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Abstract 

We report the conversion of In37P20 magic sized clusters (MSCs) via cation exchange at room 

temperature to obtain doped InP clusters and nanocrystals, as well as Cu3-xP, Ag3-xP, and Au3-xP 

nanocrystals. Using a combination of spectroscopic and structural characterization, we determine 

that the InP clusters undergo doping with significant rearrangement of their ligand shells but only 

minor changes in their cores when 1 to 5 equivalents of coinage metal salt (per cluster) are 

added. However, when 37 equivalents 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 XPS, XRD, and PDF 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 3-30 nm size range.  

 

Introduction 

Magic sized clusters (MSCs) are atomically precise nanomaterials often found as metastable 

intermediates in the synthesis of nanocrystals.1–3 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 the 

study of cation exchange. By understanding the mechanism and structural changes involved in 

cation exchange, synthetic chemists are able to rationally design new pathways to access 

colloidal nanomaterials that may be difficult or impossible to form by traditional bottom up 

nucleation and growth.4–8  Additionally, although cation exchange in III-V nanocrystals often 

requires high temperatures, cation exchange in magic sized clusters can often be performed at 
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room temperature.9–11 While cation exchange has been widely studied in Zn and Cd-

chalcogenide MSCs,11–17 few reports examine cation exchange in indium phosphide MSCs.10,18 

In this paper we demonstrate the cation exchange of InP magic sized clusters with coinage 

metals (Cu, Ag, and Au). Coinage metals are of particular interest due to the unique properties 

that characterize Group 11 binary compounds like phosphides and chalcogenides, including 

localized surface plasmon resonances (LSPRs) and enhanced catalytic activities. Given the ion 

mobility associated with copper ions in inorganic lattices,19 the Cu-P products are also of interest 

for sequential cation exchange chemistries to access multinary and high entropy materials.  

Copper phosphide has been widely studied, with special interest in the NIR LSPR generated in 

defective Cu3-xP lattices.7,20–22 Additionally, Cu3P is notable for its efficient electrocatalysis of 

both the hydrogen and oxygen evolution reactions, showing near unity Faradaic efficiency 

during hydrogen evolution and only minor degradation after extended use.23–26 The other coinage 

metal phosphides, Ag-P and Au-P, have traditionally been difficult to synthesize due to their 

metastability.27,28 Although Ag-P compounds have been predicted to serve as excellent catalysts 

for CO2 reduction, accessing these materials has been synthetically challenging.29,30 Homologous 

Ag-As and Ag-Sb systems have been found in nature, suggesting formation of Ag-pnictogen 

species is possible, however.31–33 Au2P3 nanostructures have been synthesized;27,34 however, 

these syntheses require phosphorization of Au nanocrystals and often lead to large domains of 

unreacted Au. Additionally, although AuP has been predicted,28 there has been no synthesis of 

this material at the nanoscale nor the bulk. A more complete understanding of the electronic and 

catalytic properties of Au-P compounds will require the synthesis of crystalline, single domain 

nanocrystals across the range of possible stoichiometries.  

In this work we demonstrate room temperature cation exchange in InP magic sized clusters, 

leading to the formation of doped InP clusters or small nanocrystals of Cu3-xP, Ag3-xP, and Au3-

xP. We further show that these small nanocrystals can then grow upon heating, leading to larger 

nanocrystals across the coinage metal phosphide family (Scheme 1). This MSC chemistry thus 

provides a versatile approach to the preparation, isolation, and study of coinage metal phosphide 

nanostructures.  
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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. After isolation, these 

products can be heated to form doped InP or coinage metal phosphide nanocrystals.  

 

Results and Discussion 

Given the ultra-small size of MSCs, their optical properties are highly sensitive to changes in 

lattice structure because even small perturbations can greatly 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, 5 eq) of CuCl2 solubilized in 

a 6:4 mixture of toluene and oleylamine to the starting In37P20(O2CC13H27)51 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 CuInS2, and is not attributed to 

size inhomogeneity but rather a metal to ligand (conduction band) charge transfer type transition 

involving copper-localized holes.35–37 As such, we attribute this continuous broadening of the 

absorption 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.38 Upon addition of 37 

equivalents of Cu (equal to the number of indium ions of the original MSC), we see complete 

loss of the original absorption peak, with conversion to a broad, featureless absorption spectrum 

spanning the visible region. This spectrum mirrors the UV-Vis absorption of previously 

characterized Cu3-xP nanocrystals, as well as Cu2S and Cu2Se nanocrystals.20,21,39,40 Furthermore, 

the 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 Cu2Se 

nanoclusters have also detailed the growth of a similar feature upon oxidation, attributed to a 

new plasmon resonance.41 This new feature is centered at ~800 nm, which is higher energy than 

the LSPRs of Cu3-xP nanocrystals, and this energy could reflect a blueshift due to quantum 

confinement.21,41–43 

Addition of AgCl and AuCl to the In37P20 MSCs gives similar results - low 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 equivalents (Figure 1B, C). While no reports of 

nanoparticle Ag-P complexes exist, this broad absorption is similar to that found in Ag2Se and 

Ag2S nanocrystals.44–47  

We also observed similar results for In37P20 MSCs treated with CuCl and AuCl3 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 and that all products contain coinage metals 

in the +1 oxidation state. This conclusion is confirmed by comparative XPS analysis (Figure 

S2).48 Interestingly, upon attempting full cation exchange with coinage metal halides solubilized 

by tributyl phosphine, only minimal broadening in the absorbance profile is observed, suggesting 

hindered cation exchange when high equivalents of coinage metal are added under these 

conditions (Figure S3). This result suggests that the precursor identity is important, and that 
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amines help to drive the cation exchange. Previous work has shown that the addition of metal 

carboxylates to InP magic sized clusters can induce cation exchange, but requires much more 

added cation.10 

 

Figure 1. Absorption spectra of coinage metal treated In37P20 MSCs. A) Addition of 1, 5, and 37 

equivalents of CuCl2.  Inset: absorption spectra of clusters treated with 37 equivalents 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, 5, and 37 equivalents of AgCl. C) 

Addition of 1, 5, and 37 equivalents of AuCl3. 

 

The initial pXRD pattern of In37P20 MSCs does not correspond to the zincblende phase of bulk 

InP. Instead the cluster has a strained core that can be described as having quasi-wurtzite 

character.38 Upon the addition of 1 and 5 equivalents of CuCl2 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 addition of 37 equivalents, the 

original diffraction peaks are no longer visible and instead are replaced by two main peaks at 2 

= 40° and 47° as seen in Figure 2A. These peaks are consistent with ultrasmall hexagonal Cu3P 

nanocrystals.49  

With the addition of 1 and 5 equivalents of AgCl, we once again see the shifting and broadening 

of the original In37P20 MSC peaks characteristic of the formation of a defective lattice. Upon 

addition of 37 equivalents 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.29,30  

Examination of the Au doped species shows much less broadening at 5 equivalents 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 Au3P.50 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 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.51,52 
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Our findings are also consistent with previous experiments showing that Ag leads to a 

cooperative cation exchange avalanche at lower concentrations than Cu.52 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 concentrations. These observations support theoretical 

predictions that the InP MSC lattice cannot rearrange favorably around larger dopants.52,53  

The broad XRD peaks of Figure 2A-C are consistent with ultrasmall nanocrystals, a conclusion 

corroborated by TEM analysis showing that the average size of the fully cation exchanged 

clusters is 3 nm for the Cu3P nanocrystals and 2 nm for the Ag3P and Au3P nanocrystals (Figure 

S4-6). The structures of these products were further investigated by PDF analysis of the 37 

equivalent treated samples (Figure 2D). Previous work in our group has shown the sensitivity of 

PDF to changes to the internal lattice of InP MSCs.2,10 Most noticeably, all three exchanged 

samples show the loss of the prominent peak around 4.1 Å, representative of the In-In network in 

the original InP lattice. These data show that the internal lattice of the Cu-P cluster is similar to 

that of Cu3P nanocrystals, having major reflections at 2.25 and 2.61 Å corresponding to Cu-P 

and Cu-Cu distances, respectively.54 Although previous PDF analysis does not exist for Ag-P or 

Au-P complexes, the Ag-P and Au-P clusters show new peaks around 2.9-3.0 Å that agree well 

with theoretical predictions for AgP and Au-P bonds in Ag3P and Au3P (Figure S7). We note 

that all three clusters also show peaks at 2.2 and 2.6 Å, 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 point to the formation of unique Cu-P, 

Ag-P, and Au-P clusters through these cation exchange reactions. 
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Figure 2. A) pXRD pattern upon addition of CuCl2 to In37P20. Zinc blende InP is shown in red.  

B) pXRD pattern upon addition of AgCl to In37P20. Zinc blende InP is shown in red.  C) pXRD 

pattern upon addition of AuCl3 to In37P20. Zinc blende InP is shown in red. D) PDF analysis of 

InP MSCs and clusters treated with 37 equivalents of coinage metal. 

 

To further resolve the composition and coordination environments of the coinage metal treated 

clusters, XPS data were collected. After addition of CuCl2 to the In37P20 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 2p3/2 peak reaching 932.6 eV for the 37-equivalent 
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sample. This value is consistent with that measured for Cu3P.19 The addition of AgCl to In37P20 

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 do 

see the growth of silver 3d peaks as more silver is added, indicating increasing incorporation of 

silver into the material. Furthermore, these peaks closely correspond to the binding energy found 

for Ag2S.55 Similarly, addition of AuCl3 to the In37P20 MSC also shows an increasing Au signal 

with more equivalents added, as shown in Figure 3C. In the Au sample, the initial binding 

energy of the 4f7/2 peak is 84.2 eV, which is reminiscent of Au-amine complexes.56 As more 

equivalents are added, the binding energy shifts to 84.5 eV which corresponds to Au in InP,57 

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 In37P20 MSCs shows In peaks 

characteristic of InP, centered at 444.7 eV, as shown in Figure 3D.58 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 InCl3 or In(O2CR)3.10,59 As such, we posit that 

the 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 equivalents of Cu, we 

see complete loss of the In signal, suggesting complete cation exchange. These data correspond 

well with other forms of atomic elemental analysis, with ICP data showing small to no evidence 

of indium left in the core of the fully exchanged nanocrystals (Table S2). 
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Figure 3. A) XPS spectra of Cu 2p peaks with addition of CuCl2 to In37P20 MSCs. B) Ag 3d 

peaks upon addition of AgCl to In37P20 MSCs. C) Au 4f peaks with addition of AuCl3 to In37P20 

MSCs. D) XPS spectra of In 3d peaks upon addition of CuCl2 to In37P20 MSCs.  

 

As previous reports have shown that the introduction of coinage metals to InP quantum dots 

drastically effects their charge carrier lifetimes,36,60,61 we turned to transient absorption 

spectroscopy to examine if a similar phenomenon would occur with these even 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 S8). Clusters doped with a single 

equivalent of coinage metal show a drastic reduction in both the bleach and photoinduced 
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absorption lifetimes, as shown in Figure 4A-C, with lifetimes for Cu, Ag, and Au doped clusters 

as 210, 150, and 120 ps, respectively. In contrast, the undoped clusters have lifetimes of 1550 ps, 

as seen in Figure 4D. This relatively long lifetime is attributable to localization of the charge 

carriers in the highly strained excited state of the InP MSC, analogous to molecular species.62,63 

The drastic differences in excited state lifetimes could conceivably 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.62 Additional transient absorption studies show that the lifetime of the same 

cluster treated with amine is reduced, but longer than the doped species, as shown in the kinetic 

data of Figure 4D.  The large number of new mid-gap states introduced upon doping, evident 

from the broadened absorption spectra of Figure 1, are expected to facilitate rapid non-radiative 

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 loss of indium carboxylate with concerted 

coordination of the dopant metal halide complex, followed by 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 addition of amine ligands in a formal L-

assisted Z-type ligand displacement reaction.64,65 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 of aliovalent ions is more favorable following ligand 

removal.53,66,67 

Upon addition of 37 equivalents 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 S9-10, indicating that the new clusters 

have an excited state absorption coefficient greater than the ground state absorption coefficient at 

these wavelengths, similar to coinage metal chalcogenides.68–70 
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Figure 4. Transient absorption decay dynamics of InP MSCs following addition of 1 and 37 

equivalents of CuCl2 (A), AgCl (B), and AuCl3 (C). D) Transient absorption kinetics of myristate 

capped In37P20 and amine treated cluster. 

 

Further interest in these coinage metal-containing clusters derives from their utility as single 

source precursors for the formation of larger nanocrystals.2,71–73 After conversion of the In37P20 

MSCs to coinage metal phosphide clusters, we next examined if these materials could be used 

for the formation of larger nanocrystals. We hypothesized that a hot-injection synthesis can be 

used to overcome the energic barrier keeping MSCs in their metastable state and allow them to 

convert to larger, more stable nanocrystals. Indeed, upon injecting MSCs treated with 1 

equivalent of copper into ODE heated to 300 °C, we obtain Cu+:InP quantum dots. This can be 

observed in Figure S10 by the broadened absorption profile along with broad, NIR 

luminescence, mirroring previously reported Cu+:InP systems.35,36,60 Furthermore, these samples 

show highly similar diffraction patterns to undoped InP, suggesting that the zincblende InP 

lattice is retained (Figure S11).  
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However, using the fully cation exchanged clusters yields different products. Upon conversion of 

the MSCs that were treated with 37 equivalents of copper, the major product is Cu3P 

nanocrystals, confirmed via pXRD analysis as shown in Figure 5A. TEM analysis (Figure 5D) 

shows formation of larger (12.5 ± 0.5 nm) oblong nanocrystals. Hot injection of the MSCs 

treated with 37 equivalents of silver leads to greater structural transformations of the cluster, 

with the pXRD in Figure 5B showing the formation of Ag3P in the tetragonal phase. Excitingly, 

this is the first report of this material on the nanoscale to the best of our knowledge.74 TEM 

analysis of these new Ag3P nanocrystals shows an average size of 3.8 ± 0.2 nm (Figure 5E) 

suggesting much less growth relative to the Cu-P system. Performing a hot-injection reaction of 

the MSCs treated with 37 equivalents of Au with identical reaction parameters does not form 

nanocrystals of a new morphology but instead grows the cluster-based structure, as seen by the 

peak sharpening in the pXRD (Figure 5C) and growth to 3.8 ± 0.3 nm in size as seen via TEM 

(Figure 5F).  

   

 

Figure 5. A)  pXRD of Cu3P nanocrystals resulting from the hot injection of MSCs treated with 

37 equivalents of Cu. The peak at 43 corresponds to the formation of a small fraction of large Cu 

nanocrystals. B) pXRD of MSCs treated with 37 equivalents of Ag before and after hot injection 

reaction (the Si 111 peak at 28.4 has been removed from the analysis for clarity). C) pXRD of 

MSCs treated with 37 equivalents of Au before and after hot injection reaction. D) TEM of 

MSCs treated with 37 equivalents of Cu after hot injection reaction (scale bar is 50 nm) E) TEM 

of MSCs treated with 37 equivalents of Ag after hot injection reaction (scale bar is 5 nm). F) 

TEM of MSCs treated with 37 equivalents of Au after hot injection reaction (scale bar is 10 nm).  
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Conclusion 

We have demonstrated the room temperature conversion of In37P20 MSCs into doped InP clusters 

and M3-xP (M = Cu, Ag, Au) nanocrystals through exchange of indium using a coinage metal 

salt. From a combination of absorption spectroscopy and pXRD data we determined that the 

MSC core undergoes doping without significant structural changes upon addition of 1 to 5 

equivalents of coinage metal. However, at 37 equivalents of added coinage metal, we observe the 

complete transformation into new metal phosphide clusters with no evidence for remaining 

indium in the core. Transient absorption spectroscopy of MSCs exposed to 1 equivalent of 

coinage metal reactant suggests that removal of some excess surface In is required before the 

transformation of the inorganic core can occur, while further exchange exhibits characteristics 

expected in coinage metal phosphides. Hot injection reactions of these new coinage metal 

phosphide clusters form larger metal phosphide nanocrystals that reflect the cluster 

compositions. Notably, colloidal nanocrystals of Ag3P and Au3P have not been previously 

reported. This work illustrates that cation exchange can be utilized not only as a method of 

studying structural transformations in magic sized clusters, but also as an approach to expanding 

the library of magic sized clusters that serve as intermediates in the formation of a variety of 

nanocrystals, including metastable or otherwise difficult to form species.  
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