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ABSTRACT: Understanding and deconvoluting the different mechanisms involved in the synthesis of nanomaterials is necessary to make uni-
form materials with desirable function. In this study, in-situ spectroscopic methods were used to study exchange reactions at the surface of
indium phosphide clusters, revealing that the cluster surface lacks significant dynamics on the NMR time-scale at room temperature. The ex-
change of surface carboxylate ligands can be induced at elevated temperatures and with the addition of carboxylic acid and indium carboxylate.
These studies suggest that carboxylate may be a key ingredient in promoting cluster dissolution to larger nanostructures. Toward this end, the
evolution of InP clusters was examined by in situ UV-Vis spectroscopy, revealing cluster dissolution and re-nucleation that is dramatically de-
pendent on the concentration of carboxylate. In addition to the concentration of exogenous ligands, the rate of particle growth and final product
distribution was dependent on temperature and initial cluster concentration. These results, taken together, suggest a mechanism of cluster
evolution involving cluster dissociation to form multiple reactive monomer species that re-nucleate and grow to larger nanomaterials. Non-
productive monomer degradation is observed in the lower temperature regime (< 200 °C), suggesting a critical temperature threshold for effi-

cient cluster to quantum dot conversion.

INTRODUCTION

Understanding the formation mechanisms of colloidal semicon-
ducting nanocrystals is essential in developing uniform materials
with desirable physical properties and photophysical function. As
more work has focused on this issue, it has become clear that classical
nucleation theories that describe the formation of certain lattices
(e.g., highly ionic lattices like AgCl and NaCl, and elemental ones
including Ag and S clusters) are not sufficient to describe the nucle-
ation of many classes of semiconducting nanoparticles, or colloidal
quantum dots (QDs).">** The range of covalency in different semi-
conducting materials, numerous precursors and other reaction con-
ditions available in solution-processible materials, and advances in
spectroscopic observation have all enabled a more nuanced and
complete description of the nucleation mechanisms for these nano-
materials. With certain systems, multiple mechanisms can operate
concurrently depending on reaction conditions, while with others,
temporally distinct mechanisms exist, enabling isolation of interme-
diate clusters or allowing for distinct nucleation and ripening stages
to be observed.

The intermediacy of so-called “magic-sized” clusters, MSCs, has
been implicated in the synthesis of many semiconducting nano-
materials, including II-VI, IV-VI, and III-V QDs.* The conversion
mechanisms of these molecularly well-defined and atomically pre-
cise clusters to QDs has been demonstrated to occur by two distinct
mechanism types: (1) monomer-driven growth and (2) cluster as-
sembly. Monomer-driven growth occurs when a reservoir of mono-
mers derived from cluster dissolution, or generated from separate
molecular precursors, react with clusters to form larger nanomateri-
als. Monomer-driven growth can occur through one of three path-
ways, (1) monomer deposition onto MSC seeds,*”® (2) quantized
cluster growth (also called Ostwald staging), *'**'*" or (3) com-

plete dissolution/re-nucleation for each MSC population.'*'*"

Cluster assembly or oriented attachment, wherein clusters aggre-
gate together to make larger nanomaterial without a monomer res-
ervoir, has been demonstrated with II-VI nanowires,'*'”'* ZnS nano-
rods,”” and PbS nanocrystals.’*' Differentiating between these
mechanisms is not straightforward and requires a suite of corrobo-
rating experiments, including adding and removing monomer reser-
voirs and correlating nanomaterial size dimensions to initial cluster
dimensions.”*>*® The use of in-situ spectroscopic techniques (e.g,
UV-Vis, small- and wide-angle X-ray scattering, solution TEM),
while rarely used to study MSC conversion mechanisms, would be
useful in characterizing reactive intermediates and observing real-
time changes without perturbing the reaction system.

Such in-situ spectroscopic techniques have been used in studying
QD growth from molecular precursors, but ex-situ techniques (e.g,,
reaction aliquots for UV-Vis, TEM) are far more prevalent.**** The
growth of CdSe nanocrystals from precursors was first studied inde-
pendently by Peng” and Reiss” using in-situ UV-Vis spectroscopy
with millisecond resolution, revealing smooth progression to larger
and larger QDs while maintaining low polydispersity. In another
CdSe system, in-situ small- and wide-angle X-ray scattering was used
to monitor the nucleation and growth pathways, demonstrating that
the lamellar structure of the precursor dissolves prior to cluster for-
mation.”® Microfluidic devices have been developed to provide mil-
lisecond resolution in the nucleation and growth of PbS,” and milli-
second stop-flow UV-Vis has been used in studying the early growth
stages of ZnS,* and AgS.*' In-situ observation techniques have also
been used in studying other II-VI******336 and metal nanoparti-
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cle nucleation and growth.

The role of MSCs in the nucleation and growth mechanism of InP
QDs has been intensely studied due to its emergence as an important
material for emissive display and lighting applications.*"** We were
interested in applying in-situ spectroscopic techniques to study the
conversion of InP MSCs to larger nanomaterials in order to deduce



the condition-dependent mechanism(s) by which MSCs convert to
larger nanostructures. During early stages of InP QD synthesis from
indium carboxylate, In(O>CR)3, and tris(trimethylsilyl) phosphine,
P(SiMes)s, a meta-stable phase of InP is observed.”* Lowering the
reaction temperature to 100 °C enables isolation of a magic-sized
cluster as a monodisperse phase of InP characterized by an excitonic
feature centered at 386 nm and a powder XRD pattern distinct from
bulk and nanocrystalline zincblende InP.* Modification of the car-
boxylate ligand to the more rigid phenylacetate ligand,
[O:CCH:Ph]" enables the isolation and single-crystal X-ray struc-
ture determination of the InP MSC, identified with the same absorp-
tion fingerprint and a chemical formula of Ins/P20(O>CCH:Ph)s;.*
The molecular structure of the InP MSC revealed a number of inter-
esting features including a non-stoichiometric charged [InxiPao]**
core surrounded by 16 In** jons and S1 carboxylate [O-CCH:Ph]
ligands in exclusively bidentate and predominantly bridging binding
modes. Furthermore, the inorganic [ Ins;P] core is characterized by
low pseudo- Gy symmetry, a deviation from the expected tetrahedral
structure of bulk zincblende InP. The InP MSC was demonstrated
to serve as a single-source precursor for InP QDs upon performing a
hot injection of MSCs into squalane at 400 °C,* however little is cur-
rently known about the condition dependence of this reaction or
how to control particle morphology and other structural variables.

Based on our initial studies of this system and the body of work
that has been reported on cluster conversion mechanisms, we can
propose several general pathways by which MSCs can convert to InP
QDs, Scheme 1. When subjected to elevated temperatures, the MSC
may undergo dissolution to a mixture of monomers and indium car-
boxylate that could either result in QD nucleation directly (path 1)
or through monomer addition to remaining MSC (path 2). Addi-
tionally, a templated, or seeded, growth mechanism (path 3) could
be relevant, similar to what was previously implicated in the low tem-
perature, kinetically controlled growth of QDs from MSCs via slow
addition of P(SiMes)s.* Further complicating these scenarios is that
at different points in the reaction and with slight changes to the re-
action conditions (i.e. — temperature, ligand concentration), differ-
ent monomer species may be mechanistically relevant.
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Scheme 1. General mechanisms describing the conversion of MSCs
to QD:s.

In this report we use in-situ spectroscopic methods (*C-NMR,
UV-Vis) to study the surface chemistry and photophysical evolution
that accompany the InP MSC to QD conversion process. Ultimately
we seek to elucidate the microscopic mechanisms by which the clus-
ter converts to QDs and reveal the complex landscape of monomer
species that are relevant in these processes.

RESULTS AND DISCUSSION
Part 1. ®C NMR studies on isotopically labeled clusters.

To study the role of surface chemistry on the cluster conversion
process, an isotopically labeled InP MSC, In37P20(0O2”CCH.Ph)s1,
BC-MSC, was synthesized and studied via *C-NMR spectroscopy.

This cluster was prepared from In(OAc)s, isotopically-pure phe-
nylacetic acid, PhACH,"?CO,H, and P(SiMes)s, in a manner analo-
gous to the synthesis of the myristate- and the phenylacetate-ligated
MSCs.** The absorbance properties of the labeled MSC (“C-
MSC) are essentially identical to the natural-abundance cluster
(Figure S1), enabling the use of “C-MSC to study the acid-induced
displacement of surface carboxylate.

The room temperature “C NMR spectrum of ?C-MSC displays
a complex set of carbonyl resonances in the range of 180-185 ppm
(Figure 1A and S2). In the single crystal X-ray diffraction structure
of the natural abundance MSC, the carboxylate ligands are in a low
symmetry environment, and so 51 separate carboxylate carbon res-
onances would be expected in a static ligand environment.* The
room temperature spectrum of “C-MSC is consistent with this in-
terpretation, with expected line-broadening and coincidental over-
lap taken into consideration. Cooling the sample to -35 °C resulted
in a sharpening of the peaks in the same spectral range. Raising the
temperature of “C-MSC to 80 °C resulted in peak broadening and
coalescence of the carboxylate resonances, indicating that ligand ex-
change is occurring at these temperatures. Cooling the sample back
to room temperature re-establishes the static ligand environment
without evidence for cluster degradation. This variable-temperature
“C NMR spectroscopic monitoring contrasts with the *P NMR
spectra of myristate-ligated MSCs (see Figure 4C from reference
43), which only exhibits slight temperature-dependent shifts (but no
peak broadening or coalescence), indicating the *'P environments
are not in chemical exchange over the same temperature. Variable
temperature  in-situ ~ UV-Vis  absorbance  data  of
Iny7P20(O0>CCH,Ph)s; (Figure 1B) is consistent with the *P NMR
spectra, where increasing the temperature from 25 °C to 110 °C re-
sulted in a slight and reversible thermally-induced shift in the exci-
tonic feature of the cluster (Figure S3). This behavior is consistent
with Varshni behavior and indicates that the electronic structure and
molecular orbital alignment of the cluster does not change under
these conditions.”” Taken together, these three sets of variable tem-
perature data, "C NMR, *'P NMR and in-situ UV-Vis, present a dy-
namic investigation into both the surface and core physical and elec-
tronic environments. The *'P NMR and in-situ UV-Vis absorbance
data suggest at temperatures less than 100 °C, the cluster core re-
mains intact, while the ®C NMR spectra indicate that by 80 °C, the
surface carboxylates are exchanging in an intramolecular fashion.
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Figure 1. A) Variable temperature '*C NMR spectra (toluene-dk, 176
MHz) of »CMSC. B) In-situ UV-Vis spectra of Iny;P20(OCCH,Ph)s:
in toluene from 20 °C to 100 °C.

Next, the interactions between the cluster and exogenous addi-
tives were examined. Both phenylacetic acid and indium



phenylacetate were chosen, since these species are directly relevant
to the synthesis and surface chemistry of both the MSC and InP
QDs. To observe surface acid exchange, increasing equivalents of
isotopically enriched phenylacetic acid, PhCH,* CO,H, were added
to the natural abundance MSC, In3,P2(O>CCH.Ph)s, at room tem-
perature. In this experiment, the only carbonyl resonances observed,
either in the form of free acid or coordinated carboxylate, would arise
from exogenous isotopically labeled acid, not from unlabeled native
surface carboxylate ligand. If the free acid exchanges with the cluster
surface, then only carboxylate resonances between 180-185 ppm
would be observed. If there is no exchange with the surface at this
temperature and concentration, then only free acid (8 = 178.80 ppm
at 25 °C) would be observed. In this experiment, upon room tem-
perature addition of 1 equivalent of PhCH,”CO,H to the natural
abundance MSC, the *C NMR spectrum (Figure 2A, bottom spec-
trum) reveals non-selective incorporation onto the cluster surface.
While this experiment is not able to discern a kinetic selectivity in
the incorporation of the exogenous acid, it does indicate that rapid
exchange with surface carboxylate and exogenous labeled acid does
occur, even at one equivalent of acid relative to cluster and at room
temperature. Increasing the concentration of acid results in contin-
ued incorporation and the appearance of a broadened, upfield reso-
nance corresponding to free acid that is in dynamic equilibrium with
the cluster surface.
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Figure 2. A) Room temperature '*C NMR spectra (toluene-k, 176
MHz) of InyP(0.CCH:Ph)s; with increasing equivalents of
PhCH,”CO,H. A spectrum of authentic ?C-MSC is included as the
topmost spectrum. B) Room temperature *C NMR spectra (toluene-
Ds, 176 MHz) of In37P20(02CCH,Ph)s; with increasing equivalents of
In(O.” CCH,Ph)s. A spectrum of authentic ?C-MSC is included as the
topmost spectrum.

Analogous experiments were performed with adding increasing
equivalents of isotopically labelled In(O.”?CCH.Ph); to a solution
of natural abundance InyP20(O>CCH,Ph)s; (Figure 2B). Similar to
the experiment with isotopically labelled phenylacetic acid, the only
carboxylate carbon resonances observed in this reaction are derived
from the indium carboxylate species. Upon addition of low (1-5)
equivalents of indium carboxylate relative to MSC, isotopic scram-
bling is observed into the MSC. At 10 and 20 equivalents of indium
carboxylate, a separate, broad resonance is observed, indicating sat-
uration and free indium carboxylate in solution and exchange with
the cluster. The low solubility of In(O.” CCH.Ph); precludes fur-
ther analysis, but follow up studies were conducted in CDClL;, with
similar results (see Figure SS).

These experiments suggest that acid-induced exchange can occur
atlow temperatures and might be the first step in cluster dissociation
during the formation of larger nanomaterials, viak*-k' ligand binding
interconversion or other mechanisms. In cases where the exogenous
acid concentration is high, surface carboxylate exchange occurs to a
greater extent, which may facilitate the total dissolution of the cluster
to monomer species, consistent with recent calculations on the sur-
face-dependent reactivity of cluster dissociation processes.* The ad-
ditional exogenous acid (or indium carboxylate) present may also
stabilize soluble monomer species in solution (e.g, through H-
bonding or L- or Z-type ligand association), which would increase
equilibrium constants in the cluster-to-monomer dissociation de-
picted in Scheme 1.

Part 2. MSC evolution to QDs.

Having investigated the dynamics of native clusters in the pres-
ence and absence of carboxylic acid and indium carboxylate, we next
sought to use in-situ spectroscopic methods to study the conversion
of MSC:s as single source precursors to InP QDs. We hypothesized
that this process involves a complex dissolution mechanism that can
be accelerated by the addition of carboxylate based on the NMR ex-
periments presented in Part 1. To test this hypothesis we examined
the conversion of myristate-ligated clusters to QDs as a function of
temperature, concentration, and additive (myristic acid or indium
myristate) using in situ UV-Vis spectroscopy with a fiber optic dip-
probe. The results that we will present are consistent with the multi-
phase mechanism presented in Scheme 2 as discussed below. This
proposed mechanism adds a necessary layer of complexity to the
simplified reaction pathways presented in Scheme 1.

off-path decomposition
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Scheme 2. Proposed competing pathways for MSC conversion to
InP QDs are dependent on temperature and additive. Acs (130-150
°C) signifies the lowest temperature at which clusters give rise to
QD:s. At this temperature, significant non-productive decomposi-
tion is observed. At higher temperatures (A’, >200 °C) full conver-
sion to QDs occurs.

Cluster conversion was first examined at a variety of temperatures
from 150 °C to 300 °C. The intensity at 500 nm will be used as an
indication of the aggregate growth of InP nanomaterials from MSCs,
since there is little residual absorption from the MSC starting mate-
rial at that energy, while the larger nanocrystal products do adsorb
there (Figure 3A). The intensity changes at S00 nm as a function of
time are plotted in Figure 3B (see Figure S6 for fits in the linear
growth region). Specifically, at 150 °C, product growth continues
for more than eight hours before the absorbance intensity increase
at 500 nm halts (see Figure S7, S8). At >200 °C, the growth of prod-
uct is complete within 20 minutes, with a plateau in the absorption
at 500 nm near 0.2 absorbance units, and a second growth phase is
observed atlonger times. Based on the solution properties and TEM
analysis we propose that this second distinct phase is consistent with
aging of the quantum dots and a concomitant loss of colloidal stabil-
ity (Figures S9, S10). At each temperature, the product growth



depicted in Figure 3B can be approximated as a linear function at
early time points. The lowest energy excitonic feature (LEET) of the
final product at temperatures from 150-300 °C ranges from 550-650
nm, and at lower temperatures there exists a higher degree of poly-
dispersity as indicated by the FWHM of the lowest energy electronic
transition (Figure 3C). As expected, the final product synthesized at
250 °C and 300 °C exhibit a narrower absorbance feature consistent
with lower polydispersity, similar to the previously reported synthe-
sis of InP QDs from MSCs via hot-injection at 400 °C.*
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Figure 3. A) In-situ UV-Vis spectra of the conversion of InP MSCs to
QDs at 250 °C over the course of 60 min. Vertical markers indicate the
wavelengths at which the intensity change is depicted in the inset. B) In-
tensity change in the 500 nm absorbance during the evolution of InP
MSC at different temperatures. C) Final absorbance spectra of the InP
products. (D) Powder X-Ray Diffraction data from MSC evolution at
150 °C and 250 °C compared to bulk pattern of zincblende InP (pdf no.
01-073-1983 ICSD) and In:O; (pdf no. 01-071-2194 ICSD). (E)
Transmission electron microscopy images showing agglomerates syn-
thesized from MSCs at 150 °C. (F) TEM images showing spherical par-
ticles synthesized from MSCs at 250 ° with an average diameter of 2.6
+/- 0.5 nm for 315 particles measured.

Representative Transmission Electron Microscopy (TEM) im-
ages of the nanomaterials synthesized at 150 °C and 250 °C are de-
picted in Figure 3E and 3F. Powder X-ray diffraction indicates that
in both temperature regimes, zincblende InP particles are formed
(Figure 3D, S11). Lattice fringe analysis revealed lattice fringes at
0.30 nm, consistent with the (200) plane of zincblende InP (Figure
$12).” The nanoparticles synthesized at 150 °C have no uniform
structure and are best described as agglomerates, whereas the mor-
phology of the material grown at 250 °C and above shows enhanced
crystallinity and is best described as spherical with an average diam-
eter of 2.6 +/- 0.5 nm. In,O; is a byproduct of excess indium carbox-
ylate decomposition in some of these reactions, but separation and
isolation of the InP is facile using gel permeation chromatography.
The particle domain size, as determined using the Scherrer equation

with the (220) peak centered at 44° 26, is about 3-4 nm in each case
(see SI).

The differences in cluster evolution at different temperatures was
also monitored by *'P NMR spectroscopy. We hypothesized that the
slow and inconsistent conversion at 150 °C was due to competing
rates of partial and complete MSC dissolution. To test this hypothe-
sis, a sample of InP was heated at 130 °C for 30 hr. This temperature
is low enough to limit nucleation but high enough that the MSC is
not stable and slowly releases monomer (see Figure S13 for the UV-
Vis time course of this reaction). The *'P NMR spectrum of the orig-
inal MSC and the dissolved material is presented in Figure 4A. Ther-
molysis of the MSC at 130 °C resulted in a broadening and decrease
in intensity of the cluster resonances (ranging from -150 to -250
ppm) along with the appearance of upfield resonances in the range
of 0-100 ppm, which we attribute to products of monomer release.
In the absence of sufficient thermal energy to promote crystalliza-
tion, these monomers decompose non-selectively, with phosphorus
oxidation a likely outcome.’**! This hypothesis is reinforced by pow-
der X-ray diffraction analysis of the heated MSC sample, which indi-
cated a non-crystalline material is formed from prolonged thermol-
ysis at 130 °C (see Figure S14).
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Figure 4. (A) *P NMR ( CsDs 202 Hz) of InzPao(myristate)s: before
(bottom, black) and after (top, red) treating at 130 °C for 30 hours. (B)
In-situ absorbance intensity change (500 nm) over time upon treating
these two samples at 250 °C via hot-injection.

Upon subjecting a sample of un-treated MSC and MSC thermo-
lyzed at 130 °C for 72 hr to nanoparticle growth conditions at 250
°C, different profiles were observed for the two samples by UV-Vis
spectroscopy (Figure 4B, Figures S15 and S16). Even though the
same amount of MSC was used in both experiments, the pre-treated
MSC sample that contained upfield *'P NMR resonances nucleated
ata different rate and produced less semiconductor material than the
un-treated MSC sample. These experiments suggest that the pre-
treatment of the MSC at temperatures below the nucleation temper-
ature leads to cluster dissolution that does not result in a monomer
reservoir for nucleation. Thus, cluster conversion at lower tempera-
tures is adversely impacted by non-productive cluster degradation.

Corroborating these findings is solid state thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC) exper-
iments performed on the clusters (see Figures $17-19). The DSC
thermogram indicates that a significant endothermic event occurs in
the temperature range of 115-130 °C, which we attribute to cluster
melting. This process is irreversible, and upon cooling back to room
temperature, an exothermic crystallization event is observed in the
range of 110-90 °C. This accords well with previous observations on
the thermal stability of the MSC and on the thermal decomposition
reaction observed here (Figure 4). In the DSC thermogram, a
smaller endothermic feature observed at 66 °C is attributed to the
surface ligand rearrangement observed in the *C NMR experiments
in Figure 1. In a temperature cycling experiment, passing between



the range of 35-75 °C three times had no effect on the larger, higher
temperature endothermic process.

Having determined that InP MSCs are competent precursors for
QD synthesis above 200 °C, we next sought to evaluate the concen-
tration dependence of the cluster evolution at a single temperature.
Monitoring the growth rate of product formation at 250 °C as a func-
tion of concentration (0.030 mM, 0.061 mM, and 0.182 mM) re-
vealed that the rate of product formation increases as a function of
initial MSC concentration. This observation indicates that the rate
law of product formation is first order in MSC (Figure S, Figure
$20), despite the linear increase in absorbance intensity over the
course of the reaction. A similar trend is observed when cluster evo-
lution is monitored at 300 °C at different concentrations (see Figure
S$21). These observations rule out rate-limiting cluster aggregation
and are consistent with our proposed dissolution mechanism.
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Figure S. Intensity change in the 500 nm absorbance during the evolu-
tion of InP MSC at different concentrations at 250 °C. Inset: rate of
change in intensity at 500 nm plotted as a function of initial MSC con-
centration. The linear fit in the inset is y = 0.00564x — 0.00012, R* =
0.9904.

The final component of our kinetics analysis involved investiga-
tion of cluster evolution in the presence of exogenous ligands, which
may impact the nucleation and growth kinetics in a number of ways.
For example, we have previously shown that addition of primary
amines to the MSC results in site-specific ligation and rapid ex-
change.*” At higher temperatures, this ligand binding influences the
rate of MSC dissolution and/or the monomer reactivity.”® Further-
more, certain exogenous additives have the potential to influence
equilibria between monomers and other aggregates. To study that
effect, the first additive studied was indium myristate, In(MA)s,
which serves as a Z-type ligand on the surface of the MSC (and pre-
sumably the QDs), and whose presence would influence Le Chate-
lier dynamics in the equilibria between cluster and monomer species
by perturbing the cluster dissolution process. Analogous experi-
ments were then conducted with myristic acid, which can act as both
an L-type ligand by binding through an oxygen lone pair, or through
X-type binding via carboxylate exchange.

In a typical modification to the experiment previously described,
a solution of indium myristate was added to the reaction solution
prior to MSC addition in such a manner that the overall reaction vol-
ume (20 mL) remained constant at different equivalents of indium
myristate. The rates of product growth as a function of In(MA); con-
centration relative to initial MSC concentration and temperature are

listed in Table 1. Similar to previous experiments, a temperature-de-
pendent rate increase is observed in each case. At lower tempera-
tures (150 and 200 °C), the rate of product formation increases at
greater equivalents of indium myristate (Table 1). At 250 °C, the ef-
fect is more pronounced, with the rate increasing by a factor of 10
when going from 0 eq. to 50 eq. of indium myristate relative to the
initial MSC concentration. The final product absorbances show
some variation at 150 °C indicating that as the indium myristate con-
centration increases, the particle size also increases (Figure $24). On
the other hand, at 200 °C and 250 °C, the absorbance features are
similar from 0 to 50 eq. of added indium myristate (Figure S25 and
$27).

eq. growth rate at | growth rate at | growth rate at
In(MA); | 150°C 200°C 250°C
0 3.50x 10° 6.07x10° 1.80x 10*
10 3.83x10° 9.38x10° 6.37x10*
20 6.17x10° 1.34x10* 8.03x10*
50 1.13x 10° 1.31x10* 1.80x 107

Table 1. MSC growth rate at different temperatures and equivalents
of indium myristate (A::500 nm/s).

This rate increase as a function of increasing concentration of in-
dium myristate stands in contrast to previous examples of MSC evo-
lution to QDs where the presence of exogenous surface ligands slows
the conversion to larger nanomaterials.” Indeed, considering Le
Chatelier arguments as in the mechanism depicted in Scheme 1, the
addition of indium myristate should perturb the equilibrium be-
tween MSCs and monomers to favor the reactants (MSCs), not the
products, which include [InP] monomers and indium carboxylate.
The rate increase associated with the presence of indium myristate
could suggest that monomer species are stabilized by the presence of
carboxylate. Alternatively, the Lewis acid character of the indium
myristate could serve to remove the carboxylate ligands from the
MSC surface, promoting the cluster dissolution and re-nucleation.

To examine these possibilities, the MSC evolution was measured
in the presence of myristic acid, a Brensted acid. The kinetics and
the final product absorbance for myristic acid and indium myristate
were compared (see Figures $23-S28). Adding increasing equiva-
lents of myristic acid resulted in a similar rate increase of MSC evo-
lution relative to no exogenous additive, and at 50 eq. of myristic acid
relative to the initial MSC concentration, the growth rate was ap-
proximately half than with 50 eq. of indium myristate. This rate en-
hancement suggests that simple protic acids are also effective at per-
turbing the surface structure, enabling MSC dissolution of re-nucle-
ation to larger QDs. Furthermore, the difference in the rate enhance-
ment points to carboxylate as being an important operator in altering
the reaction kinetics.

The comparison of the rate increase at different temperatures and
different additive concentrations presents a contrast in reaction ef-
fects: at low temperatures (150 °C), the presence of increasing con-
centrations of additive has a pronounced effect on the final product
distribution (Figure S23, $24), but little effect on the growth rate
(Figure S30 and Table 1), whereas at higher reaction temperatures
(250 °C and higher), the presence of increasing concentrations of
additive has little effect on the product distribution (Figure S26,
$27). This evidence suggests multiple reaction pathways operative
as depicted in Scheme 2.



The dissolution of clusters to monomers involves a multistep pro-
cess of dissociation of indium myristate and monomer species from
the cluster. At temperatures at or below 150 °C this process is slow
and incomplete, allowing monomer decomposition to compete with
InP QD crystallization. At higher temperatures, the reaction rate is
accordingly faster, bypassing the monomer decomposition route
and enabling the formation of stable and soluble monomer species
that nucleate to form QDs with high yield.

The addition of exogenous indium myristate or myristic acid dur-
ing particle growth adds additional complexity. We propose that
these additives increase the overall rate of InP QD formation by ac-
tivating the InP MSC and fragment clusters toward dissolution, con-
sistent with the NMR studies presented in Part I of this report. Car-
boxylate additives may also promote the stabilization of new mono-
mer species responsible for particle growth. This effect is especially
pronounced at lower temperatures, where lower available monomer
results in the formation of larger, more polydisperse InP QDs. At
higher temperatures, monomer generation is faster, and so the pres-
ence of carboxylate does not appreciably change the monomer con-
centration and thus the particle size is largely invariant as a function
of added myristic acid or indium myristate.

CONCLUSIONS

In conclusion, we have examined the conversion mechanism of
InP MSCs to QDs using a combination of in-situ spectroscopic
methods. The effects of temperature, concentration, and exogenous
ligand on the growth rates and final product particle size were ex-
plored. These nucleation experiments were compared to NMR stud-
ies on an isotopically enriched “C-MSC, in which both intramolec-
ular and intermolecular ligand exchange was demonstrated to be fac-
ile, even at low temperatures when added carboxylate is present.
Taken together, these findings indicate that while MSCs are compe-
tent single source precursors for InP QD synthesis, their dissolution
is complex, releasing multiple monomer species with varying reac-
tivities. This model of monomer release and cluster dissolution is
consistent with first-principles calculations indicating that elemen-
tary growth processes involving carboxylate and indium dissociation
are all highly surface-dependent.”® This process is further altered by
the addition of exogenous myristic acid or indium myristate, which
promote monomer generation in a temperature-dependent manner.

These results contribute to our growing knowledge of the non-
classical nucleation and growth of colloidal materials and highlight
the importance of considering the existence of differing monomer
species as a function of reaction conditions. Especially in the case of
more covalent materials like InP, the competing formation and dif-
fering reactivities of various monomer species is likely to play a cen-
tral role in our ability to synthetically tailor mechanisms and thereby
control product outcomes.

EXPERIMENTAL SECTION

All glassware was dried in a 160 °C oven overnight prior to use. All
reactions, unless otherwise noted, were run under an inert atmos-
phere of nitrogen using a glovebox or using standard Schlenk tech-
niques. Warning: P(SiMes )s is pyrophoric, extremely reactive, and
should be handled with caution. Indium acetate (99.99%), myristic
acid (99%), phenylacetic acid (99%), benzylmagnesium chloride (1
M in 2-methyl-THF) were purchased from Sigma-Aldrich Chemical
Co. and used without further purification. Bio-Beads S-X1 were pur-
chased from Bio-Rad Laboratories. All solvents, including 1-ODE,
toluene, pentane, ethyl acetate, and acetonitrile, were purchased

from Sigma-Aldrich Chemical Co., dried over CaH,, distilled, and
stored over 4 A molecular sieves in a nitrogen-filled glovebox. CsDs
and toluene-ds were purchased from Cambridge Isotope Laborato-
ries and were similarly dried and stored. > CO. (13C, 99%) was pur-
chased from Cambridge Isotope Laboratories in a 1 L break seal
flask. P(SiMes); was prepared following literature procedures.**

*'P NMR spectra were collected on a 700 MHz Bruker Avance spec-
trometer. UV-vis spectra were collected on a Cary 5000 spectropho-
tometer from Agilent or in situ with an Ocean Optics TI300-Series ab-
sorbance dip probe. Data collected from the dip probe were smoothed
in Igor Pro with binomial smoothing algorithms. TEM images were col-
lected on an FEI Tecnai G2 F20 microscope using an ultrathin carbon
film on holey carbon purchased from Ted Pella Inc. Powder X-Ray Dif-
fraction was collected with a Bruker D8 Discover with IuS 2-D XRD sys-
tem. Thermogravimetric Analysis was conducted with a TA TGA-QS0,
with a ramp rate of 10 °C / min. Differential Scanning Calorimetry was
conducted with TA DSC-Q20 with a ramp rate of 10 °C / min.

Representative in-situ monitoring of cluster evolution.

An oven-dried 4 neck flask equipped with a stir bar, Schlenk line adapter,
thermowell, septum, and dip-probe adapter was dried on the Schlenk
line. To the flask was added 1-ODE and a solution of the desired additive
in 1-ODE such that the total volume is 19 mL. The flask was heated to
the desired temperature under N, at which point the dip-probe was cal-
ibrated using the Ocean View software. The baseline spectra was col-
lected for use in data analysis later. A 20.0 mg (1.21 x 10 mmol) sample
of clusters was dissolved in 1 mL of 1-ODE via sonication and rapidly
injected into the reaction flask such that data collection began as soon as
the sample became homogenized. Spectra were collected every 30 s dur-
ing the reaction. Upon completion of the reaction, the reaction contents
were transferred to the glovebox for purification following solvent distil-
lation. The raw in-situ UV-Vis data was opened in Igor Pro (v 6.02A)
and subjected to a binomial smoothing factor of 1000. The baseline
spectrum was subtracted from all subsequent spectra, and the intensity
at specific wavelengths was plotted as a function of time.

Synthesis of PhCH,"?CO:H. Following a modified literature prep,* 50
mL of benzylmagnesium chloride (1.0 M in 2-Me-THF) and 50 ml of
THE were introduced into an oven dried 250 mL 3-neck round bottom
flask equipped with a Schlenk adapter, hose adapter, rubber septum, and
stir bar. The **CO, glass bulb (1.90 L, 40.9 mmol) was assembled via the
hose adapter. The reaction flask was cooled with liquid nitrogen, and the
system was evacuated and left under static vacaum. The break-seal flask
was broken, allowing the “?CO; to condense in the reaction flask. The
reaction flask was warmed to -76 °C with a dry ice/acetone bath for 1
hour and then to room temperature for 8 hr. The reaction flask was
cooled with an ice water bath and methanol was slowly added dropwise
to quench the remaining benzylmagnesium chloride. Aqueous 1 M HCI
was added until the pH was 2. The reaction mixture was extracted with
Et20 (3 x 20 ml). The organic fractions were combined, washed with
brine, dried over Na,SOy, filtered and the solvent removed via rotatory
evaporation. The crude product mixture was dissolved in minimal di-
chloromethane and pentane was layered on top. After standing for 12
hours at 0 °C, white crystals were collected and dried, affording 5.15 g
(92% yield). The product 'H and '*C NMR spectra matched literature
reports.* 'TH NMR (700 MHz, CDCl;, 23 °C): 11.4 (brs, 1H, *CO. H),
7.36-7.27 (overlapping m, SH, phenyl-C H), 3.66 (d, *Jcu = 7.74 Hz, 2H,
CH,). '"H NMR (700 MHz, tol-c, 23 °C): 12.1 (br s, 1H, BCO.H),
7.06-7.01 (m, 2H, phenyl CH), 7.01-6.97 (overlapping m, 3H, phenyl
CH),3.16 (d,%Jeu=7.73 Hz, 2H, CE5). 3C NMR (176 MHz, tol-dk, 23
°C): 178.77 (s, * CO.H), 134.13 (d, *Jcc = 2.94 Hz, phenyl C), 129.99



(d, *Jec = 1.84 Hz, phenyl CH), 129.05 (s, phenyl CH), 127.69 (s, phe-
nyl CH), 41.40 (d, 'Jec = 55.64 Hz).

Synthesis of In3P(02”CCH,Ph)si. This was carried out with
PhCH,"”CO,H in place of natural abundance phenylacetic acid follow-
ing the literature preparation.**
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1-ODE, 1-octadecene; FWHM, full-width at half-maximum; In(MA)s,
indium myristate; LEET, lowest energy excitation transition; MA,
myristate, MAH, myristic acid; MSC, magic-sized cluster; QD, quantum
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Colloidal quantum dots have emerged as an important class of emissive materials for a range of technologically relevant applications. This
motivates the need to develop a detailed understanding of the mechanisms by which these nanocrystals form in order to gain predictive
control over their synthesis. In this work we have studied the mechanism by which molecular InP clusters convert to quantum dots using
in-situ spectroscopic methods. The effect of temperature, concentration, and added carboxylate combine to reveal a complex conversion
process involving the release of multiple distinct monomer species of varying reactivity.




