxylic acids for CdSe QDs due to their superior
binding strength.*** We synthesized InP MSCs with a
phosphonate ligand set via P(SiMe;),, In(O,P(CH),,CH3),
(indium  octadecylphosphonate, In(ODPA),;), and
H,O,P(CH),,CH, (octadecylphosphonic acid) (Scheme 1C,
Figure 3a). Comparing the UV-Vis absorption spectra of
timed aliquots from both the InP MA MSCs and the octa-
decylphosphonate (ODPA) terminated InP MSCs reveals
sharper features (FWHM 18 nm versus 72 nm) for the InP
ODPA MSC including three additional high energy elec-
tronic transitions beyond the LEET (397 nm) at 355 nm,
285 nm, and 238 nm.

At first glance, these spectra resemble those reported
for CdSe nanoplatelets.>> Simple mathematical calcula-
tions were performed to assess if the final spectrum of InP
ODPA MSCs could be interpreted through the model of
an infinite one-dimensional potential quantum well as
has been previously reported for CdSe platelets (see SI).>®
According to these calculations, such a structure with a
LEET of 397 nm would have higher energy transitions at
146 nm, 71.0 nm, and 41.5 nm respectively instead of those
observed at 355 nm 285 nm and 238nm. TEM analysis also
rules out the presence of platelets (Figure S6). Further-
more, it is unlikely that the final spectrum is indicative of
four separate MSCs since we observe all four absorption
peaks growing in over the same time period for several
syntheses. One would expect smaller MSCs to precede
larger MSCs, especially in a synthesis from molecular pre-
cursors. Also, the final spectrum of InP ODPA MSCs per-

sists for at least 3 days at 370 °C (Figure S8) with all tran-
sitions still present at the same relative intensities after
this time. These observations support the assignment of
the final spectra in Figure 3 as a single phosphonate ter-
minated InP MSC with at least 4 distinct transitions ra-
ther than four separate absorbers.
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Figure 2. A) UV-Vis spectra of timed aliquots from a hot-
injection reaction of P(SiMe;);, OAm, and In(MA); in 1-
octadecene, where OAm was included in the injection sy-
ringe with P(SiMe;),. After 48 hours of growth at 160 °C the
reaction was heated up to 300 °C with aliquots monitored
every 50 °C. B) UV-Vis spectra of timed aliquots from the
addition of OAm to InP MSCs at 160 °C. After 48 hours after
OAm injection, the reaction was heated up to 300 °C.

The UV-Vis spectra of the phosphonate clusters are
completely unaltered after exposure to air for 24 hours
(Figure Sy) suggesting that the InP ODPA MSC is air sta-
ble. In contrast, the peak in the UV-Vis spectrum of puri-
fied carboxylate clusters was found to broaden signifi-
cantly after 20 hr in air (Figure S7). As envisioned, the
phosphonate ligand set did enhance the thermal stability
of the resultant InP MSC. The MSC with a phosphonate
ligand set are stable in solution at 370 °C for at least three
days (Figure S8). In contrast to the InP MA MSCs, the
UV-Vis spectrum of the InP ODPA MSC persists even
upon exposure to primary, secondary, or tertiary fatty
amines at elevated temperatures (370 °C, Figure Sg).
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This observation of the strong dependence of MSC
thermal stability on the nature of the ligand set is mir-
rored by reports in the CdSe literature. Thermal stability
of CdSe MSCs ranges from room temperature nucleants
for nanoplatelets (amine terminated),*® to quantized
growth through families of MSCs at temperatures up to
115 °C (mixture of carboxylate and amine ligands),**** and
finally to MSCs that are present at temperatures as high
as 300 °C for ~30 minutes (phosphonate ligand set).”
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Figure 3. A) InP ODPA MSCs synthesized by injection of
P(SiMe,), into In(ODPA), 5 at 250 °C followed by rapid heat
up to 370 °C. B) Synthesis of InP ODPA MSCs via injection
of InP MA MSCs (red colour trace) into a solution of
In(ODPA), 5 at 150 °C followed by rapid heat up to 370 °C.
The black trace is of the final product after cooling to room
temperature and exposure to air for 24 h.

The most convincing piece of evidence we observed for
the greater stability of the phosphonate MSC relative to
the carboxylate MSCs is that the carboxylate MSCs can be
used as precursors for the phosphonate MSC. If isolated
carboxylate MSCs are injected into In(ODPA), 5 and heat-
ed up to 370 °C we observe similar, yet sharper (LEET
FWHM = 12) features in the UV-Vis to the synthesis that
employed P(SiMe;); (Scheme 1D, Figure 3b). We have
synthesized the InP ODPA MSC via oleic acid terminated
MSCs in order to assess whether carboxylate ligands are

Chemistry of Materials

retained in this reaction. 'H NMR of purified InP MSCs
reveal a phosphonate to carboxylate ratio of about 44: 1
demonstrating nearly full conversion to a phosphonate
ligand set. (Figure Si0) It is interesting to note that the
LEET we observe for the phosphonate cluster is within
0.032 eV of the HOMO-LUMO gap from DFT calcula-
tions of a an InP cluster ([InP]g,, diameter = 1.86 nm) pre-
dicted to be a magic-size for InP.” This is the only pre-
diction of a magic-size for InP to the best of our
knowledge.

InP QDs synthesized with MA ligands do not yield InP
ODPA MSCs even when exposed to In(ODPA), ; at elevat-
ed temperatures (370 °C) for four days (Figure Su1). These
results suggest that the relative stability is as follows:
carboxylate terminated InP MSCs < phosphonate termi-
nated InP MSC < InP QDs.

A)

B) N

\.dL o N

PPh, Int. Std.

PPM 30 -10 -50 -90 -130 -170 -210 -250
C)

25 °C (Return) |

o A |

47 °C l

25°C
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Figure 4. A) *P{'H} NMR spectrum of InP MA MSCs acquired
at 202.4 MHz in C¢Dg. B) *'P{'H} NMR spectrum of the InP
ODPA MSC acquired at 202.4 MHz in C¢D. C) Variable tem-
perature *'P{'"H} NMR spectra of the InP MA MSCs acquired
at 202.4 MHz in C¢Dg collected at 25 °C, 47 °C, 70 °C, and at
25 °C after the sample was heated to 70 °C. Dotted lines
serve as a guide to the eye for five peaks that shift downfield
when heated and return upon cooling to 25 °C.

*P{'H} NMR spectroscopy was used to further charac-
terize InP MSCs with both kinds of ligand sets (Figure 4).
In the spectrum of the MSC with the phosphonate ligand
set we observe three distinct peaks at 34, 30, and 26 ppm
which we assign to *P environments in the phosphonate
ligand set because their chemical shifts are similar to
those seen for bound phosphonate ligands on CdSe
QDs.* We also observe a broader peak at -224 ppm that
we assign to *P-In environments in the MSC based upon
3P{'H} MAS NMR spectra of powder samples of InP QDs".
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In contrast, the *P{'"H} NMR spectrum of the InP MSCs
with the carboxylate ligand set exhibit at least 19 distinct
peaks ranging from -181 to -243 ppm. While this result
was unexpected, this spectrum is reproducible from batch
to batch. Variable temperature (VT) *P{'"H} NMR spectra
for the myristate terminated cluster reveal that the *P
environments in this material are temperature dependent
and the presumed structural changes are fully reversible
between 25 °C and 70 °C (Figure 4c¢).

Further evidence for the structural differences between
the carboxylate and phosphonate-capped MSCs is seen in
the powder X-ray diffraction (XRD) (Figure S12) pattern
and the atomic pair distribution function (PDF) analysis
(Figure 5). The XRD pattern for MSCs of both ligand sets
are similar to those reported for powder samples of InP
QDs, but with considerable peak broadening as would be
expected from a small particle size. The carboxylate ter-
minated clusters exhibit a broad peak at 20° 20 that is not
present for the phosphonate cluster or for either QD
sample, possibly suggestive of amorphous material. The
position of the (220) plane for the carboxylate terminated
cluster is also significantly shifted from the values for bulk
InP while the phosphonate terminated cluster shows no
appreciable shift. The PDF analysis of clusters with each
ligand set demonstrate that while both clusters are of a
similar size (1-2 nm), intra-molecular atomic distances
reveal very different internal structures (Figure 5).

T T T

I T
— InP with ODPA
1.0 — InP with MA

— difference

| S —

1577720025 30
r (A)
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Figure 5. PDF analysis of InP MSCs with ODPA (blue) or MA
ligands (green), and their difference (red). Sharp correlations
indicate intra-cluster distances up to ~12 A. There is some
suggestion that intra-molecular correlations survive to 15-17
A in the MA capped particles, most clearly evident in the
difference curve. Broad particle-to-particle correlations can
be observed in the high-r region indicative of particle diame-
ters of approximately 1-2 nm. The difference between the two
radial distribution functions obtained suggests that while
particle size is similar, the core structure of the MSC is de-
pendent on the ligand set.

Taking into consideration the significant change in par-
ticle size during heterogeneous growth of InP MSCs to
QDs, as well as the thermal stability of InP MSCs, we pro-
pose a two-step nucleation model for the formation of InP

QDs from silylphosphines and indium carboxylate pre-
cursors (Figure 6). This model was inspired by similar
multi-step nucleation schemes proposed for CaCO, and
Ca,P, wherein crystallization proceeds through aggrega-
tion of stable pre-nucleation clusters.”®™® In this model,
the MSC is a stable intermediate species that either dis-
solves back into solution to restore InP monomers which
accumulate until a second nucleation event yields InP
QDs or MSCs directly aggregate to give InP QDs. Envi-
sioning nucleation of InP via a two-step nucleation
scheme has an advantage over classical nucleation theory
in that it emphasizes the importance of thermal stability
of MSCs on the nucleation and growth of QDs instead of
focusing on the precursor conversion event to explain
nucleation and growth trends. According to a two-step
model, a synthesis targeting a narrow size distribution of
QDs from a single hot injection with molecular precur-
sors should aim to minimize the lifetime of the MSCs in
order to reduce disparity in particle growth history. This
is in agreement with the observation that syntheses for
high quality InP QDs employ either elevated tempera-
tures or primary amines.

In3* + P3-
precursors

magic-size
nanocluster

Potential Energy

InP QD

Reaction Coordinate

Figure 6. Illustration of the two-step nucleation mechanism
for the growth of InP QDs from In*" and P* precursors de-
picting the MSC as an isolable intermediate species that acts
as a bottleneck for InP monomers. Amines destabilize the
MSC (increase potential energy) while a phosphonate ligand
set increases the stability of the MSC relative to a carboxylate
ligand set.

Previous studies have demonstrated that inorganic
clusters of CdSe can be employed as SSPs for crystalline
CdSe QDs with narrow size distributions.”” CdSe and
copper organometallic clusters have been used in tandem
as a means to synthesize precision doped CdSe:Cu QDs.*
Inspired by these syntheses, we explored the utility of InP
MSCs as SSPs to InP QDs. InP MSCs with a carboxylate
ligand set were chosen to carry out these studies instead
of the MSC with a phosphonate ligand set because the
extreme thermal stability of phosphonate capped clusters
precludes a second nucleation unless indium myristate is
added to the reaction to destabilize the cluster. Addi-
tionally, thermal decomposition of indium myristate sets
an upper limit on the injection temperature for the syn-
thesis of InP QDs from the InP ODPA MSC to ~320 °C
(Figure S13).

Our approach differs from the previous syntheses that
employ inorganic molecular complexes as SSPs,*>® in that
the MSCs were not designed specifically to serve as an
SSP. Rather, it is an intermediate to QDs when employ-
ing silylphosphines and indium carboxylates as the mo-
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lecular precursors. Utilizing the MSCs as SSPs effectively
decouples the formation of the MSCs from the subse-
quent secondary nucleation and growth of QDs. The
monomers produced solely from InP MA MSCs should be
inherently different than the monomers used in the first
nucleation event to produce the MSCs since we observe
SiMe, groups are not retained for purified InP MA MSCs
by 'H NMR (Figure Si4)

Purified MSCs were directly substituted for molecular
precursors in a hot-injection synthesis. This technique did
indeed yield high quality InP QDs within 1 min of injec-
tion of MSCs into squalane at 400 °C (Scheme 1E, Figure
7a). Additionally, XRD of QDs synthesized from MA
MSCs as SSPs confirm that the particles produced are
highly crystalline despite a growth time of only one mi-
nute (Figure S12). Employing purified MSCs as SSPs effec-
tively decouples the precursor conversion event from the
second nucleation event. This eliminates the role of pre-
cursor conversion in the rate of InP monomer generation
for the 2nd nucleation event, thereby simplifying the
overall reaction scheme and improving the reproducibil-
ity of the synthesis. Additional free ligands should not be
necessary in this synthesis as the total amount of indium
and phosphorus will remain constant throughout the syn-
thesis while the total surface area to volume ratio will
decrease from the conversion of MSCs to QDs.

In order to assess the effect of concentration on these
syntheses, the total amount of MSCs injected was varied
while holding all other parameters constant (Figure 7b).
UV-Vis spectra of 1 min timed aliquots from each of these
syntheses followed the expectations of classical nuclea-
tion theory across a large range of concentrations. First,
at higher concentrations (12 - 400 mg of MSCs in 3.5 mL
of squalane) we observed that an increase in concentra-
tion of MSCs corresponded to an increase in the final QD
size. Second, for low concentrations of MSCs (3 - 6 mg of
MSCs in 3.5 mL of squalane) we observe a reversal of the
trend seen at higher concentrations. UV-Vis spectra of 1
min timed aliquots exhibit a red shift and broadening of
the LEET as concentration decreases in a low-
concentration regime. This threshold concentration for
distinct nucleation and growth is readily explained from
inferring a LaMer mechanism.”” In a high concentration
regime, a larger portion of InP monomers remain after
the nucleation event for further growth while at lower
concentrations nucleation and growth are not temporally
distinct due to relatively low InP monomer concentra-
tions. Beyond a given threshold, lower InP monomer
concentrations result in a greater portion of the mono-
mers produced being consumed for growth rather than
for nucleation. This results in a larger final particle size.

These trends suggest that the conversion of InP MSCs
to QDs proceeds via a supersaturated solution rather than
direct aggregation of MSCs in line with a two-step nuclea-
tion model. Additionally, transmission electron micros-
copy (TEM) images of InP QDs synthesized by this meth-
od show a uniform, spherical shape (Figure 7c). If growth
proceeded through a purely aggregative mechanism, par-
ticle shape should show a significant deviation from

Chemistry of Materials

spherical and particle size distributions should not drasti-
cally broaden below a given concentration.

2

- |nPC|usler (MA)

10 s (after 1tinj)
-1 min 10 s (10 s after 2" inj)
=1min30s

Absorbance (a.u.)

300 460 50 600 700 800
Wavelength (nm)

o
—

Absorbance (a.u.)

250 350 45 55 650 750
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c) = = 1 3.140.5 nm

FIGURE 7. A) UV-Vis spectra of timed aliquots from the hot-
injection of MSCs into squalane. B) UV-Vis of 1 minute timed
aliquots of InP QDs grown using MSCs as SSPs with varying
concentration of MSCs employed (squalane volume held at
3.5 mL). The synthesis that yielded the narrowest size distri-
bution, as depicted in (C), employed 50 mg of MSCs (3.1 + 0.5
nm). C) TEM image of InP QDs synthesized from MSCs as
SSPs using 50 mg of MSCs and 3.5 mL of squalane.

CONCLUSIONS
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We have observed that the growth of InP QDs synthe-
sized from indium carboxylates and silylphosphines pro-
ceeds via formation of MSCs followed by subsequent het-
erogeneous growth from the MSCs directly to QDs. We
have proposed a two-step nucleation model to account
for these observations where the MSCs are kinetically
persistent, isolable intermediates. The two nucleation
events can be decoupled by means of utilizing isolated
MSCs as SSPs. This simple approach has afforded high
quality InP QDs without any free ligand, additives, or
additional In*" or P*” sources. By varying the concentra-
tion of MSCs employed as SSPs, two trends in final parti-
cle size were observed. These two trends can readily be
explained from the perspective of a LaMer mechanism of
nucleation and growth. This suggests that the second
nucleation event proceeds via precipitation from a super-
saturated solution of monomers created from dissolution
of MSCs rather than an aggregative mechanism directly
from MSCs.

Addition of primary amine modulates the growth from
a heterogeneous pathway to a homogenous pathway.
Primary amines can interact directly with the MSCs, as
can be seen from UV-Vis spectra of purified samples pre-
pared under nitrogen. In contrast, the stability of the
MSCs is drastically increased by substitution of the car-
boxylate ligand set for a phosphonate ligand set. The op-
tical properties as well as the structure of the MSC is sig-
nificantly altered after this conversion as seen from UV-
Vis and *P{'H} NMR spectroscopy, as well as XRD and
PDF analysis.

These results demonstrate that although MSCs are not
predicted by classical nucleation theory they are an im-
portant intermediate species in the growth of InP QDs.
The two-step nucleation model proposed in this study
may help to explain observations for other materials
which also have shown heterogeneous growth from MSCs
directly to QDs such as Cd,P,.*> The choice of ligand set
and additives has a dramatic effect on the stability, struc-
ture, and optical properties of such MSCs. Future studies
will focus on characterization of InP MSCs with an em-
phasis on solution *P{'H} NMR and single-crystal X-ray
diffraction. The utility of MSCs as precursors to other
kinds of nanomaterials as well as their potential use as
luminophores will also be explored.

EXPERIMENTAL

Indium acetate (99.99%), myristic acid (=99%), oleic
acid (299%), toluene (99.5%), hexanes (98.5%), and Celite
545 were purchased from Sigma-Aldrich Chemical Co.
and used without further purification. Squalane and 1-
octadecene (=95%) were purchased from Sigma-Aldrich
Chemical Co., dried by stirring overnight with CaH,, dis-
tilled, and stored over 4 A molecular sieves prior to use.
Triphenylphosphine (99%) was purchased from Acros
Organics and used without further purification. C4Dg and
CDCl, were purchased from Cambridge Isotope Laborato-
ries and were dried similarly. '"H and *P, NMR spectra
were recorded on 300 and 500 MHz Bruker Avance spec-
trometers. UV-vis spectra were recorded on a Cary 5000

spectrophotometer from Agilent. Powder XRD spectra
were collected on a Bruker D8 Discover spectrometer
with a GADDS 2-D XRD system. TEM images were col-
lected on an FEI Tecnai G2 F20 microscope. TEM analysis
was performed using manual analysis with the help of
Image]. Histogram, average size, and standard deviation
of size for InP QDs from InP MA MSC SSPs were obtained
by manual analysis of over 550 particles. Fluorescence
spectra were acquired on a Horiba FL3-21tau fluorescence
spectrometer. P(SiMe,), and ODPA were prepared accord-
ing to literature procedures.'®% %

Preparation of In(MA), solution: In a typical synthesis,
0.93 g (3.20 mmol) of indium acetate and 2.65 g (1.6
mmol) of myristic acid were weighed out into a 100 mL,
14/20, three-neck round-bottom flask equipped with a
thermowell, reflux condenser, and septum. The apparatus
was evacuated with stirring and raised in temperature to
100 °C. The solution was allowed to off-gas acetic acid
under reduced pressure for approximately 12 h at 100 °C to
generate the In(MA), solution. Afterwards, the flask was
filled with nitrogen, and a 20 mL portion of dry toluene
was added.

Synthesis of InP MA MSCs from In(MA), solution and
P(SiMe,);: In a nitrogen filled glovebox, 465 pL of
P(SiMe,), was added to 10 mL of toluene, drawn into a
syringe and sealed with a rubber stopper. The In(MA),
flask was brought up to 110 °C and the P(SiMe,), solution
was injected. The formation of MSCs was monitored via
UV-Vis of timed aliquots taken from the reaction solution
until the MSCs had fully formed as indicated by no fur-
ther changes in the UV-Vis spectra. This procedure can be
easily adapted for a wide variety of fatty carboxylic acids
in place of myristic acid.

Synthesis of InP ODPA MSCs from In(ODPA), ; solu-
tion and P(SiMe,),: In a typical synthesis, o.u17 g (0.40
mmol) of indium acetate and 0.242 g (0.725 mmol), of
octadecylphosphonic acid were weighed out into a 25 mL
14/20 3-neck round-bottom flask equipped with a stir bar,
thermowell, reflux condenser, and septum. Dry squalene
(5 mL) was quickly injected into the 3-neck flask.

The apparatus was evacuated and raised in temperature
to 120 °C. The solution was allowed to off-gas acetic acid
under reduced pressure to generate the indium octade-
cylphosphonate solution for approximately 12 h at 120 °C.

In the glovebox, a solution of 58 pL (0.20 mmol) of
P(SiMe,), in 2.5 mL of squalane was prepared and drawn
up into a plastic syringe stoppered. The 3-neck flask was
then filled with nitrogen and rapidly heated by setting the
temperature controller to the maximum setting (450 °C).
The P(SiMe,), solution was injected into the indium octa-
decylphosphonate solution when the temperature con-
troller read 250 °C as the temperature of the solution was
rising. Aliquots were taken during the reaction taking
note of the time after injection and the temperature of the
flask. Once the reaction solution reached a temperature
of 350 °C, the temperature controller was set to 370 °C for
further growth. If the P(SiMe,), solution is injected at a
temperature too far below or above 250 °C, then the MSC
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will not form. The temperature does not need to be this
high or well controlled during injection if employing InP
MA MSCs instead of P(SiMe,), as described below.

Synthesis of InP ODPA MSCs from In(ODPA), ; solu-
tion and InP MA MSCs: The synthesis of the InP ODPA
MSC from an In(ODPA), solution and InP MA MSCs
follows the same procedure as that for using P(SiMe,),
with a few exceptions:

1.) Substitute 0.200 g of purified InP MA MSCs for the 58
L of P(SiMe,), for the injection solution.

2.) After the 12 hr degassing step for the In(ODPA), ; so-
lution, fill the flask with nitrogen, bring the tempera-
ture to 300 °C for a couple of minutes to form a clear,
homogenous solution, and finally bring the solution
back to 120 °C and evacuate for another 2 hr degas-
sing step.

3.) Inject the InP MA MSC solution at 100 °C instead of
at 250 °C to ensure the InP MA MSCs are fully dis-
solved before reaction with the In(ODPA), solution
to form the InP ODPA MSCs.

InP MA MSCs workup procedure: After UV-Vis con-
firmed formation of MSCs, the flask was cooled and then
carefully evacuated until all of the toluene was removed.
The flask was transferred into a nitrogen filled glovebox.
The crude MSCs were re-suspended in toluene. The tolu-
ene solution was centrifuged to remove insoluble materi-
als. The now transparent supernatant was transferred to a
second centrifuge tube. Acetonitrile was added to the
solution to precipitate the clusters. The suspension was
centrifuged. The supernatant was decanted and discarded
and the MSCs were redissolved in a minimal amount of
toluene. Again acetonitrile was added, and the suspension
was centrifuged. This was repeated for a total of four cy-
cles of precipitation. The MSCs were finally dissolved in 5
mL of pentane and transferred to a scintillation vial. The
scintillation vial was carefully evacuated in the glovebox
until a yellow solid was obtained. 'H NMR of this sample
shows only bound myristate as evidenced by the broad-
ened and shifted resonances (Figure Si4). The purified
MSCs did not display any differences in the UV-vis spec-
trum (no broadening or red shift) when compared with
those of the final timed aliquots. These particles are virtu-
ally nonfluorescent as isolated (PLQY < 1%).

InP ODPA MSC workup procedure: The workup proce-
dure for InP ODPA MSCs is the same for MSCs synthe-
sized from P(SiMe;), and for those synthesized with InP
MA MSCs. A Schlenk flask was filled with 25 mL of hex-
anes, briefly evacuated, and backfilled with nitrogen three
times prior to the synthesis of the particles. After UV-Vis
confirmed complete conversion to the MSCs, the hot re-
action mixture was drawn up into a 10 mL glass syringe.
(Caution! The reaction solution will be incredibly hot (370
°C) and must be handled with extreme care.) The solution
was rapidly injected into hexanes under nitrogen. Rapid
cooling with dilution using this strategy was found to be
optimal for maintaining the cluster’s narrow spectroscop-
ic features. Skipping this step and allowing the reaction
flask to come to room temperature results in spectral red-
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shift and broadening, suggesting aggregation. The flask
can be reheated to 370 °C and rapidly cooled by injecting
into room temperature hexanes under nitrogen as previ-
ously described to restore the FWHM originally observed
from timed aliquots. Following this rapid cooling and
dilution, the hexanes were removed under reduced pres-
sure and then the squalene was distilled off under vacu-
um at a temperature of 200 °C.

After the distillation, the crude MSCs were suspended
in toluene by adding toluene to the flask and heating the
solution to 100 °C under nitrogen. After the particles had
redissolved, the solution was centrifuged to remove any
insoluble materials. The now transparent supernatant was
transferred to a second centrifuge tube. Acetonitrile was
added to the solution to precipitate the clusters. The sus-
pension was centrifuged. The supernatant was decanted
and discarded and the MSCs were redissolved in a mini-
mal amount of toluene. The toluene solution as centri-
fuged again to remove insoluble materials and the super-
natant was transferred to a new centrifuge tube. Three
more iterations of alternating precipitations of insoluble
material from toluene and MSCs from acetonitrile were
conducted to ensure purity. The final particles show no
molecular species by 'H NMR (Figure Si4). The MSCs
were finally dissolved in 5 mL of pentane and transferred
to a scintillation vial. The scintillation vial was carefully
evacuated until a yellow solid was obtained. The result-
ing MSCs did not display any differences in the UV-vis
spectrum when compared with those of the final time
aliquots. These particles are virtually nonfluorescent as
isolated (PLQY < 1%).

Synthesis of InP QDs from InP MA MSCs: The desired
amount of purified InP MA MSCs were weighed out into a
scintillation vial in a glovebox (masses ranged from 3 mg
to 400 mg see Figure 7b) and dissolved into 1 mL of squa-
lene, drawn into a syringe, and stoppered. In a 3-neck
flask under nitrogen on a Schlenk line, 2.5 mL of squalane
was preheated to 400 °C using a heating mantle with vig-
orous stirring. The InP MA MSC solution was rapidly
injected into the squalane solution. After one minute of
growth, the 3-neck flask was raised out of the heating
mantle and lowered into a room temperature silicon oil
bath for rapid cooling. (Caution! The reaction solution
will be incredibly hot (400 °C) and must be handled with
extreme care.) The resulting InP QDs were purified using
the same procedure as outlined for InP ODPA MSCs.

UV-Vis monitoring procedure: Prior to each injection
P(SiMe,), or a solution of InP MA MSCs, a test tube rack
was prepared with 16 test tubes. Each test tube was filled
with 6 mL of hexanes. 50 pL aliquots of the reaction mix-
ture were taken at specific times from injection using a
100 pL syringe.

InP MSC J-Young tube sample preparation: 0.3 g of
biphenyl was added to 0.7 g of diphenyl ether in a scintil-
lation vial and shaken vigorously to obtain a eutectic mix-
ture. This solution was added to o1 g of tri-
phenylphosphine in a separate scintillation vial and thor-
oughly shaken to fully dissolve the triphenylphosphine. 10
pL of the triphenylphosphine solution was sealed into a
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capillary tube. A supersaturated solution of InP MA
MSCs was prepared by dissolving purified MSCs in C¢Dg
(400 mg of MSCs in 0.4 mL of C¢D¢) and was sealed along
with the capillary in a J-Young tube. The J-Young tube
solution was sonicated and gently heated (40 °C) prior to
collecting data at room temperature to obtain a solution
that would remain homogenous for at least 30 min. This
action was not required for data collected at elevated
temperatures.

Pair distribution function analysis: X-ray total scatter-
ing experiments were conducted on beamline X17A at the
National Synchrotron Light Source (NSLS) at Brookhaven
National Laboratory. An X-ray beam of energy 67.419 keV
(X = 01839 A) was focused on samples contained in Kap-
ton capillaries at room temperature. Scattered intensity
was collected using the rapid acquisition technique® on a
Perkin Elmer 2D flat panel detector (2048 x 2048 pixels
and 200 x 200 pm pixel size) mounted orthogonal to the
beam path at a distance of 204.9599 mm from the sample.
The experimental setup was calibrated with a Ni standard
sample using Fit2D.*® The measured 2D intensity was in-
tegrated azimuthally to 1D intensity versus the magnitude
of the scattering vector Q using the integration software
SrXplanar,” then converted to a real-space pair distribu-
tion function (PDF), G(r), by

2 Qmax
6y == " ols@ - 1lsin(erae
Qmin
using PDFgetX3” in PDFgetXgui.” S(Q) is the total scat-
tering structure function, and Q;, and Q.. are the min-
imum and maximum values of the scattering momentum
transfer considered.
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