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ABSTRACT: Magic-sized clusters (MSCs) can provide valuable insight into the atomically precise progression of semiconductor nanocrystal 
transformations. We report the conversion of an InP MSC to a Cd3P2 MSC through a cation exchange mechanism and attempt to shed light on 
the evolution of the physical and electronic structure of the clusters during the transformation. Utilizing a combination of spectroscopic 
(NMR/UV-Vis) and structural characterization (ICP-OES/MS/PXRD/XPS/PDF) tools, we demonstrate retention of the original InP MSC 
crystal lattice as Z-type ligand exchange initially occurs. Further cation exchange induces lattice relaxation and a significant structural rearrange-
ment. These observations contrast with reports of cation exchange in InP quantum dots, indicating unique reactivity of the InP MSC. 

INTRODUCTION 
Cation exchange is a widely-utilized tool for accessing colloidal 

nanomaterials with unique or emergent properties that may be diffi-
cult to directly synthesize using conventional nucleation and growth 
mechanisms. This facile reaction employs the anionic sublattice as a 
template while cations partially or fully exchange,  typically retaining 
the original crystallite size and shape. Experimental conditions have 
been developed to access a wide variety of doped nanocrystals,1–4 an-
isotropic structures,5–8 alloyed nanocrystals,4,9,10 nanocrystalline 
heterostructures,10–13 and semiconductor nanocrystals that are syn-
thetically challenging to produce via a direct route.14 Chemists have 
continued to develop this technique by extracting general design 
principles through examination of ion exchange thermodynamics 
and consideration of the shared similarities with solid-state ion ex-
change occurring over a reaction zone, and by probing mechanism 
using a combination of theory, dynamic simulations, and experi-
ment.15–23 

Magic-sized clusters (MSCs) represent the interface between 
small molecules and quantum-confined nanostructures. MSCs are 
atomically-precise clusters with elevated thermodynamic stability 
compared to structures of similar size that can play a role in nano-
crystal nucleation and growth.24 MSCs may serve as a unique tool for 
studying both the mechanism and structural consequences of cation 
exchange in nanoscale materials because of their perfect monodis-
persity and the homogeneity of their surface chemistry. Utilizing 
clusters as models to provide insight into the nature of cation ex-
change in nanocrystals has most recently been demonstrated by the 
Jain group in their examination of the progression of CdSe MSCs to 
Cu2Se clusters.25 Due to the presence of a metastable cluster inter-
mediate, they demonstrated that the Cd2+ sublattice experienced re-
organization to a six-coordinate structure upon initial introduction 
of Cu+ dopant ions. The six-coordinate structure had a greater affin-
ity for further Cu+ dopants, supporting the co-operative nature of 
cation exchange observed in the analogous nanocrystal-scale reac-
tion.25,26 This work adds to the growing body of information on cat-
ion exchange in metal chalcogenide lattices,16,18 however much re-
mains to be explored with other lattice types. 

Among the few reports of cation exchange in non-chalcogenide 
lattices,11,27–29 Beberwyck and Alivisatos reported the use of Cd3P2 
and Cd3As2 quantum dots as templates to In/Ga pnictides through 
cation exchange and highlighted the significant differences that exist 
between ion exchange reactions in nanocrystal lattices with different 
levels of ionic and covalent character.14 While many II-VI ion ex-
change reactions can be performed reversibly at room temperature, 
the III-V reactions shown in their work were irreversible and re-
quired sequential exchanges at higher temperatures to drive the re-
action to completion, with Cd2+ cations remaining in the final mate-
rial even under optimized conditions. Interested in learning more 
about cation exchange in phosphide lattices, we sought to extend the 
MSC approach to this system.  

Recently, a diffraction quality single crystal of 
In37P20(O2CCH2Ph)51, an InP MSC, was isolated and structurally 
characterized to reveal a strained [In21P20]3+ inorganic core ligated by 
16 additional indium atoms and an interconnected network of 51 bi-
dentate and mostly bridging carboxylate ligands.30 Our lab has ob-
served that the InP MSC displays site selective reactivity when ex-
posed to moist air, leading to a carboxylate ligand shift (bidentate to 
monodentate) in order to accommodate a water molecule bound to 
an indium. To explore this site-selective modification further, we ex-
amined the reactivity of the InP MSC in the presence of other Lewis 
bases; exposure to primary amines indicated that these ligands initi-
ate indium carboxylate desorption and ultimately lead to structural 
rearrangement of the cluster.31 Thus, utilizing InP MSCs as tem-
plates for cation exchange reactions towards new cluster materials 
with the ability to predict the progression of the reaction was of great 
interest to us. 

RESULTS AND DISCUSSION 
Herein we report the transformation of InP MSCs to Cd3P2 MSCs 

at room temperature where full conversion to Cd3P2 can be achieved 
at a 500:1 excess of cadmium carboxylate per InP cluster. The final 
product is physically and electronically indistinguishable from the 
Cd3P2 MSC prepared independently from molecular precursors 
(Figure S1).32 The Cd3P2 MSC is characterized by narrow absorp-
tion and emission features at 450 and 455 nm, respectively, and weak 
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band-edge photoluminescence (<3% quantum yield). Although the 
crystal structure of Cd3P2 MSCs is unknown, it is characteristically 
different from the bulk tetragonal crystal.32,33 To probe potential in-
termediates during this cation exchange process, the reaction be-
tween In37P20(O2CCH2Ph)51, (O2CCH2Ph = PA), with stoichio-
metric amounts of cadmium carboxylate was monitored. Using a 
combination of optical and nuclear magnetic resonance (NMR) 
spectroscopy together with a variety of structural and analytical char-
acterization tools, we outline the step-wise mechanism by which InP 
MSCs undergo cation exchange with Cd2+ (Scheme 1). 
Scheme 1. Proposed mechanism of the conversion of InP MSCs to 
Cd3P2 MSC via cation exchange. Three distinct phases are proposed: 
phase 1 is a topotactic process that is dominated by Z-type ligand 
exchange, phase 2 involves a relaxation of the strained cluster lattice 
on further incorporation of cadmium, and phase 3 is the final struc-
tural transformation that accompanies complete exchange of cad-
mium for indium in the lattice. The Cd3P2 MSC has an unknown 
crystal structure, thus the authors have chosen to visually represent 
the final structure as a tetragonal portion derived from the bulk 
Cd3P2 lattice (pdf #01-070-3099 ICSD). 

 
We propose that cation exchange is initiated through Z-type lig-

and exchange between indium and cadmium carboxylates. Z-type 
ligands (Lewis acids or two-electron acceptors) have been shown to 
reversibly bind and exchange with anionic sites on nanocrystal sur-
faces with no impact on crystal structure or strain, although both ex-
amples are isovalent cases in which ligand density remains un-
changed.34,35 This initial topotactic phase (phase 1) conserves the 
structure of the In21P20 charged core while the metal carboxylates on 
the surface undergo exchange. We then observe relaxation of the 
crystal lattice to a structure consistent with a zinc blende assignment, 
which we designate as phase 2. Through the addition of excess Cd2+, 
we hypothesize that increasing amounts of cadmium replacing in-
dium in the core induces structural relaxation of the initially strained 
pseudo-tetrahedral coordination environments. Finally, phase 3 is 
characterized by the distinct transition to Cd3P2 which can occur ab-
ruptly with no indication of an intermediate product.  

Phase 1: Topotactic cation exchange 

The evolution of the absorption spectra as cadmium phe-
nylacetate (Cd(PA)2) was progressively added to a solution of 

In37P20(PA)51 is shown in Figure 1. Each spectrum in this titration 
represents the thermodynamic endpoint of the reaction between the 
two reagents at a given cadmium concentration at room tempera-
ture. Although absorbance measurements do not provide insight on 
the precise structural changes occurring, they are a diagnostic finger-
print of the cluster evolution. During phase 1, the InP MSC peak at 
386 nm is broadened with a more pronounced shoulder at 430 nm 
that is present up to 37 equivalents of Cd(PA)2. 31P NMR has proven 
to be a useful tool to examine structural evolution of the cluster be-
cause the unique phosphorus environments in the pseudo-C2-sym-
metric In37P20(O2CCH2Ph)51 cluster have allowed peak assignment 
based on chemical shielding arguments and integration, and may be 
telling of specific site reactivity with cadmium.31 With one equivalent 
of cadmium, the original anionic sublattice appears to be maintained 
with slight changes in the chemical shielding tensors as is expected 
upon a change in surface ligation (Figure 2). The addition of up to 5 
equivalents lead to a broadening and slight upfield shift of all reso-
nances. In accordance with the characteristic chemical shift of Cd3P2 
MSCs at –364 ppm, we suggest that the upfield shift is evidence for 
the formation of cadmium-phosphorus bonds. 

Figure 1. UV-Vis absorbance traces (solid, offset) of InP MSCs exposed 
to increasing equivalents of Cd(PA)2 relative to a single InP MSC.  Pho-
toluminescence of Cd3P2 final product (dashed). The dashed black line 
is to direct the eye towards the shift from the initial InP MSC peak at 386 
nm. 

Elemental analysis was necessary to help corroborate the spectro-
scopic data and more importantly, to confirm that cadmium was co-
ordinating to the cluster. To purify the samples of excess metal car-
boxylate, multiple rounds of gel permeation chromatography were 
carried out with the purification endpoint confirmed by unchanging 
molar ratios upon analysis by inductively coupled plasma optical 
emission spectrometry (ICP-OES). The molar ratios extracted from 
ICP-OES analysis are shown in Table 1 and have all been normalized 
to 20 P to allow comparison with the composition of the initial 
In37P20 cluster. These data support the hypothesis that the core 
[In21P20]3+ composition is maintained up to the addition of 16 equiv-
alents of Cd(PA)2 with the surface indium atoms being progressively 
replaced by cadmium. 
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Figure 2. 31P NMR (283.5 MHz, C6D6) spectra of clusters and increasing 
cadmium equivalents taken at room temperature. Trace colors corre-
spond to the assignment of phase 1, 2, or 3. The sharp peak at –240 ppm 
is a PH3 impurity (< 0.1% of total P). Inset of In37P20(PA)51 crystal high-
lighting apical indium atoms with ligands removed for clarity. 

Table 1. Molar ratios of InP, intermediate, and Cd3P2 cluster species 
by ICP-OES. Compositional analysis by x-ray photoelectron spec-
troscopy was performed on several samples to verify ICP-OES meas-
urements (Table S1). 

Sample	 Cd	 In	 P	

In37P20	 0	 40	 20	

1	 1.8	 46	 20	

5	 12	 34	 20	

16	 28	 28	 20	

37	 55	 36	 20	

75	 82	 33	 20	

100	 68	 28	 20	

200	 69	 5	 20	

Cd3P2	

via	P(SiMe3)3	
60	 0	 20	

 
Additionally, matrix-assisted laser desorption/ionization coupled 

with time-of-flight mass spectrometry (MALDI-TOF) was per-
formed on the InP MSC and on the Cd-treated intermediates (Fig-
ure S2). Due to the unknown nature of how the clusters fragment, 
the broad distributions of fragment masses were analyzed with 
Gaussian fits to extract characteristic trends (Table S2). The InP 
MSC shows a parent fragment ion centered at 8570 m/z, similar to 
what has been observed for InP clusters formed during InP QD syn-
thesis,36 with the narrowest Gaussian distribution (FWHM = 980). 
The mass of an intact fully ligated cluster is 11,759 g/mol so we ex-
pect that a portion of the cluster surface is lost during ionization. 
While the mass distribution consistently broadens as the cation ex-
change progresses, the addition of ≤16 equivalents of Cd2+ results in 
no significant change in the parent fragment ion mass. Consistent 
with the ICP-OES interpretation, this suggests the parent fragment 

ion is unaffected by initial surface cation exchange. While the former 
data certainly suggest that the original cluster crystal remained in-
tact, more precise structural characterization was necessary to ascer-
tain whether this process was topotactic in nature.  

Comparing the physical structures of cadmium-coated or cad-
mium-alloyed intermediates is possible through powder X-ray dif-
fraction (PXRD) and atomic pair distribution function (PDF) anal-
ysis. PDF has previously been used to reveal that InP MSCs with dif-
ferent ligand sets (phosphonate terminated vs carboxylate termi-
nated) have very different internal structures.37 PDF analysis of 
In37P20 and the resulting Cd-treated products demonstrates that the 
core structure is maintained up to the addition of 16 equivalents of 
Cd(PA)2 (Figure 3A, Figure S3). Furthermore, we used the pre-
dicted structure of Cd16In21P20, in which the 16 surface indium were 
exchanged with cadmium, to simulate the PDF. This computed pat-
tern correctly predicts many of the minor changes experimentally 
measured by the cluster reacted with 16 equivalents of cadmium 
(Figure S4). Direct analysis of the PXRD data demonstrates that no 
shifts are present that would correspond to additional lattice 
strain/relaxation or alloying. In fact, the powder diffraction pattern 
of InP MSCs already differs from larger QDs and bulk InP due to the 
low-symmetry and strain present in the core thus PXRD can be very 
telling of changes in the InP cluster lattice.30 

The data thus far suggests that cation exchange occurs in a topo-
tactic fashion, conserving the structure of the inorganic core.  We ex-
pect that the exchange initially takes place at the most reactive in-
dium sites, especially because these reactions are performed at room 
temperature. More specifically, based on our prior work with the ad-
dition of Lewis bases to InP MSCs,31 we envision cation exchange 
beginning with Z-type ligand exchange to replace the apical indium 
atoms (In1/2 in Figure 2).  

Computational analysis of an InP cluster with cadmium replacing 
the apical indium (In1/In2) resulted in a slight red-shifted absorb-
ance shoulder, consistent with our experimental observations (Fig-
ure S5). In comparison, the model where equatorial indium atoms 
were exchanged by cadmium leads to a calculated absorbance spec-
trum with a significantly red-shifted lowest energy electronic transi-
tion (Figure S5). In this last model, the Cd2+ atoms are now situated 
in the physical region where most of the electronic density of the 
HOMO is spatially localized (Figure S6) and therefore the two elec-
tronic transitions responsible for the first peak absorption (HOMO-
1 to LUMO and HOMO to LUMO) are strongly impacted. These 
data are indicative that cation exchange likely begins by Z-type lig-
and exchange at these apical sites while the structure of the phos-
phide sublattice is largely unperturbed. Without a diffraction quality 
single crystal, it is difficult to identify whether some cadmium has in-
tercalated into the [In21P20]3+ core before stoichiometric exchange 
on the surface has completed but we hypothesize that it would be a 
minor amount before the next phase of the cation exchange process 
occurs, which involves a structural rearrangement (phase 2). 
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Figure 3. (A) Measured PDFs for the series of InP MSCs with increasing 
equivalents of cadmium added starting with pure InP. (B) powder X-ray 
diffraction patterns of corresponding PDF samples with bulk InP (pdf 
#01-073-1983 ICSD). 

Phase 2: Structural relaxation 

We categorize phase 2 as a distinct event due to the structural 
changes observed by PDF and XRD. By 75 equivalents of Cd2+, al-
teration of the scattered intensities and drastic changes in the PDF 
signal indicate structural reconstruction, suggesting the exchange of 
cadmium into the core (Figure 3). Furthermore, this PDF matches 
well with a zinc blende tetrahedron containing 35 Cd and 20 P at-
oms, similar to that seen for CdSe MSCs (Figure S7).38 PXRD anal-
ysis suggests that the lattice has relaxed to a zinc blende structure 
(represented by the bulk InP powder diffraction pattern) with major 
reflections at 26, 43.6 and 51.6 2θ, correlating with the PDF fits. 

Absorbance measurements show that above 37 equivalents of 
cadmium, the excitonic feature blue-shifts to an intermediate that is 
reproducibly observed between 360-370 nm depending on the spe-
cific identity of the ligand (Figure 1). By 31P NMR spectroscopy, this 
phase is not characterized by precisely defined phosphorus chemical 
environments, rather we observe a continuous upfield shift and 
broadening of all resonances as the cadmium content in the phos-
phide sublattice continues to increase (Figure 2). This may indicate 

that cadmium exchange into the core is non-selective, giving rise to 
a range of structures in which varying specific indium atoms have 
been replaced by cadmium. Quantitative 31P NMR spectroscopy in-
dicates that the amount of phosphorus contained in these cluster 
species is conserved through the course of the cation exchange, sup-
porting an anionic rearrangement step without anion loss (Figure 
S8).  The presence of additional cadmium is verified by composi-
tional analysis in which the molar ratios show an increasing amount 
of cadmium.  Further interpretation of the ICP data is somewhat un-
clear (likely due to the presence of a large excess of cation loosely 
interacting with the cluster surface),39,40 but suggests that significant 
concentrations of indium remain in the sample with super-stoichio-
metric addition of Cd(PA)2. Mass spectrometry supports the incor-
poration of additional cadmium at higher concentrations in which a 
domain of larger masses is observed, relative to the phase 1 mass dis-
tributions (Figure S2, Table S1). The mass of the parent fragment 
ion rises by approximately 1 kDa and remains nearly invariable 
thereafter, consistent with a structural change initiated above 16 
equivalents of Cd2+ that impacts the cluster fragmentation.  

Although we attribute the progression of cluster species in phase 
2 as a continuation of cation exchange between core indium and cad-
mium that results in structural reorganization to a relaxed zinc 
blende species, the pathway by which this occurs is still unknown. 
Accounting for the difference in charge additionally introduces com-
plications in assigning a diffusion pathway, beyond surface-related 
exchanges, through interstitial sites or by a vacancy-assisted mecha-
nism.7,15,23 The extent of a detailed mechanistic examination is be-
yond the scope of this current study but certainly of interest to the 
authors. 

Phase 3: Reconstruction to Cd3P2 

At high equivalents of Cd(PA)2 (100, 200, and 500 equivalents), 
a new absorbance feature at 450 nm appears in the UV-Vis spectrum 
(Figure 1), which is characteristic of a known Cd3P2 MSC.32 The InP 
cluster has negligible room temperature photoluminescence (PL) 
but once conversion to Cd3P2 is complete, weak band-edge PL (<1% 
quantum yield) is measured. In order to compare the Cd3P2 pro-
duced via cation exchange (CE), Cd3P2 clusters were independently 
synthesized following the literature procedure described by Yu and 
co-workers with slight modifications.32 Briefly, cadmium carbox-
ylate was dissolved in toluene and P(SiMe3)3 was injected at room 
temperature. The reaction proceeded at room temperature but 
could be carried out up to 120 °C. 

Monitoring the in-situ growth of Cd3P2 following P(SiMe3)3 in-
jection supports a homogeneous growth mechanism with a continu-
ous increase in cluster size towards the thermodynamically stable 
product with an absorption maximum at 450 nm (Figure S9a). Slight 
shifts in the absorption maxima occur depending on the precise 
identity of the supporting ligands (oleate or phenylacetate). Moni-
toring the in-situ synthesis of Cd3P2 via introduction of 500 equiva-
lents Cd2+ to InP MSCs also shows a continuous transition from the 
InP MSCs to the Cd3P2 MSCs with no observable intermediates 
(Figure S9b) and demonstrates that InP MSCs do not re-dissolve to 
form new Cd-P monomers. This continuous growth appeared to 
conflict with the evolution of absorbance features at <100 equiva-
lents Cd2+, but we hypothesize that a supersaturated solution of Cd2+ 
with InP MSCs likely precludes the buildup of any kinetic products 
and that rapid exchange and rearrangement occurs without cluster 
dissolution. Notably, if the stable phase 2 intermediate with diagnos-
tic UV-Vis absorption at 360/370 nm formed by addition of 75 
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equivalents Cd2+ is treated with additional Cd2+, a continuous pro-
gression towards Cd3P2 is observed, demonstrating that the interme-
diates are viable precursors on the pathway towards Cd3P2 (Figure 
S10). The alternative possibility that clusters re-dissolve in the pres-
ence of excess cadmium to form a short-lived monomer species was 
strongly considered, but the lack of spectroscopic evidence, espe-
cially from in-situ absorbance measurements, lead us to the conclu-
sion that the crystal lattice is conserved during rearrangement.  

Structurally, the two products are comparable by 31P NMR spec-
troscopy. Cd3P2 clusters synthesized by P(SiMe3)3 injection show a 
single peak in the 31P NMR spectrum at –364 ppm, consistent with 
literature reports,32 which indicates that the Cd3P2 cluster has a very 
symmetric structure with contributions to the broad linewidth likely 
arising from differences in surface and core Cd-P environments. The 
final Cd3P2 product produced by cation exchange has a single peak 
at –366 ppm demonstrating that there are likely no residual In-P 
bonds remaining. As expected, following purification, the composi-
tion of in-situ synthesized and cation exchange produced Cd3P2 are 
nearly identical with the presence of a negligible amount of indium 
in the cation exchange sample (Table 1).  

Since the bulk and cluster phosphorus NMR differ greatly, it is no 
surprise that by PXRD the measured pattern does not overlay well 
with the reported bulk Cd3P2 patterns (Figure S11).32,33 This is con-
sistent with previous characterization of the Cd3P2 cluster, which 
shows a similarly broad powder pattern.32,41 Previous measurements 
of Zn3P2 nanocrystal powder diffraction patterns, which shares the 
tetragonal lattice, have shown a divergence from the bulk structure 
at small nanocrystal sizes, consistent with the complexity of the 40-
atom tetragonal unit cell.42,43 Furthermore, PDF analysis indicates 
that the final product of cation exchange is demonstrably different 
from the other measured samples, indicating a final structural trans-
formation has occurred on complete conversion to Cd3P2 (Figure 3, 
S12). Although the use of transmission electron microscopy (TEM) 
would help reveal changes in particle morphology throughout this 
transformation, the poor contrast of InP and sub-2 nm particles lim-
its the application of this technique.37,44 

Unique reactivity of InP MSC 

In many examples of cation exchange reactions, hard-soft acid-
base theory is used to design experimental conditions that will favor 
the extraction of the Lewis acid from the solid to solution in cases 
where the formation energy of the desired product is favored.15,18 
This technique was utilized by Beberwyck and Alivisatos to irrevers-
ibly produce InP QDs from Cd3P2 QDs at high temperatures in tan-
dem with the addition of soft Lewis bases.14 In our work, the for-
mation of Cd3P2 occurs at room temperature from InP MSCs, which 
we propose is driven by the formation of the more stable Cd3P2 clus-
ter. Under harsher synthetic conditions, the structural integrity of 
the cluster anionic sublattice is completely disrupted. Analogous to 
the room temperature reactions, varying concentrations of cadmium 
heated to 100 °C with InP MSCs produce what are likely alloyed na-
noparticles due to the decrease of the bandgap with increasing 
amounts of cadmium (Figure S13). The distinction between InP 
MSC and QDs is that the inherent strain present in the InP MSC 
lattice likely lends itself to significantly different reactivity relative to 
a crystalline QD. Each phase discussed previously involves to some 
degree a surface reorganization or structural reconstruction that we 
propose corresponds to an energetic stabilization from the distorted 
InP MSC lattice. 

 

Figure 4. Experimental intensity (black dashed) and fitted profile 
(red/blue solid) of core level In 3d (a) and Cd 3d (b). Samples are InP 
MSCs, 5 and 37 equivalents of Cd2+, and PA-Cd3P2 is a product of cation 
exchange with 200 equivalents of Cd(PA)2. Peak fits and atomic per-
centages are in Table S2. 

Evidence for the presence of significant strain in the InP MSC in 
provided by analysis of the metrical parameters from the single crys-
tal X-ray diffraction data and is consistent with observed shifts in the 
measured powder diffraction pattern which show that the lattice is 
only pseudo-tetrahedral.30 X-ray photoelectron spectroscopy (XPS) 
demonstrates the differences between nanocrystalline and cluster-
sized InP as well. The In 3d region shown in Figure 4a shows a dis-
tinct asymmetric peak shape with a main peak at 445.4 eV and a 
shoulder at 448.0 eV, diverging from the typical Gaussian line shape 
common to InP QDs.45,46 This is mirrored in the second feature re-
sulting from spin-orbit splitting, indicating these features arise from 
the indium core electrons. As more Cd2+ reacts with the cluster, the 
shoulder shifts to lower binding energies and diminishes. This trend 
is also observed in the Cd 3d spectra (Figure 4b).  Previous reports 
of core/shell and alloyed structures have described a similar shoul-
der peak, in which the presence of peak asymmetry corresponds to 
the presence of a different “surface” component as seen in 
InP/ZnS47 and multiple other materials.48–50  
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We hypothesize that the inherent strain of the [In21P20]3+ core 
contributes to diversifying the surface and core components. As 
structural rearrangement proceeds towards a more symmetric, and 
presumably less strained Cd3P2 structure, the differences between 
core and surface environments is significantly reduced, leading to 
coalescence of the signal to one peak in the final Cd3P2 MSC. Further 
evidence supporting the progression towards a more symmetric 
cluster can be found in the C 1s XPS spectra (Figure S14). It should 
be noted that while the final phenylacetate-ligated Cd3P2 cluster ob-
tained by CE exhibits some signal from indium, compositional anal-
ysis of this sample indicates almost negligible concentrations of in-
dium in the sample, which is likely present as loosely associated 
metal carboxylates. 

The reversibility of the cation exchange reaction has been exam-
ined as well, further supporting our claim that InP MSCs exist in a 
higher energy state and re-formation of the original structure is un-
likely. Interestingly, addition of In3+ to solutions of purified Cd3P2 
clusters does lead to reaction consistent with indium incorporation, 
but the observed products are distinct from the intermediates we’ve 
characterized here likely due to the nature of the structural evolution 
described in Scheme 1 (Figures S15/S16). 

 
CONCLUSIONS 
From the combined data, we suggest the conversion of InP MSCs 

into Cd3P2 MSCs proceeds according to the mechanism depicted in 
Scheme 1. Up to 16 surface indium cations are progressively and 
stoichiometrically replaced by cadmium cations with a requisite low-
ering in the total ligand density at the cluster surface that is not ac-
companied by significant structural changes (phase 1). Beyond this 
point, a large excess of cadmium in solution is required to push pro-
gressive exchange with core indium and that this exchange is accom-
panied by a structural relaxation to the zinc blende structure (phase 
2). During titration with Cd2+, we observe that the structural rear-
rangement to a tetragonal lattice occurs in an abrupt, and potentially 
irreversible step, with subsequent cation exchange being rapid, lead-
ing to the diagnostic optical signatures of the Cd3P2 MSC (phase 3). 
These identifiable steps can be bypassed through the addition of a 
considerable excess of cadmium to the InP MSCs, which prevents 
the formation of intermediate kinetic products and progresses di-
rectly to Cd3P2.  

With respect to previous work on III-V cation exchange in which 
the reverse reaction of Cd3P2 quantum dots to give InP was desig-
nated irreversible,14 we consider the differences in quantum dot and 
cluster structure to be significant. The strain inherent in the InP 
MSC lattice likely leads to significant differences in its relative reac-
tivity with Cd2+ versus a crystalline zinc blende QD. However, the 
general principle that stoichiometric Z-type exchange with ligand re-
organization precedes thermodynamically-driven cation exchange is 
likely to be conserved in these systems. 

 
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: dimethyl cadmium is a volatile and extremely toxic 
reactant and was handled with care within a nitrogen glovebox. Both 
dimethyl cadmium and P(SiMe3)3 are pyrophoric, extremely reac-
tive, and should be handled with caution. Indium acetate (99.99%), 

anhydrous oleic acid (≥99%), phenylacetic acid (99%), and trans-2-
[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile 
(DCTB) (≥99.0%) were purchased from Sigma-Aldrich Chemical 
Co. and used without further purification. Dimethyl cadmium 
(97%) was purchased from Strem chemicals and stored in a nitrogen 
glovebox. Bio-Beads S-X1 were purchased from Bio-Rad Laborato-
ries. Omni Trace nitric acid was purchased from EMD Millipore and 
used without further purification. 18.2 MΩ was collected from an 
EMD Millipore water purification system. All solvents, including tol-
uene, pentane, ethyl acetate, and acetonitrile were purchased from 
Sigma-Aldrich Chemical Co., dried over CaH2, distilled, and stored 
over 4 Å molecular sieves in a nitrogen-filled glove box. C6D6 was 
purchased from Cambridge Isotope Labs and was similarly dried and 
stored. P(SiMe3)3 was prepared following literature procedures.51  

31P NMR spectra were collected on a 700 MHz Bruker Avance 
spectrometer. UV-Vis spectra were collected on a Cary 5000 spec-
trophotometer from Agilent or in-situ with an Ocean Optics TI300-
Series absorbance dip probe. Data collected from the dip probe were 
smoothed in Igor Pro with binomial smoothing algorithms. Fluores-
cence and quantum yield measurements were taken on a Horiba 
Jobin Yvon FluoroMax-4 fluorescence spectrophotometer with the 
QuantaPhi integrating sphere accessory. ICP-OES was performed 
using a Perkin Elmer Optima 8300. TEM images were collected on 
an FEI Tecnai G2 F20 microscope using an ultrathin carbon film on 
holey carbon purchased from Ted Pella Inc.  

Synthesis	of	InP	MSCs: InP MSCs were synthesized following a 
modified preparation from Gary et al..37 Briefly, indium acetate (934 
mg, 3.2 mmol) and phenylacetic acid (1.58 g, 11.6. mmol) were 
heated at 100 °C overnight under reduced pressure. Dry toluene (10 
mL) was added to the reaction flask at room temperature the follow-
ing day. P(SiMe3)3 (465 μL, 1.6 mmol) was measured into 5 mL of 
toluene and injected into the indium phenylacetate at 110 °C. Clus-
ter growth was typically complete within 20-40 minutes. Purification 
of the particles was achieved through successive precipitation/re-
dissolution cycles using toluene and pentane as the solvent and non-
solvent, respectively. 

Cadmium	 phenylacetate	 synthesis: Dimethyl cadmium (559 
μL, 7.8 mmol) was added dropwise to a chilled solution of phenyla-
cetic acid (2.12 g, 15.6 mmol) in a 4:1 pentane/toluene mixture. Af-
ter 3 hours of stirring, volatile solvents were removed under vacuum 
and the product was washed 3 more times with pentane. The same 
procedure was used to synthesize cadmium oleate with oleic acid in 
place of phenylacetic acid and product washes were performed with 
ethyl acetate instead of pentane. 

Cd2+	 titrations: Stoichiometric amounts of cadmium oleate dis-
solved in toluene, or cadmium phenylacetate dissolved in acetoni-
trile, were added to solutions of InP stirring at room temperature. 
Solutions were monitored by UV-Vis until changes were no longer 
observed (typically 12-24 hours). The solutions were purified by gel 
permeation chromatography; preparation of the column in the 
glovebox was performed following a literature procedure.52 Purified 
samples were characterized by ICP, PDF, XRD, TEM, XPS, and 
MALDI-TOF.  

Cd3P2	 MSC	 via	 molecular	 precursors: Cadmium phosphide 
MSCs were synthesized using a modified literature procedure.32 
Cadmium oleate (0.135 g, 0.2 mmol) was dissolved in 10 mL dry 
toluene in a reaction flask under nitrogen. P(SiMe3)3 (15 μL, 0.05 
mmol) was measured into 2 mL of toluene and injected into the flask 
at room temperature. Cluster growth was monitored by UV-Vis until 
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no further changes occurred. Purification was achieved through suc-
cessive precipitation/re-dissolution cycles using toluene and etha-
nol as the solvent and non-solvent, respectively. Particle growth was 
observed with excess purification, further relevant details are dis-
cussed in the SI (Figure S11). 

MALDI-TOF: Mass spectra were collected on a Bruker Autoflex II 
instrument using DCTB as the matrix. Cluster samples dispersed in 
toluene were mixed with toluene solutions of the matrix and spotted 
on a stainless steel plate in a glovebox. Desorption and ionization of 
samples was achieved by irradiation with a pulsed nitrogen laser. 
Mass spectra were measured with the detector in linear positive 
mode with a laser intensity between 5-15%. Calibration was per-
formed using external standards ubiquitin I, myoglobin and cyto-
chrome C. Data was smoothed and fitted in Igor Pro using binomial 
smoothing algorithms. 

XPS	acquisition: All XPS spectra were taken on a Surface Science 
Instruments S-Probe photoelectron spectrometer. This instrument 
has a monochromatized Al Kα X-ray source which was operated at 
20 mA and 10 kV, and a low energy electron flood gun for charge 
neutralization. The samples were drop-cast solutions on a Si wafer 
while the indium acetate was brushed onto two-sided tape mounted 
on a Si wafer. X-ray analysis area for these acquisitions was approxi-
mately 800 μm across. Pressure in the analytical chamber during 
spectral acquisition was less than 5 x 10-9 torr. All included figures are 
high resolution spectra. Pass energy for high resolution spectra was 
50 eV and data point spacing was 0.065 eV/step. The take-off angle 
(the angle between the sample normal and the input axis of the en-
ergy analyzer) was 0° (~100 Å sampling depth). Service Physics 
Hawk version 7 data analysis software was used to peak fit high res-
olution spectra. 

Computational	 methods: Computational studies were per-
formed using the Gaussian electronic structure package.53  The 
HSE06  range-separated hybrid DFT functional was used to perform 
both the linear-response TDDFT absorption spectra and geometry 
optimizations.54–56 This method is appropriate for describing 
charge-transfer excitations and has been previously shown to cor-
rectly compute the InP quantum dot electronic structure.30,31,57 
TDDFT was used to compute both the excitation energies and cor-
responding oscillator strengths of the first 10 electronic transi-
tions.58–60 The LANL2DZ basis set is used, in which core electrons 
are replaced by an effective core potential, and only O (1s, 2s, 2p), C 
(1s, 2s, 2p), In (5s, 5p), Cd (4d, 5s, 5p) and P (3s, 3p) atomic orbit-
als are described with explicit basis functions.61–64  

All calculations were performed on structures where the phenyl 
moieties were replaced by acetate, In37P20(O2CCH3)51, 
Cd2In35P20(O2CCH3)49, and Cd16In21P20(O2CCH3)35(HO2CCH3)2, 
to investigate the effect of the presence of cadmium atoms on the 
UV-Vis spectrum, the electronic properties and structural rearrange-
ment. Starting from the optimized In37P20(O2CCH3)51 structure, the 
Cd-containing models were prepared, and further optimized, by re-
placing two In atoms with two Cd atoms and removing two carbox-
ylate ligands, the closest to the substituted atoms, to preserve the 
charge compensation, Cd2In35P20(O2CCH3)49. The substitution 
strategy mostly retained the overall molecular symmetry, therefore 
in the resulting models two In atoms, either located on top of the 
pseudo C2 symmetry axis (namely axial) of the molecule or in the 
plane (namely equatorial) orthogonal to it, were substituted by two 
Cd atoms, respectively. For the 16 Cd-containing structure, starting 
from the optimized In37P20(O2CCH3)51 structure, 14 negative 

charged ligands were removed and another two were protonated 
(located at the opposite sides of the molecule equatorial plane) to 
preserve both the charge compensation and simultaneously preserve 
full cadmium coordination and the overall cluster symmetry. 

PDF	analysis: X-ray total scattering experiments were conducted 
on beamline 28-ID-2 at the National Synchrotron Light Source II 
(NSLS-II) at Brookhaven National Laboratory. An X-ray beam of 
energy 67.563 keV (λ = 0.18351 Å) was focused on samples loaded 
into Kapton capillaries cooled to 100 K using a liquid nitrogen cry-
ostream. Scattered intensities were collected in rapid acquisition 
mode65 on a Perkin-Elmer 2D flat panel detector (2048 × 2048 pix-
els and 200 × 200 μm pixel size) mounted orthogonal to the beam 
path at a distance of 205.4850 mm from the sample. Final Cd3P2 
products were measured on a separate date using a similar setup. A 
Ni standard sample was measured to calibrate the detector geome-
try, and 2D intensities were azimuthally integrated to 1D intensity 
versus the magnitude of the scattering vector Q using Fit2D.66 Scat-
tering from an empty Kapton tube was measured and subtracted as 
a background.  

The PDF gives the scaled probability of finding atom-pairs in the 
material at a distance r apart. The program xPDFsuite with 
PDFGetX366,67 was used to convert the diffracted intensities to the 
real-space pair distribution function (PDF), G(r), by 

 

𝐺 𝑟 =
2
𝜋

𝐹
'()*

'(+,

𝑄 𝑠𝑖𝑛 𝑄𝑟 𝑑𝑄 

where F(Q) is the total scattering structure function which is gen-
erated after normalization and reduction of the coherent scattering 
intensities, and Qmin and Qmax are the minimum and maximum values 
of the scattering momentum transfer considered. 

 Structure refinements were carried out using the Diffpy-CMI 
complex modeling framework.67 The starting model for InP clusters 
was obtained from Gary et al. from which ligand atoms were re-
moved except for oxygen.30 Model PDFs were generated as in Jensen 
et al.,68 by first simulating the structure function from the Debye 
scattering equation,  

𝐹 𝑄 = 2
3 4 ' 5 𝑓77,9:7 𝑄 𝑓9 𝑄

;7< '=+>
=+>

, 

which was then Fourier transformed over a range of 0.85-23.1 Å-1, 
and subsequently refined using isotropic thermal parameters Uiso for 
each atomic species, a scale factor, an expansion coefficient, an r-de-
pendent peak sharpening coefficient δ2 to account for correlated mo-
tion.  
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