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ABSTRACT: We report the conversion of Inj;P,, magic-sized clusters
(MSCs) via cation exchange at room temperature to obtain doped InP 5

clusters and nanocrystals, as well as Cu;_,P, Ag; P, and Au;_,P nanocrystals. ﬁ/ C[“S‘ecrotgv"e‘fs”iggrysm‘
Using a combination of spectroscopic and structural characterization, we A - e Buaa el
determine that the InP clusters undergo doping with significant rearrange- §;/ -

ment of their ligand shells, but only minor changes in their cores when 1 to 5 &/

equiv of coinage metal salt (per cluster) are added. However, when 37 equiv §>/
of coinage metal salt are added, the MSCs fully transform both &/
compositionally and structurally into new ultrasmall coinage metal phosphide //
nanocrystals with complete extrusion of indium, as determined via X-ray i
photoelectron spectroscopy, X-ray diffraction, and pair distribution function i
analysis. We further document the use of these doped InP MSCs and

ultrasmall coinage metal phosphide nanocrystals for the synthesis of larger doped InP nanocrystals and a variety of coinage metal
phosphide nanocrystals in the 3—15 nm size range.

M* Cation
Exchange
M = Cu, Ag, Au

B INTRODUCTION Copper phosphide has been widely studied because of the
near infrared (NIR) LSPR generated in defective Cu;_,P
720722 Additionally, CusP is notable for its efficient
electrocatalysis of the hydrogen and oxygen evolution
reactions, showing near-unity Faradaic efficiency during

hydrogen evolution and only minor degradation after extended
2326

Magic-sized clusters (MSCs) are atomically precise molecules
often found as metastable intermediates in the synthesis of
nanocrystals.' > Due to the atomically precise nature of these
clusters, their physical, electronic, and reactivity properties can
be studied without complications associated with ensemble
heterogeneity. In particular, MSCs serve as a unique platform
for studying cation exchange. By understanding the mechanism
and structural changes involved in cation exchange, synthetic

chemists can rationally design new pathways to access colloidal ) ) )
nanomaterials that may be difficult or impossible to form by accessing these materials has been synthetically challeng-

traditional bottom-up nucleation and growth.”™® Additionally, ing. " Homf’logous Ag—As an‘d Ag=Sb comp.ounds have
although cation exchange in III-V nanocrystals often requires been found in nature, sug;gle_s;c;ng the formation of Ag-
high temperatures, cation exchange in MSCs can often be pnictogen species i;p}assible. *" Au,P; nanostructures have
performed at room temperature.” "' While cation exchange been synthesized;”"™ however, these syntheses require
has been widely studied in Zn- and Cd-chalcogenide phosphorization of Au nanocrystals and often lead to large

lattices.

use The other coinage metal phosphides, Ag—P and Au—
P, have traditionally been challenging to synthesize due to their
metastability.””** Although Ag—P compounds have been

predicted to serve as excellent catalysts for CO, reduction,

MSCs,"' ™" few reports examine cation exchange in indium domains 02f8 unreacted Au. Additionally, although AuP has been
phosphide MSCs.'”'® This work demonstrates the cation predicted,” there has been no synthesis of this material at the
exchange of InP MSCs with coinage metals (Cu, Ag, and Au). nanoscale nor the bulk. A more complete understanding of the
Coinage metals are of interest due to the unique properties electronic and catalytic properties of Au—P compounds will
that characterize Group 11 binary compounds such as

phosphides and chalcogenides, including localized surface Received: December 20, 2023 (i
plasmon resonances (LSPRs) and enhanced catalytic activities. Revised:  February 16, 2024

Given the ion mobility associated with copper ions in inorganic Accepted:  February 20, 2024

lattices,"” the Cu—P products are also of interest for sequential Published: March S, 2024

cation exchange chemistries to access multinary and high

entropy materials.
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Scheme 1. Summary of Cation Exchange Reactions of InP MSCs with Coinage Metals Forming either Doped InP MSCs or

Ultrasmall Coinage Metal Phosphide Nanocrystals®
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“After isolation, these products can be heated to form doped InP or coinage metal phosphide nanocrystals.
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Figure 1. Absorption spectra of coinage metal-treated In;,P,y MSCs. (A) Addition of 1, S, and 37 equiv of CuCl,. Inset: absorption spectra of
clusters treated with 37 equiv of Cu followed by exposure to oxygen for the times indicated. Note that the dip at the absorption maximum is an
instrumental artifact. (B) Addition of 1, S, and 37 equiv of AgCl. (C) Addition of 1, S, and 37 equiv of AuClL

require the synthesis of crystalline, single-domain nanocrystals
across a range of possible stoichiometries.

In this work, we demonstrate room temperature cation
exchange in magic-sized InP clusters, leading to the formation
of doped InP clusters or ultrasmall nanocrystals of Cu;_.P,
Ag; P, and Au;_ P depending on the reaction stoichiometry.
We further show that these small nanocrystals can grow upon
heating, leading to larger nanocrystals across the coinage metal
phosphide family (Scheme 1). This MSC chemistry thus
provides a versatile approach to preparing, isolating, and
studying coinage metal phosphide nanostructures.

B RESULTS AND DISCUSSION

Given the small size of MSCs, their optical properties are
susceptible to changes in lattice structure because even small
perturbations can significantly impact their electronic structure.
As such, UV—vis absorption spectroscopy can be used as a
sensitive diagnostic tool to monitor changes in the cluster core.
Upon adding low molar equivalents (1, S equiv) of CuCl,
solubilized in a 3:2 mixture of toluene and oleylamine to the
starting In;;P,o(O,CC 3H,,)s; cluster, we see the growth of a
low-energy tail extending into the sub-bandgap region,
followed by a broadening of the InP absorption band (Figure
1A). This broadening is consistent with the absorption of other
Cu-doped and Cu-based nanocrystals, including Cu-CdSe and
CulnS,. It is not attributed to size inhomogeneity but rather a
metal-to-ligand (conduction band) char%e transfer type
transition involving copper-localized holes.”>™*” As such, we
attribute this continuous broadening of the absorption
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spectrum to the introduction of copper into the core of the
MSC as opposed to exchange with the excess surface indium
carboxylate Z-type ligands.”® Upon adding 37 equiv of Cu
(equal to the number of indium ions of the original MSC), we
see a complete loss of the original absorption peak, with
conversion to a broad, featureless absorption spectrum
spanning the visible region. This spectrum resembles the
UV—vis absorption of previously characterized Cu;_,P nano-
crystals, as well as Cu,S and Cu,Se nanocrystals.”*"***
Furthermore, 37Cu-MSC exhibits the growth of a new feature
in the near-infrared region of its absorption spectrum upon
oxidation, as seen in the inset of Figure 1A. Previous reports of
Cu,Se nanoclusters have also detailed the growth of a similar
feature upon oxidation, attributed to a new plasmon
resonance.”’ This new feature is centered at ~800 nm,
which is higher energy than the LSPRs of Cu;_,P nanocrystals,
and this energy could reflect a blueshift due to quantum
confinement.”"*' =+

The addition of AgCl and AuCl to the In;,P,; MSCs gives
similar results—Ilow equivalents of Ag and Au lead to the same
spectral broadening, followed by conversion to a broad
featureless absorption spectrum upon the addition of 37
equiv (Figure 1B,C). While no reports of Ag—P nanomaterials
exist, this broad absorption is similar to that found in Ag,Se
and Ag,S nanocrystals.** "

We also observed similar results for In;;P,, MSCs treated
with CuCl and AuCl; solubilized in toluene/oleylamine
mixtures, as shown in Figure S1, indicating that the starting
metal halide solution is likely reduced in situ by the oleylamine

https://doi.org/10.1021/acs.chemmater.3c03258
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Figure 2. (A) pXRD pattern upon addition of CuCl, to Iny,P,,. Zinc blende InP is colored red and CusP is shown in black. (B) pXRD pattern
upon addition of AgCl to Iny,P,,. Zinc blende InP is shown in red and Ag;P is shown in black. (C) pXRD pattern upon addition of AuCly to
In;;P,,. Zinc blende InP is shown in red and AusP is shown in black. (D) PDF analysis of InP MSCs and clusters treated with 37 equiv of coinage

metal.

and that all products contain coinage metals in the +1-
oxidation state. This conclusion is confirmed by comparative
X-ray photoelectron spectroscopy (XPS) analysis (Figure
$2).* Interestingly, upon attempting full cation exchange
with coinage metal halides solubilized by tributylphosphine,
only minimal broadening in the absorbance profile is observed,
suggesting hindered cation exchange when the coinage metal is
introduced under these conditions (Figure S3). This result
indicates that the precursor identity is important and that
amines help to drive the cation exchange, consistent with the
predictions of hard—soft acid—base theory. Specifically, the
binding affinity of the soft tributylphosphine base for the soft
Cu* (or Cu®") is higher than it is for the relatively hard In*,
hindering exchange. In addition, tertiary phosphines do not
impact the surface of the Iny,P,; MSCs in the same manner as
primary amines, which liberate indium carboxylate from the
surface through a formal L-assisted Z-type ligand displacement
reaction.*”*” We believe that this interaction is essential for
coinage metal coordination and subsequent exchange. We also
examined the effect of the anion to further investigate the
impact of precursor identity on cation exchange. Upon running
the same exchange reactions with CuBr and Cul, we observed
that the cation exchange was hindered relative to the chloride
case (Figure S4), again consistent with predictions based on
hard—soft acid—base theory. These results indicate that the
anion identity can be used to tune the kinetics and extent of
these exchange reactions. Previous work has shown that the
addition of metal carboxylates to InP MSCs can induce cation
exchange but requires much more added cation.'’

2890

The initial powder X-ray diffraction (pXRD) pattern of
Iny, P,y MSCs does not correspond to the zincblende phase of
bulk InP. Instead, the cluster has a strained core that can be
described as having a pseudowurtzite character.”® Upon adding
1 and S equiv of CuCl, to the MSC, we see shifting and
broadening of the diffraction peaks, indicating the original
lattice becomes more disordered as more Cu ions are
introduced into the core (Table S1). Upon the addition of
37 equiv, the original diffraction peaks are no longer visible and
instead are replaced by two prominent peaks at 26 = 40 and
47°, as seen in Figure 2A. These peaks are consistent with
ultrasmall hexagonal Cu;P nanocrystals.”’

With the addition of 1 and S equiv of AgCI, we again see the
shifting and broadening of the original Inj;P,; MSC peaks
characteristic of the formation of a defective lattice. Upon
adding 37 equiv of AgCl, we see more drastic changes in the
diffraction pattern, as shown in Figure 2B. While Cu—P
compounds have routinely been synthesized and characterized,
Ag—P compounds have not been successfully realized on the
nanoscale despite much synthetic effort, leading to little to no
literature from which to draw comparisons.””*"

Examination of the Au-doped species shows much less
broadening at five equiv when compared to the Ag- and Cu-
doped species; instead, the growth of a new peak centered
around 40° is observed (Figure 2C). This peak corresponds
with the major diffraction peak in hexagonal AusP.>* As higher
equivalents of Au are added, this new peak becomes better
defined, while the peaks attributed to InP are lost. This result
may suggest a highly cooperative cation exchange pathway for

https://doi.org/10.1021/acs.chemmater.3c03258
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Figure 3. (A) XPS spectra of Cu 2p peaks with the addition of CuCl, to Ins,P,y MSCs. (B) Ag 3d peaks upon the addition of AgCl to Iny,P,,
MSCs. (C) Au 4f peaks with the addition of AuCl; to Iny,P,, MSCs. (D) XPS spectra of In 3d peaks upon addition of CuCl, to In;;P,y MSCs.

Au. As soon as doping reaches a critical concentration, full
cation exchange is pushed to completion, similar to Cu
exchange in CdSe and Ag exchange in CdS.”*** Our findings
are consistent with previous experiments showing that Ag leads
to a cooperative cation exchange avalanche at lower
concentrations than Cu.>* As the size of the Au ion is larger,
the InP lattice cannot as easily rearrange around the dopant,
leading to structural transformation at lower dopant concen-
trations. These observations support theoretical predictions
that the InP MSC lattice cannot rearrange favorably around
larger dopants.”*>®

The broad XRD peaks observed in Figure 2A—C are
consistent with ultrasmall nanocrystals, a conclusion corrobo-
rated by transmission electron microscopy (TEM) analysis
showing that the average size of the fully cation-exchanged
clusters is 3 nm for the Cu;_,P nanocrystals and 2 nm for the
Ag, P and Au,_,P nanocrystals (Figures S5—7). The
structures of these products were further investigated by pair
distribution function (PDF) analysis of the 37 equiv treated
samples (Figure 2D). Previous work in our group has shown
the sensitivity of PDF to changes to the internal lattice of InP
MSCs.>"” Most noticeably, all three exchanged samples show a
loss of the prominent peak around 4.1 A, representative of the
In—In network in the original InP lattice. These data indicate
that the internal lattice of the Cu—P cluster is similar to that of
Cu,P nanocrystals, having major reflections at 2.25 and 2.61 A
corresponding to Cu—P and Cu—Cu distances, respectively.’®
Although previous PDF analysis does not exist for Ag—P or
Au—P complexes, the Ag—P and Au—P clusters show new
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peaks around 2.9—3.0 A that agree well with theoretical
predictions for Ag—P and Au—P bonds in Ag;P and AusP
(Figure S8). We note that all three clusters also show peaks at
2.2 and 2.6 A, and it is difficult to determine if these peaks
correspond to the In—O and In—P bonds of surface-bound In-
carboxylate moieties or if they reflect distorted metal—metal
and metal—phosphorus distances similar to those found in
Cu—P. Overall, the combination of XRD, PDF, and TEM data
indicate the formation of unique Cu—P, Ag—P, and Au—P
clusters through these cation exchange reactions.

XPS data were collected to further resolve the composition
and coordination environments of the coinage metal-treated
clusters. After adding CuCl, to the Ins,P,, MSCs, we see the
growth of the expected copper 2p peaks with further increased
resolution upon additional equivalents, as seen in Figure 3A.
With increasing equivalents of added Cu, we also see a shift to
lower binding energies by over 1 eV, with the 2p,,, peak
reaching 932.6 eV for the 37 equiv sample. This value is
consistent with that measured for Cu,P."” The addition of
AgCl to Inz,P,; MSCs leads to the growth of Ag 3d peaks, as
seen in Figure 3B. As nanoscale Ag—P has not been
successfully synthesized previously, there is no comparative
XPS to examine. However, we see the growth of silver 3d peaks
as more silver is added, indicating an increasing incorporation
of silver into the material. Furthermore, these peaks closely
correspond to the binding energy found for Ag,S.”” Similarly,
the addition of AuCl; to the Iny, P,y MSC shows an increasing
Au signal with more equivalents added, as shown in Figure 3C.
In the Au sample, the initial binding energy of the 4f, , peak is

https://doi.org/10.1021/acs.chemmater.3c03258
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Figure 4. Transient absorption decay dynamics of InP MSCs following the addition of 1 and 37 equiv of CuCl, (A), AgCl (B), and AuCl; (C). (D)
Transient absorption kinetics of myristate capped In;,P,, and amine-treated cluster.

84.2 eV, which is reminiscent of Au-amine complexes.”® As
more equivalents are added, the binding energy shifts to 84.5
eV, corresponding to Au in InP,>’ before shifting to higher
binding energies, suggesting greater electronic interaction
between the Au and P atoms in the lattice. For reference,
XPS of as-synthesized In;,P,y MSCs shows In peaks character-
istic of InP, centered at 444.7 eV, as shown in Figure 3D.°
After the introduction of any of these coinage metal dopants,
the peaks begin to shift to higher binding energy, with shifts of
over 1 eV, to 445.9 eV, highly reminiscent of InCl; or
In(O,CR),."”%" As such, we posit that many of the In ions
have been exchanged out of the cluster core and remain
instead as loosely associated molecular or surface-bound
species. Upon adding 37 equiv of Cu, we see a complete loss
of the In signal, suggesting complete cation exchange. These
data correspond well with other forms of atomic elemental
analysis, with inductively coupled plasma - optical emission
spectrometry (ICP-OES) data showing little to no evidence of
indium left in the core of the fully exchanged nanocrystals
(Table S2).

As previous reports have shown, introducing coinage metals
to InP qiuantum dots drastically affects their charge carrier
lifetimes.””®" We turned to transient absorption spectrosco-
py to examine whether a similar phenomenon would occur
with these smaller materials. The transient absorption spectra
of cation-exchanged MSCs were strongly affected by increasing
molar equivalents of coinage metal cations. In lightly doped

samples, a broadening that matches the change in the
absorption profile is observed (Figure S9). Clusters doped
with a single equivalent of coinage metal show a drastic
reduction in both the bleach and photoinduced absorption
lifetimes, as shown in Figure 4A—C, with lifetimes for Cu-, Ag-,
and Au-doped clusters of 210, 150, and 120 ps, respectively. In
contrast, the undoped clusters have lifetimes of 1550 ps, as
shown in Figure 4D. This relatively long lifetime is attributable
to the localization of the charge carriers in the distorted excited
state of the InP MSC, analogous to molecular species.””** The
drastic differences in excited state lifetimes observed here
could be attributed to the evolution of MSCs from a
molecular-like species with highly localized frontier orbitals
to one with a much more delocalized electronic structure as
structural rearrangement occurs near the surface to alleviate
strain.”> Additional transient absorption studies show that the
lifetime of the same cluster treated with amine is reduced but is
longer than that of the doped species, as shown in the kinetic
data in Figure 4D. The large number of new midgap states
introduced upon doping, evident from the broadened
absorption spectra in Figure 1, is expected to facilitate rapid
nonradiative recombination, thus leading to shorter lifetimes.
Interestingly, our pXRD data (Figure 2) suggest that the
structure of the InP MSCs is maintained at low equivalents of
dopant. Instead, we posit that the addition of our dopant
solution causes a loss of indium carboxylate with concerted
coordination of the dopant metal halide complex, followed by
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Figure S. (A) pXRD of MSCs treated with 37 equiv of Cu before and after hot injection. The peak at 43 corresponds to forming a small fraction of
large Cu nanocrystals. (B) pXRD of MSCs treated with 37 equiv of Ag before and after hot injection (the Si 111 peak at 28.4 has been removed
from the analysis for clarity). (C) pXRD of MSCs treated with 37 equiv of Au before and after hot injection. (D) TEM of MSCs treated with 37
equiv of Cu after hot injection (scale bar is S0 nm). (E) TEM of MSCs treated with 37 equiv of Ag after hot injection (scale bar is S nm). (F) TEM
of MSCs treated with 37 equiv of Au after hot injection (scale bar is 10 nm).

rearrangement of this new mixed carboxylate-halide ligand
shell as the dopant migrates to the core, leading to a cluster
with less highly localized frontier orbitals. This analysis is
consistent with previous reports by our group detailing the
liberation of indium carboxylates upon the addition of amine
ligands as discussed previously.””* This mechanism is further
supported by previous theoretical studies showing that the
initial reactivity of InP increases with decreasing size and In—
In separation and that doping aliovalent ions is more favorable
following ligand removal.>>%"

Upon addition of 37 equiv of coinage metal precursor, the
original bleach and photoinduced absorption profile is
eliminated. Instead, the TA signal is replaced by a rapid,
broad photoinduced absorption feature, as seen in Figures S10
and 11, indicating that the new clusters have an excited state
absorption coefficient greater than the ground state absorption
coeflicient at these wavelengths, similar to coinage metal
chalcogenides.®* %

Further interest in these coinage metal-containing clusters
derives from their utility as single-source precursors for
forming larger nanocrystals.”*””"" After converting the
Iny,P,; MSCs to coinage metal phosphide clusters, we
examined whether these materials could be used to create
larger nanocrystals. We hypothesized that a hot-injection
synthesis could overcome the energic barrier keeping MSCs in
their metastable state and allowing them to convert to larger,
more stable nanocrystals. Indeed, upon injecting MSCs treated
with one equivalent of copper into an ODE heated to 300 °C,
we obtain Cu™:InP quantum dots. This can be observed in
Figure S11 by the broadened absorption profile along with
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broad NIR luminescence, mirroring previously reported
Cu*:InP systems.”>**’” Furthermore, these samples show
highly similar diffraction patterns to undoped InP, suggesting
that the zincblende InP lattice is retained (Figure S12).

However, using the fully cation-exchanged clusters yields
different products. Upon conversion of the MSCs treated with
37 equiv of copper, the major product is Cu;_,P nanocrystals,
confirmed via pXRD analysis, as shown in Figure SA. TEM
analysis (Figure SD) indicates the formation of larger (12.5 +
0.5 nm) oblong nanocrystals. Hot injection of the MSCs
treated with 37 equiv of silver leads to greater structural
transformation of the cluster, with the pXRD in Figure SB
showing the formation of Ag; P in the tetragonal phase.
Excitingly, this is the first report of this material on the
nanoscale to the best of our knowledge.”> TEM analysis of
these new Ag; P nanocrystals shows an average size of 3.8 +
0.2 nm (Figure SE), suggesting much less growth than that in
the Cu—P system. Performing a hot-injection reaction of the
MSCs treated with 37 equiv of Au with identical reaction
parameters does not form nanocrystals of a new morphology.
Instead, it grows in the cluster-based structure, as seen by the
peak sharpening in the pXRD (Figure SC) and growth to 3.8 +
0.3 nm in size as seen via TEM (Figure SF). Interestingly, we
do not observe LSPR features in the NIR region of the
absorption spectrum for any of these nanocrystals (Figure
S13).

B EXPERIMENTAL METHODS

Methods and Materials. All glassware was dried in a 160 °C
oven overnight prior to use. All reactions were run under an inert
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atmosphere of nitrogen using a glovebox or standard Schlenk line
techniques. Indium(III) acetate (99.99%), myristic acid (99%),
copper(Il) chloride (>98%), copper(I) chloride (97%), silver(I)
chloride (99%), gold(III) chloride (99%), gold(I) chloride (99.9%),
tributylphosphine (TBP), anhydrous acetonitrile, and anhydrous
ethanol were purchased from Millipore-Sigma, stored in a nitrogen
glovebox or desiccator, and used without further purification.
Oleylamine, octadecene, and toluene were purchased from Milli-
pore-Sigma, dried over CaH,, distilled, and stored over 4 A sieves in a
nitrogen glovebox.

Synthesis of InP MSCs. InP MSCs were synthesized according to
previously established procedures from Gary et al.” In brief, indium
acetate and myristic acid were heated to 110 °C overnight under
reduced pressure. Dry toluene was added to the backfilled reaction
flask the next day and P(SiMe;); in toluene was added. Cluster
growth was allowed to proceed for 30 min. Purification was achieved
via 4 successive cycles of precipitation/redissolution with toluene and
acetonitrile as the solvent and antisolvent, respectively.

Cation Exchange Involving InP MSCs. Cation exchange was
carried out at room temperature in an inert atmosphere glovebox. In a
typical exchange reaction, ~10 mg of InP MSC was suspended in 1
mL of toluene and a solution of CuCl,, CuCl, AgCl, AuCl;, or AuCl
solubilized in toluene and oleylamine (3:2 ratio) was added to the
solution. Stock cation solutions were made at a concentration of 121
mM and added in quantities between 5 yL (1 equiv) and 185 uL (37
equiv) to the solution of InP MSCs and allowed to stir overnight.
Cation-exchanged clusters were then purified via gel permeation
chromatography as described in Shen et al.”*

Conversion Reactions Involving Cation-Exchanged InP
MSCs. Conversion reactions were carried out by suspending 10 mg
of cation-exchanged clusters in 1 mL of octadecene, after which this
solution was injected into a solution of S mL of a heated ODE at 300
°C. This reaction was allowed to proceed for 30 min at 300 °C. After
the reaction was cooled, it was brought into an inert atmosphere
glovebox and purified using 3 successive cycles of precipitation/
dissolution with toluene/ethanol as the solvent/antisolvent.

Characterization. UV—vis absorption spectroscopy was carried
out on an Agilent Cary 5000 spectrophotometer. ICP data was
collected on a Perkin Elmer Optima 8300 inductively coupled plasma
- optical emission spectrophotometer. XPS was conducted on a Kratos
AXIS Ultra DLD instrument located in the University of Washington
Molecular Analysis Facility. The samples were drop-cast onto a silicon
wafer from toluene in a N, glovebox. Pass energy for survey spectra
(to calculate composition) was 150 eV. Data point spacing was 1.0 eV
per step for survey spectra and 0.4 eV per step for detailed spectra.
Pass energy for high-resolution spectra was 50 eV, with a data point
spacing of 0.065 eV. CasaXPS data analysis software was used to fit
high-resolution spectra. Transient absorption measurements were
performed using a HELIOS unit from Ultrafast Systems at the
University of Washington’s Molecular Analysis Facility. The pump
wavelength was 386 nm and the power was measured as 200—500
uW. The probe white light was generated by using a CaF, crystal.
TEM images were collected on an FEI Tecnai G2 F20 microscope at
200 kV at the University of Washington Molecular Analysis Facility.
TEM samples were prepared by spotting 5 uL of a dilute solution of
clusters or NCs dispersed in toluene onto an ultrathin carbon on a
holey carbon support film purchased from Ted Pella. pXRD data were
collected on a Bruker D8 Discover diffractometer with a Cu anode
microfocus X-ray source and a Pilatus 100k large-area 2D detector.
Samples were prepared by dissolving or suspending the sample in a
minimal amount of toluene and repeatedly drop-casting 3 uL of the
solution onto a Si wafer to build up a thick film or layer of the sample.
The beam for the measurement was collimated to a 1 mm beam
diameter. Collection times were 360 s per step (5.5° step size). Raw
diffraction data were processed using Bruker DIFFRAC.EVA software.
For PDF analysis, MSC samples were first dried in an inert nitrogen
atmosphere glovebox and sealed in quartz capillaries. X-ray total
scattering data were collected on NSLS-II beamline 28-ID-1 at the
Brookhaven National Laboratory. Sample scans consisted of 300 1-s
exposures using 74.5 keV incident beam energy. Background
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subtraction and transmission correction were applied to each scan.
Sample transmission ranging from 67 to 84% was measured using a
silicon photodiode with an impedance-amplifying circuit.

B CONCLUSIONS

We have demonstrated the room temperature conversion of
Iny,P,, MSCs into doped InP clusters and M;_.P (M = Cu,
Ag, Au) nanocrystals by exchange of indium using a coinage
metal salt. We determined from a combination of absorption
spectroscopy and pXRD data that the MSC core undergoes
doping without significant structural changes upon adding 1 to
S equiv of coinage metal. However, at 37 equiv of added
coinage metal, we observe the complete transformation into
new metal phosphide clusters with no evidence of remaining
indium in the core as evidenced by XPS, ICP, and PDF
analysis. Transient absorption spectroscopy of MSCs exposed
to 1 equiv of coinage metal reactant suggests that removal of
some excess surface In is required before transformation of the
inorganic core can occur, while further exchange exhibits
characteristics expected from the metallic character of coinage
metal phosphides. Hot injection reactions of these new coinage
metal phosphide clusters produce larger metal phosphide
nanocrystals that reflect the cluster compositions. Notably,
colloidal nanocrystals of Ag; P and Au; P have not been
previously reported. This work illustrates that cation exchange
can be used not only as a method to study structural
transformations in MSCs but also as an approach to expand
the library of MSCs that serve as intermediates in the
formation of a variety of nanocrystals, including metastable or
otherwise difficult to form species.
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