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Abstract 

Magic-sized clusters (MSCs) are kinetically stable, atomically precise intermediates along the 

quantum dot (QD) reaction potential energy surface. Literature precedent establishes two classes 

of cadmium selenide MSCs with QD-like inorganic cores: one class is proposed to be cation-rich 

with a zincblende crystal structure, while the other is proposed to be stoichiometric with a 

“wurtzite-like” core. However, the wide range of synthetic protocols used to access MSCs has 

made direct comparison of their structure and surface chemistry difficult. Furthermore, the 

physical and chemical relationship between MSC polymorphs has yet to be established. Here, we 

demonstrate that both cation-rich and stoichiometric CdSe MSCs can be synthesized from identical 

reagents and can be interconverted through the addition of either excess cadmium or selenium 

precursor. The structural and compositional differences between these two polymorphs can be 

contrasted using a combination of 1H-NMR spectroscopy, x-ray diffraction, pair distribution 

function (PDF) analysis, inductively coupled plasma optical emission spectroscopy, and UV-vis 

transient absorption spectroscopy. The subsequent polymorph interconversion reactions are 

monitored by UV-vis spectroscopy, with evidence for an altered cluster atomic structure observed 

by powder x-ray diffraction and PDF analysis. This work helps simplify the complex picture of 

the CdSe nanocrystal landscape and provides a method to explore structure-property relationships 

in colloidal semiconductors through atomically precise synthesis. 
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Introduction 

Quantum-confined semiconductor nanocrystals, or quantum dots (QDs), are ideal emitters 

for applications ranging from display to quantum information technologies due to their ease of 

synthesis, solution processability, and size-dependent optoelectronic properties1. Because these 

properties result from confinement of the exciton within the bounds of the material, composition, 

structure, and shape of the QD play an outsized role in determining its functional properties2. Over 

the past decade, improvements to QD synthesis have made it possible to isolate high quality 

ensembles with extremely narrow linewidths and high photoluminescence quantum yields3–5. 

However, these homogenous ensembles remain heterogeneous at the atomic level, with particle-

to-particle differences in quantum yields due to charging or nonuniform shell coverage appearing 

in even the highest quality samples6,7. These differences are intrinsically tied to the typical QD 

growth mechanism, by which monomer continuously adds to the surface, amplifying structural 

differences over time8. Ultimately, understanding the composition, morphology, and surface 

coverage of QDs with atomic resolution will be necessary to successfully incorporate these 

materials into next-generation technologies. 

In recent years, non-classical growth pathways have been recognized as playing an 

important role in semiconductor nanocrystal formation9. In special cases, including nanoplatelets 

and magic sized clusters (MSCs), discrete jumps in the lowest energy absorption maxima are 

observed, instead of a continuous redshift of the absorption features, signaling the sequential 

growth of larger nanocrystals without intermediate sizes10,11. Of particular interest are MSCs, 

which are kinetically stable and atomically precise12. MSCs are found across the periodic table, 

with stable structures of carbon13, metals14, metalloids15, and II-VI and III-V semiconductors16–18 

well-documented and consisting of tens to hundreds of atoms. 

The landscape of the CdSe MSCs is particularly well developed. The first clusters reported 

and structurally characterized from this class incorporated thiophenolates or selenophenolates into 

the inorganic core (Figure 1A, top left) leading to MSCs rich in anions and optoelectronic 

properties dominated by the ligands19–22. On the other hand, a series of cadmium-rich MSCs, first 

synthesized by Kudera et al.10,  were structurally characterized by the Owen group through surface 
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passivation with benzoate and alkylamine 

ligands (Figure 1A, top right)23,24. This 

stoichiometry more closely mimics the 

composition and surface environment of QDs, 

which are often demonstrated to be cation-

rich25. The disclosed single crystal XRD 

structure and PDF analysis showed that all three 

of the MSCs have a tetrahedral geometry, with 

lowest energy absorption maxima at either 350, 

380, or 408 nm. For both anion-rich and cation-

rich compositions, adamantane-like cages of 

cation and anion mirror the zincblende crystal 

structure of bulk cadmium selenide.   

 Separately, amine-capped CdSe MSCs with 

(nearly) stoichiometric compositions of 

Cd13Se13 or Cd14Se13 were reported by Buhro 

and Hyeon in the synthesis of lamellar 

assemblies and nanosheets26–29. The single 

crystal XRD structure of this cluster was 

disclosed in 2022 by Hyeon and coworkers, 

highlighting its markedly different structure 

from earlier reported MSCs – its quasi-spherical 

arrangement of Cd and Se atoms resembles a 

compressed wurtzite lattice (Figure 1A, 

bottom)30. A larger MSC in this family has also 

been reported, with proposed compositions of 

Cd33Se33
31, Cd34Se34

29,31–33, Cd34Se33
30, or 

Cd35Se28
24. In each of these reports, the lowest 

energy absorption maximum of the species is 

approximately 420 nm, implying that these clusters have the same internal structure. Owen most 

thoroughly characterized this cluster in one particular synthesis, documenting a surface coverage 

Figure 1: Diverse structures of CdSe 
magic sized clusters (MSCs). (A) 
Reported single crystal XRD structures of 
various CdSe MSCs (only Cd and Se 
shown). (B) Hypothesis: Distinct classes 
of MSCs are connected in chemical space 
through well-defined reactions. 
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of 1:1 benzoate:dodecylamine ligands and a molecular weight of approximately 10400 g/mol. 

Hyeon also reported that this larger MSC can be synthesized from the smaller, Cd14Se13 cluster, 

which implies that it is likely to have the same pseudo-wurtzite internal structure30. However, 

single crystal XRD characterization has remained elusive. 

 These overlapping reports highlight the complex nature of the CdSe potential energy 

surface, with each MSC family, and sometimes identical clusters, accessed by different synthetic 

routes. Furthermore, while it is established that a successful MSC synthesis requires high 

concentrations34 and highly reactive precursors35, other contributing variables, such as precursor 

stoichiometry, have not been as thoroughly probed. As the synthesis of nanocrystals with atomic 

precision grows more important, clear design principles to efficiently access these structures are 

necessary.  

In considering the state-of-the-art, we questioned whether a streamlined route to access 

both cation-rich and stoichiometric CdSe MSCs from the same precursors was possible (Figure 

1B). We could then make concrete comparisons between the structures, and, in particular, more 

convincingly show that the large, stoichiometric cluster possesses a pseudo-wurtzite core structure. 

In this report, we demonstrate the realization of these goals. We first synthesize a series of 

previously reported cation-rich and stoichiometric CdSe MSCs from cadmium benzoate and 

diphenylphosphine selenide precursors by altering the stoichiometric ratio of the reagents. We 

characterize the structure and composition of the MSCs using powder x-ray diffraction (XRD), 

pair distribution function (PDF) analysis, inductively coupled plasma optical emission 

spectrometry (ICP-OES), 1H-NMR spectroscopy, and steady state and transient UV-vis absorption 

spectroscopy. This suite of characterization tools demonstrates that the stoichiometric and cation-

rich inorganic core structures are fundamentally different. Finally, we demonstrate that the two 

families of MSCs can be interconverted through the addition of either excess cadmium or selenium 

precursor, illustrating that these two structures are connected on the same potential energy surface.  
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Results and Discussion 

Synthesis and Characterization of CdSe MSCs 

For the following discussion, a given MSC is referred to as CdSex nm, with “x nm” referring 

to the wavelength of its lowest energy absorption maximum. We first searched for a bottom-up 

procedure that could reliably yield both stoichiometric and cation-rich MSCs with identical ligands 

(Figure 2A). After some screening of cadmium and selenium precursors, we found that the 

stoichiometric CdSe420 nm MSC could be synthesized on gram scale with some modifications to 

the procedure of Cossairt and Owen24. This procedure utilizes the in situ formation of cadmium 

benzoate and 1 equivalent diphenylphosphine selenide (DPPSe) as Cd and Se precursors, and it 

yields a golden yellow solid with a strong, lowest energy absorption feature centered at 420 nm 

(Figure 2B). Key to maintaining reproducible yields, narrow absorption linewidths, and colloidal 

stability was a gentle workup – excessive crash-outs with acetonitrile or high centrifugation rates 

led to subsequent poor solubility (Figure S11). Furthermore, rapid mixing of the two precursor 

solutions via cannula transfer, a lower reaction temperature to form the cadmium precursor, and 

dilution of the cadmium precursor with toluene to aid stirring were all found to positively affect 

the reproducibility of the MSC formation (see SI for full synthesis and workup procedures).  
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Figure 2: Synthesis of stoichiometric and cation-rich CdSe MSCs from identical precursors. (A) 
Procedure for the synthesis of CdSe MSCs. (B) UV-vis absorption spectrum of purified CdSe420 nm. 
Conditions: 1 equiv DPPSe, 45 °C. (C) UV-vis absorption spectrum of purified CdSe350 nm (left) 
and CdSe380 nm (right). Conditions: 0.5 equiv DPPSe, room temperature (CdSe350 nm) or 45–80 °C 
(CdSe380 nm).  
 

With a reproducible synthesis of CdSe420 nm in hand, we found that by decreasing the 

stoichiometry of DPPSe from 1 to 0.5 equivalents, we could alternatively access a gram-scale 

synthesis of the cation-rich, tetrahedral MSC CdSe350 nm reported by Beecher et al. as a waxy, 

white solid (Figure 2C, left)23. Notably, a small amount of the next largest tetrahedral cluster, 

CdSe380 nm, forms upon isolating purified CdSe350 nm from solution at room temperature. By 

conducting the original synthesis at 45 °C, a mixture of CdSe350 nm and CdSe380 nm instead forms 

within two hours in an approximately 2:1 ratio of MSCs (Figure S7). Isolating this mixture from 

byproducts and resubjecting to heating at 80 °C fully converts these clusters into CdSe380 nm, which 



7 
 

can be separated and isolated from the next tetrahedron in the series (CdSe408 nm) via size selective 

precipitation (Figure 2C, right).  

 We next characterized the compositional and structural differences between these two 

families of MSCs. Elemental analysis via ICP-OES showed that the Cd:Se ratios found in 

CdSe420 nm and CdSe350 nm were (1.02 ± 0.06):1 and (1.75 ± 0.04):1, respectively, highlighting their 

stoichiometric or cation-rich compositions. This measured Cd:Se ratio for CdSe350 nm is within 

error of the theoretical Cd:Se ratio for a composition of Cd35Se20 (1.75:1)23. Additionally, the 

measured Cd:Se ratio for CdSe420 nm is within error of most previous literature reports of CdSe 

MSC compositions with an absorption maximum of approximately 420 nm, including Cd33Se33
31, 

Cd34Se34
29,31–33, and Cd34Se33

30.  
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Figure 3: Structural characterization of CdSe MSCs. (A) Experimental powder x-ray 
diffractograms referenced to bulk zincblende and wurtzite-CdSe. (B) Experimental PDF for 
CdSe420 nm compared to simulated PDFs (offset) for each reported MSC type (refs. 23 and 30) . (C) 
Histogram of Cd-Cd (red) and Se-Se (yellow) interatomic distances from the single crystal XRD 
structure of Cd14Se13 (ref. 30). Illustrations of Cd14Se13, as well as a Cd14Se13 unit inside of a larger 
Cd21Se20 unit – the hypothesized core structure for CdSe420 nm. 

 

Powder x-ray diffraction was then used to initially delineate the structures of these MSCs, 

and the diffraction patterns of CdSe350 nm, CdSe380 nm, and CdSe420 nm are shown in Figure 3A. 

While the diffractogram peaks are broad, there are several distinct features in the patterns of 
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CdSe350 nm and CdSe380 nm versus that of CdSe420 nm. With both CdSe350 nm and CdSe380 nm, a large 

peak at approximately 20° 2θ and a shoulder at 25° 2θ dominate the diffraction patterns. At higher 

values of 2θ, two peaks are seen at 42° and 47° 2θ that are most visible in the diffractogram of 

CdSe380 nm. The positions of these peaks match most closely to zincblende CdSe (zb-CdSe, Figure 

3A green trace), which is unsurprising, since single crystal XRD has previously shown that the 

structure of CdSe350 nm with n-butylamine ligands was a zincblende tetrahedron23. Additionally, the 

peak at 20° was recently characterized in InP quantum dots by Alivisatos and coworkers as 

corresponding to ordered packing of straight chain alkyl carboxylates along the zincblende surface 

(111) facet36. Its presence in the diffractograms of CdSe350 nm and CdSe380 nm can be rationalized as 

dodecylamine ligands ordering along the (111) facet of the tetrahedra. 

On the other hand, the broad peaks in the diffractogram of CdSe420 nm are at different 

positions than those seen for CdSe350 nm and CdSe380 nm (Figure 3A, bottom). The peak at 20° 2θ 

is present but diminished, when compared to the corresponding peak in the diffractograms of 

CdSe350 nm and CdSe380 nm. The relative maximum in the lower 2θ region also appears to be the 

sum of at least two peaks near 26° and 28° 2θ, while the higher 2θ region features a broad peak 

with a maximum centered at approximately 45° 2θ. While the peaks on their own do not match 

precisely with known CdSe crystal phases, the peak at 45° 2θ in particular is reminiscent of 

wurtzite CdSe (w-CdSe, Figure 3A, purple trace)37. The absence of the ordered ligand peak at 20° 

2θ could suggest that CdSe420 nm has a quasi-spherical morphology, since this shape is 

characterized by high surface curvature that precludes efficient ligand packing. This notion is 

supported by comparing qualitative differences in the 1H-NMR spectra of CdSe350 nm and 

CdSe420 nm (Figure S5 and Figure S12, respectively). While both spectra show broadened 

benzoate and dodecylamine proton signals characteristic of bound ligands38, the degree of 

broadening varies between the two MSCs, with the peaks of CdSe350 nm appearing much sharper 

than those of CdSe420 nm. Prior literature reports have characterized the MSCs as approximately 

the same size23,24 (calculated edge length of 1.7 nm for CdSe350 nm and measured diameter of 1.5 ± 

0.5 nm for CdSe420 nm); therefore, the difference in peak broadness could be rationalized by 

differences in morphology. While the quasi-spherical shape of CdSe420 nm allows for ligand protons 

to sample a wider range of environments, the tetrahedral structure of CdSe350 nm results in ordered 

ligand packing that restricts molecular motions and exchange equilibria that manifest as broadened 

NMR spectrum peaks.  
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To gain more concrete information about the structural differences between the MSCs, we 

next turned to pair distribution function (PDF) analysis from x-ray total scattering data of 

CdSe420 nm. The reduced pair distribution function G(r) (shown for CdSe420 nm in Figure 3B) is a 

weighted probability distribution of real space distances between atomic pairs, and thus it is a 

powerful descriptor of atomic local order unique to each MSC39. Simulating G(r) for the reported 

structures of the tetrahedron CdSe350 nm
23

  and the quasi-spherical MSC Cd14Se13
30 (blue line), we 

can attribute peaks in G(r) as Cd-Se, Cd-Cd, and Se-Se interatomic distances to support structural 

assignment of CdSe420 nm
40. Key features of the simulated G(r) for the tetrahedral Cd35Se20 G(r) 

include: 1) a sharp peak representing the nearest neighbor Cd-Se distance of 2.60 Å, 2) closely 

overlapped peaks for Cd-Cd and Se-Se at 4.24 Å and 4.26 Å respectively, and 3) a sharp peak at 

5.1 Å representing uniform third-nearest neighbor Cd-Se pairs. While Cd14Se13 exhibits a similar 

nearest neighbor Cd-Se peak at 2.61 Å, Cd-Cd average distances in Cd14Se13 occur in three distinct 

populations – 3.64, 3.87, and 4.39 Å – and average Se-Se distances are grouped near 4.39 or 4.77 Å 

(Figure 3C).  The experimental G(r) for CdSe420 nm exhibits a first Cd-Se peak at 2.62 Å and a 

grouping of overlapping Cd-Cd, Se-Se peaks from approximately 3.6-4.6 Å and lacks a well-

defined third-nearest neighbor Cd-Se peak. Overall, the measured PDF of CdSe420 nm shows a 

cluster structure more closely resembling the quasi-spherical/pseudo-wurtzite MSC type compared 

to the zincblende tetrahedron. A final insight gained from the PDF is the relative size of clusters, 

as pair distances in G(r) do not exceed the diameter of the cluster.  In Figure 3B, the size 

differences of MSC types are seen by peaks of Cd35Se20 extending further in real space while the 

smaller Cd14Se13  cluster only possesses pair distances to approximately 9 Å. The extended 

oscillations in G(r) of CdSe420 nm tentatively suggest a particle diameter larger than Cd14Se13, but 

remains uncertain without well-defined peaks at higher values of r and guaranteed homogeneity 

of the sample.  

The structural analysis presented here allows us to propose that CdSe420 nm is a larger, 

stoichiometric cluster within the same structural family as Cd14Se13 (such as Cd21Se20 in Figure 

3C). This Cd21Se20 core is proposed to be identical to previously characterized pseudo-wurtzite 

MSCs In37P20
41 and Cd37S20

42
, when the excess metal cations are removed. To further support this 

hypothesis, we generated structural models of Cd21Se20 and Cd37Se20 from the single crystal XRD 

structure of In37P20
41

 and simulated the PDF (Figures S17 and S18). The Cd21Se20 structure was 

capped with two chloride ligands for charge balance and subjected to DFT geometry optimization 
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using Gaussian43, while the Cd37Se20 structure was left as is. While both PDFs resemble the 

experimental PDF of CdSe420 nm and elemental analysis via ICP-OES suggests a nearly 

stoichiometric composition, the peak intensities, peak positions, and MSC size in the simulated 

PDF of Cd37Se20 match the experimental PDF quite closely. The observed differences in the PDFs 

of Cd21Se20 and Cd37Se20 could suggest that coordinating ligands, which were not included in the 

models, play an important role in the geometry of these structures, experimentally resulting in 

shorter interatomic distances and a particle size better captured by the Cd37Se20 model. 

Nevertheless, these simulations provide additional evidence that CdSe420 nm possesses a pseudo-

wurtzite structure that is analogous to the InP MSC previously characterized by the Cossairt lab41. 

 

Contrasting the Photophysics of Structurally Distinct MSCs 

Evidence that these structural and morphological differences between the clusters affect 

electronic structure can be seen in the distinctly different absorption profiles (Figure 2 and 

Figure 4A-C). While both CdSe350 nm and CdSe380 nm exhibit prominent double excitonic features 

in their respective UV-vis absorption spectra, the higher energy absorption features of CdSe420 nm 

are much lower in intensity. Having established the structural and morphological differences 

between the two MSC families, one might expect deviations in the emergent behavior, such as 

photophysics, of the cluster families. To elucidate the photophysical consequences of the structural 

and morphological differences, we use transient absorption spectroscopy, a technique with a robust 

history of use examining QD systems. We find that the pseudo-wurtzite stoichiometric MSC 

exhibits different photophysics than the zincblende, tetrahedral MSCs, which exhibit 

characteristics analogous to CdSe QDs. 
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Figure 4: Summary of transient absorption on CdSe MSCs. Linear and transient absorption spectra 
of (A) CdSe350 nm, (B) CdSe380 nm, and (C) CdSe420 nm. (D) Transient absorption kinetics of the 
lowest energy electronic transition bleach for CdSe350 nm, CdSe380 nm, and CdSe420 nm following 
excitation at 342, 373, or 400 nm, respectively. (E) CdSe380 nm transient absorption kinetics at 
400 nm following excitation of the lowest energy absorption feature and fit of the data as described 
in the text/SI. 
 

Transient absorption spectra of CdSe350 nm, CdSe380 nm, and CdSe420 nm at 5, 50, 500, and 

5000 ps following excitation of the lowest energy absorption feature are shown in Figure 4A-C. 

Also shown for comparative purposes are the respective linear absorption spectra. While the most 

prominent feature of the transient spectra for all three samples is the bleach of the lowest energy 

absorption feature in the linear spectrum, there are several notable differences between the 

zincblende, tetrahedral and the pseudo-wurtzite, stoichiometric MSCs. Transient spectra of the 

zincblende CdSe380 nm MSC exhibit features often associated with CdSe QDs44,45, such as a 

prominent bleach of the higher energy absorption feature at 350 nm and an induced absorption 

feature on the red-edge of the lowest energy bleach at 390 nm. The linear absorption of the sample 
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indicates the presence of small amounts of the next largest size tetrahedral cluster, CdSe408 nm, and 

these same bleach and induced absorption features can be seen in the transient spectra at 405 nm 

and 420 nm, respectively. The transient spectra of the zincblende CdSe350 nm MSC also exhibit a 

narrowband induced absorption feature at 370 nm, though the broadband probe lacks sufficient 

intensity to investigate bleaches of higher energy features in the linear absorption spectrum. In 

CdSe QDs, transient bleaches such as those observed here are dominated by band edge electrons 

and serve as reporters of photoexcited electron population44,46. The narrowband induced absorption 

is attributed to the Stark effect46. This combination of spectral features has been used to distinguish 

between InP MSCs that exhibit QD-like behavior and those that exhibit molecular-like behavior47. 

The recovery of the lowest energy bleach is shown in the transient kinetics in Figure 4D. 

Considering the spectral similarities between the zincblende tetrahedral MSCs and CdSe QDs, we 

expect that the bleaches report on photoexcited electron population. This is corroborated by the 

observation, shown in Figure S20, that the recovery kinetics of the lowest energy bleach following 

excitation of the second lowest energy absorption exactly match that of the second lowest energy 

bleach following excitation of the lowest energy absorption feature.  

In contrast to these features in the zincblende MSCs, the transient spectra of the pseudo-

wurtzite, stoichiometric CdSe420 nm MSC exhibits a very weak bleach of the higher energy 

absorption feature at 360 nm and the absence of an induced absorption peak to the red of the lower 

energy bleach. Additionally, the bleach of the lowest energy absorption feature redshifts ~30 meV 

over the 5 ns delay measured here. The marked departure from the spectra of the QD-like 

CdSe350 nm and CdSe380 nm make apparent that the nature of the photoexcited states for these MSC 

families are fundamentally different. 

 Our transient absorption measurements also provide some insight to phonon dynamics 

directly correlated with the physical structure of the MSCs. Early delay time kinetics for CdSe380 nm 

are shown in Figure 4E. The filled circles represent kinetic data at a probe wavelength of 400 nm 

(the red edge of the narrowband induced absorption feature) collected at the same time delay 

sampling frequency as data shown in Figure 4D covering the full 5 ns delay window. The kinetics 

display oscillatory behavior, which is further confirmed when the experiment is repeated at a 

higher time delay sampling frequency shown in the faded solid line. These oscillations arise due 

to the pump pulse exciting phonon modes in the sample and have previously been shown to be 

sensitive to the material parameters of cadmium chalcogenide QDs and their ligand shell48. 
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Figure 4E also shows a fit to the data, as outlined in the SI, which describes the oscillatory 

component as a damped driven harmonic oscillator. The frequency of these oscillations extracted 

by the fit is 53 cm-1. Considering the smaller size (edge length ~ 2.1 nm) and tetrahedral shape of 

the CdSe380 nm MSCs compared with QDs, this value compares favorably to the 20 - 30 cm-1 

reported for the radial breathing mode of CdSe QDs with radii ranging from 1.5 to 3 nm49,50. 

Similar oscillatory character is observed in the kinetics of CdSe380 nm MSCs following excitation 

of the second lowest energy absorption features (54 cm-1) and the CdSe350 nm MSCs following 

excitation of the lowest energy absorption feature (62 cm-1) as shown in Figure S21 and 

Figure S22, respectively. We interpret the oscillations in the transient kinetics as due to a “radial” 

breathing mode of the zincblende, tetrahedral MSCs analogous to those previously described in 

CdSe QDs51,52. In contrast, no oscillations were observed at any probe wavelengths in the transient 

kinetics of the pseudo-wurtzite CdSe420 nm MSCs. The absence of oscillatory character in the 

CdSe420 nm kinetics could be indicative of one or both of the following: (1) Inappropriate exciton-

phonon coupling precluding its generation. This may arise due to the pseudo-wurtzite MSC 

inorganic core being less periodic than the zincblende core. (2) Critical damping of the phonon 

mode. Modification of the ligand shell on the same inorganic QD core has been shown to cause 

damping of the radial breathing mode48. Such damping may be plausible here considering the 

variation in ligand ordering discussed above. Either explanation highlights markedly divergent 

behavior due to the structural differences between the two families of MSCs. 

 

Conversion from Psuedo-Wurtzite to Zincblende MSCs  

With the stoichiometric MSC CdSe420 nm established as possessing a different local 

structure than the tetrahedral MSC series, we then moved to determine how the different CdSe 

cluster families are related on the reaction potential energy surface. The sequential growth of 

zincblende-like CdSe MSCs has been demonstrated in the literature under various conditions. 

Manna and coworkers reported the controlled evolution of CdSe MSCs capped with nonanoic acid 

and dodecylamine ligands in 200710. In the original synthesis of CdSe350 nm capped with n-

butylamine ligands, Owen and coworkers showed that a mixture of CdSe380 nm and CdSe408 nm can 

be grown from a heated solution of CdSe350 nm without exogeneous precursors. And in recent work, 

Norris and coworkers similarly demonstrated the sequential growth of myristate-capped 

zincblende CdSe MSCs through the addition of excess cadmium precursor and proposed a model 
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for this growth, where monomer addition to the zincblende (111) facet results in the formation of 

the next-largest cluster once the facet is fully passivated11,53. In our hands, large zincblende MSCs, 

with lowest energy excitation maxima of 430 nm or 455 nm, could be grown by injecting 

CdSe380 nm into heated solvent (Figure S23 and S24).  

Less is known about the reactivity of stoichiometric, pseudo-wurtzite clusters like 

CdSe420 nm. When passivated solely by amine ligands, this cluster was demonstrated to reversibly 

grow from and etch into a smaller, stoichiometric cluster (with reported core makeup of either 

Cd14Se13 or Cd13Se13) through ligand exchange with N-alkyl- or N,N-dialkylamines30,32. However, 

further growth into larger, atomically precise nanocrystals was not reported. Instead, nanoplatelets 

and lamellar aggregates formed facilely at temperatures at or slightly above room temperature29,32.  

We questioned whether the change to a 1:1 benzoate/amine ligand shell utilized in our 

synthesis of CdSe420 nm would alter this reported growth trajectory. It has been previously 

demonstrated that addition of amine to the pseudo-wurtzite, phenylacetate-capped InP MSC 

In37P20 promotes a rearrangement to a higher symmetry MSC In35P20 with loss of two amine-

ligated indium carboxylates54. However, titration of CdSe420 nm with a variety of amines led to 

either loss of colloidal stability (short-chain alkylamines) or L-type binding (oleylamine), with no 

evidence by UV-Vis absorption spectroscopy for any large-scale structural rearrangement (Figure 

S25) and no evidence by 1H-NMR spectroscopy for displacement of cadmium benzoate or benzoic 

acid from the MSC surface (Figure S26). 

On the other hand, injection of CdSe420 nm into a solution of cadmium benzoate at 80 °C 

rapidly consumes the original MSC and yields a mixture of products with UV-vis absorption 

maxima between 400 and 455 nm, closely matching the lowest energy excitation maxima of the 

larger tetrahedral MSCs (Figure 5A and Figure S27). Increasing the concentration of the cadmium 

precursor across an order of magnitude results in more rapid consumption of CdSe420 nm while also 

shifting the distribution of absorption maxima towards higher energy peaks (Figure 5B, left), with 

the lowest energy excitation maximum of CdSe350 nm prominently featured at high cadmium 

benzoate concentrations (46.6 mM). The fast nature of this reaction and the many overlapping 

product peaks precluded our attempts to gain quantitative insight into the kinetics of this reaction 

through initial rates (utilizing the measured extinction coefficient of CdSe420 nm at 418 nm24), 

outside of the slowest reacting conditions (Figure S37). However, we were able to draw similar 

conclusions from this data by fitting each UV-vis absorption spectrum to a series of gaussians (see 
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SI for details). By assuming that the peak area fit to 420 nm is proportional to the concentration of 

CdSe420 nm, we can extract rates for the change in peak area with time as a function of cadmium 

benzoate concentration. This approximation of the reaction rate increases linearly with respect to 

cadmium benzoate concentration – with -dA420 nm/dt ranging from 10-5 to 10-4 eVs-1, and rate 

constant approximation k = 2 × 10-5 s-1 – showing that the conversion reaction is first order in Cd 

precursor (Figure 5B right, and Figures S46 and S47). Additionally, due to the large difference 

in concentration between the MSC and Cd precursor, the reaction is pseudo-zeroth order in 

CdSe420 nm under the described conditions (Figure S38– S40).  
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Figure 5: Addition of excess cadmium precursor to the stoichiometric MSC CdSe420 nm yields a 
series of tetrahedral MSCs (CdSe350 nm, CdSe380 nm, CdSe408 nm, CdSe430 nm, and CdSe455 nm). (A) 
Reaction conditions for the conversion reaction. (B) Left: Conversion reactions conducted at 80 °C 
with varying concentration of cadmium precursor monitored by UV-vis absorption spectroscopy, 
with time point at 20 minutes shown. Right: Approximated reaction rate as a function of cadmium 
precursor concentration. (C) Experimental PDF of CdSe420nm versus isolated products of 
CdSe420 nm addition to 5.8 mM cadmium precursor at 100 °C  (offset for visual clarity). (D) Series 
of tetrahedral MSCs isolated from reaction using size-selective precipitation.  
 

Powder XRD characterization of products isolated from CdSe420 nm injection into 5.8 mM 

cadmium benzoate solution at 100 °C demonstrates that the structure has changed from pseudo-

wurtzite to zincblende, giving credence to the possibility that the stoichiometric cluster converts 

into a series of tetrahedral MSCs. (Figure S28). PDF analysis of product isolated from the same 

reaction conditions supports this hypothesis, with sharpened first coordination shell peaks at 2.62, 

4.28, and 5.06 Å matching with zincblende interatomic distances measured from the single crystal 

XRD structure of CdSe350 nm (Figure 5C) and with the simulated PDF in Figure S19 for Cd35Se20.  

The structural correlation length increases from 10 to 18 Å in the converted sample, supporting 

the structural assignment of a larger MSC with a zincblende tetrahedral packing motif. We then 

confirmed the formation of zincblende-like clusters by isolating multiple species with lowest 

energy absorption features consistent with previously synthesized tetrahedral MSCs – CdSe380 nm, 

CdSe408 nm, CdSe430 nm, and CdSe455 nm – from the reaction of CdSe420 nm with cadmium benzoate 

via size selective precipitation (Figure 5D). ICP-OES characterization of a sample that is majority 

CdSe430 nm isolated from this reaction confirms that the cluster is enriched in cadmium, with a 

Cd:Se ratio of (1.31 ± 0.15):1. Extrapolating from the reported composition of CdSe408 nm 

(Cd84Se56), this ratio is within error of the expected composition of CdSe430 nm (Cd120Se84, with a 

theoretical Cd:Se ratio of 1.43:1). Finally, simply injecting CdSe420 nm into heated solvent without 

any additional precursor also promoted this transformation; however, the colloidal stability of the 

resulting products was significantly diminished (Figure S31). 

Putting these observations together, we have substantial evidence that the stoichiometric, 

pseudo-wurtzite cluster undergoes a transformation with heat and cadmium precursor into a series 

of cation-rich tetrahedra, and we can propose the following qualitative mechanism for how this 

conversion reaction proceeds. Because the reaction occurs by heating with or without exogeneous 

cadmium benzoate, the zincblende MSCs are thermodynamically more stable than CdSe420 nm. 

Furthermore, the presence of isosbestic points in the UV-vis absorption spectra taken over the 
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course of reaction monitoring (Figure S27) point to relatively clean conversion kinetics. Looking 

closer at the UV-vis absorption traces with either 5.8 or 11.6 mM cadmium benzoate, we see that 

the major absorption features present after 20 minutes most closely match the tetrahedral MSCs 

CdSe408 nm and CdSe430 nm. Since the formation of CdSe430 nm from CdSe380 nm takes several hours 

at 80 °C (Figure S23), it must instead form directly from CdSe420 nm, instead of through the earlier 

formation of smaller tetrahedral MSCs that then ripen in line with the mechanism proposed by 

Norris53. While it’s unclear precisely how this occurs, slow fragmentation of CdSe420 nm into CdSe 

fragments and monomers of different nuclearity during the first few minutes of heating would 

provide building blocks to construct the thermodynamically more stable zincblende tetrahedra.  

We then considered several scenarios for why higher concentrations of Cd precursor favor 

smaller sized tetrahedra. One possibility is that the presence of a large excess of cadmium precursor 

etches the surface of larger tetrahedra, favoring the production of CdSe350 nm. By fitting each peak 

to a gaussian in the experimental UV-vis absorption spectra of the reaction at different 

concentrations of cadmium benzoate, we can see that a decrease in the peak area at 430 nm 

corresponds to an equivalent increase in the peak areas at 350 nm and 330 nm (at the 300 s 

timepoint, Figure S48). Another possibility is that at higher concentrations, the cadmium precursor 

more effectively intercepts zincblende CdSe fragments released by the conversion of CdSe420 nm, 

forming a larger population of small tetrahedra like CdSe350 nm without etching. However, the peak 

area for the 430 nm peak fit in the reaction with 46.6 mM cadmium benzoate decreases as the 

experiment time increases, which is not the result one would expect if more of the smaller 

tetrahedra were being produced without consumption of the larger sizes (Figure S49). Either way, 

this series of experiments demonstrates that this collection of both stoichiometric and cation-rich 

MSCs is connected on the same reaction potential energy surface.   

  

Conversion from Zincblende to a Pseudo-Wurtzite MSC 

With the pseudo-wurtzite MSC CdSe420 nm demonstrated to convert into zincblende clusters 

with heating and cadmium benzoate addition, we questioned whether the reverse reaction was 

possible as well. We hypothesized that treating a cation-rich MSC with excess selenium precursor 

could induce structural changes that would accommodate the increase in selenium content (Figure 

6A). Injection of the tetrahedral MSC CdSe350 nm into heated solution with increasing concentration 

of DPPSe resulted in progressively larger changes to the UV-vis absorption spectrum of the 
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material (Figure 6B). Unlike the reactions where cadmium precursor is added to the stoichiometric 

cluster, addition of low concentrations of DPPSe (2.6 or 3.4 mM – 8 to 10 equivalents based on 

moles of CdSe350 nm) to the tetrahedral cluster does not immediately affect the absorption features, 

with the absorption peaks at 380 and 405 nm indicating that CdSe350 nm has primarily grown into 

larger tetrahedra under these conditions. However, increasing the selenium precursor 

concentration past these values results in the growth of a broad peak, initially centered at 420 nm 

that is further redshifted at higher concentrations.  
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Figure 6: Addition of excess selenium precursor to the cation-rich MSC yields pseudo-wurtzite 
MSC. (A) Reaction conditions for the conversion reaction. (B) Conversion reactions conducted at 
80 °C and varying concentration of DPPSe monitored by UV-vis absorption spectroscopy, with 
time point at 60 minutes shown. Right: X-ray diffractograms of isolated product from reaction 
with increasing [DPPSe]. (C) X-ray diffractograms of isolated product from reaction with 
increasing [DPPSe]. (D) Experimental PDF of CdSe420 nm compared to CdSe350 nm + DPPSe, (offset 
for visual clarity). 
 

Fitting these UV-vis absorption traces in the same manner as before allows us to extract 

approximations for the observed rates at various concentrations of DPPSe (Figure S36). We 

calculate that the rate dependence on [DPPSe] is first order (dA420 nm/dt ranges from 3 × 10-5 to 9 

× 10-5 eVs-1 at [DPPSe] used in the reaction, with rate constant approximation k = 8 × 10-6 s-1 – 

Figures S55 and S56). This contrasts with the mechanism invoked for CdSe monomer formation 

from DPPSe and cadmium benzoate, which is proposed in the presence of amine to proceed first 

through a diphenylphosphinodiselenoate intermediate that implies a second order rate 

dependence24. While byproducts associated with the reactivity of the phosphinodiselenoate 

intermediate are observed by 31P-NMR spectroscopy of the crude reaction mixture, 

diphenylphosphine is also formed as a substantial byproduct (Figure S33), which suggests an 

additional mechanism of reactivity. In the formation of lead selenide nanocrystals from lead(II) 

carboxylates and DPPSe, Krauss and coworkers suggested that DPPSe reacts with PbSe monomer 

in solution to yield PbSe2 and diphenylphosphine55. In our case, it is plausible that DPPSe reacts 

in this manner, since CdSe units are already present from CdSe350 nm. Thus, a reaction order in 

[DPPSe] less than 2 is not out of the question for this transformation. 

Finally, elemental analysis of the purified reaction sample from the reaction of CdSe350 nm 

with 11.6 mM of DPPSe showed a Cd:Se ratio of (0.64 ± 0.07):1, highlighting that the sample has 

become significantly enriched in selenium. Therefore, while it’s unclear from this data whether a 

single MSC is formed or the product contains a mixture of species, due to the broad and redshifted 

absorption profile compared to pristine CdSe420 nm, we hypothesize that CdSe350 nm underwent a 

transformation from cation-rich to more stoichiometric.  

 To gain further insight into this transformation, we next looked at the powder XRD patterns 

of purified samples at different concentrations of DPPSe (Figure 6C). Moving from 2.6 to 

11.6 mM DPPSe, we see a small shift in the low index peak to higher values of 2θ, and this peak 

also broadens at high concentrations of DPPSe. More pronounced changes occur in the higher 
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index region, where a decrease in peak intensity at 42° and 49° 2θ occurs concurrently with an 

increase in intensity at 45° 2θ. These changes are reminiscent of an increase in the wurtzite-CdSe 

contributions to the inorganic core structure. Supporting this hypothesis is PDF analysis of the 

purified reaction product of CdSe350 nm with 5.8 mM DPPSe (Figure 6D) showing a relative 

increase in intensity at interatomic distances of approximately 3.6–4.6 Å, corresponding to the 

pseudo-wurtzite structure type (blue trace). The similarity in peak positions between this sample 

and the experimental PDF of CdSe420 nm further supports this notion (Figure 6D, gray trace). Thus, 

it is apparent that the wurtzite phase fraction increases as DPPSe equivalents used in the reaction 

increase. 

Prior literature reports have noted similar changes in absorption spectra during CdSe MSC 

synthesis. Sardar and coworkers in 2012 reported the synthesis of a CdSe cluster with an absorption 

maximum at 422 nm using cadmium acetate and trioctylphosphine selenide precursors, with either 

trioctylphosphine oxide, carboxylic acid, trialkylamine, or phosphonic acid ligands56. Under 

identical conditions with oleylamine ligands, MSC growth, with discrete absorption maxima at 

322 nm, 350 nm, 380 nm, 404 nm, and 424 nm, was observed instead. The authors proposed that 

amine coordination changes the identity of the cadmium precursor, which results in the formation 

of different MSC families. However, the presence of amine can also alter the speciation of the Se 

precursors present in solution55, leading to disproportionation of dialkylphosphine selenide 

impurities into diselenoates24 that lower the effective stoichiometry of Se and could favor the 

formation of MSCs with absorption features consistent with the tetrahedral morphology instead. 

In another report, Yu and coworkers demonstrated a cation exchange reaction from ZnSe to CdSe 

MSCs57. After addition of cadmium acetate into a solution of ZnSe MSC in cyclohexane and 

oleylamine, UV-vis absorption features at approximately 355 nm, 391 nm, and 417 nm grew in 

over time (consistent with CdSe350 nm, CdSe380 nm, and CdSe420 nm). The researchers instead 

proposed that these features correspond to CdSe MSC isomers with a Cd:Se ratio of 2:1 calculated 

via MALDI-TOF but without definitive structural assignments. However, these spectroscopic 

observations aren’t incongruous with our proposal, since we have demonstrated here that in the 

presence of exogenous precursor, a mixture of cluster morphologies can form initially before 

growth into a majority single structure type. 
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Conclusions 

Here, we have shown that previously reported cation-rich and stoichiometric CdSe MSCs 

possess fundamentally different structure types and morphologies. Structural characterization via 

powder x-ray diffraction and PDF analysis reinforces that cation-rich MSCs have a zincblende 

structure that contrasts with the pseudo-wurtzite structure of stoichiometric MSCs. Morphological 

differences between the two MSC families also manifest in distinct surface characterization, with 

evidence for ordered ligand packing observed with the zincblende tetrahedra that is absent in the 

pseudo-wurtzite MSC. These structural and morphological differences result in different emergent 

photophysical properties of the MSCs that can be probed with transient absorption spectroscopy, 

with the zincblende tetrahedra exhibiting transient spectral features and time-resolved phonon 

dynamics similar to those reported in CdSe QDs. 

This suite of experiments has additionally demonstrated that the growth trajectories of 

these MSCs are not divergent. They are connected in chemical space and can be interconverted 

through the inclusion of the appropriate cation or anion precursor (Figure 1B). With cadmium 

benzoate and DPPSe as cadmium and selenium precursors, choice of reagent stoichiometry will 

result in the formation of either the pseudo-wurtzite or the zincblende MSC. Isolation of the 

smallest sized zincblende MSC, CdSe350 nm, and redissolution in heated solvent converts this 

cluster sequentially and discretely into larger tetrahedra, as previously shown in the 

literature10,23,53. Isolation of the pseudo-wurtzite MSC CdSe420 nm and reinjecting into heated 

solvent with excess cadmium precursor rapidly fragments and rearranges the cluster into multiple 

differently sized tetrahedra. Increasing the concentration of cadmium benzoate shifts the 

equilibrium of tetrahedra formed towards smaller sizes, highlighting that the reaction potential 

energy surface connecting the tetrahedra can be potentially traversed in reverse at the appropriate 

concentration through etching. Furthermore, the fact that conversion from the pseudo-wurtzite to 

zincblende MSCs also occurs with only heating demonstrates that this reaction is 

thermodynamically downhill. Finally, addition of DPPSe to CdSe350 nm can drive the equilibrium 

position back towards the pseudo-wurtzite MSC, with more wurtzite character in the crystal 

structure observed at higher concentrations of DPPSe.  

Fine control of the structure of atomically precise nanomaterials is essential for their 

integration into next-generation technologies. This work illustrates that control can be 

accomplished in CdSe MSCs either through the de novo synthesis of distinct polymorphs or by 
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converting between polymorphs in a regular fashion. The analysis of the nature and conversion 

mechanisms of MSC polymorphs presented here opens the door to a wider exploration of the 

structure of atomically precise semiconductors.   
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