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ABSTRACT: The incorporation of substitutional Co2+ impurities in [Cd10S4(SPh)16]4− (Cd10) molecular clusters prepared by self-assembly 
method where Na2S is the sulfur precursor and a redox method where elemental S is the sulfur precursor is studied. The Co2+ ions provide 
unique spectroscopic and chemical handles to monitor dopant speciation during cluster formation as well as determine what role, if any, other 
cluster species play during Cd10 cluster formation. In contrast to the redox method that produces exclusively surface-exchanged Co:Cd10, the 
preparation of Cd10 by the self-assembly method in the presence of Co2+ ions results in Co2+ incorporation at both the surface and core sites of 
the Cd10 cluster. Electrospray ionization mass spectrometry (ESI-MS) analysis of the dopant distribution for the self-assembly synthesis of Co2+-
doped Cd10 is consistent with a near-Poissonian distribution for all nominal dopant concentrations albeit with reduced actual Co2+ incorpora-
tion. At a nominal Co2+ concentration of 50% we observe incorporation of up to seven Co2+ ions within the Cd10 self-assembled cluster com-
pared to a maximum of only four Co2+ dopants in the Cd10 redox clusters. The observation of up to seven Co2+ dopants must involve substitution 
of at least three core sites within the Cd10 cluster. Electronic absorption spectra of the Co2+ ligand field transition in the heavily Co:Cd10 clusters 
display clear deviation with the surface-doped Co2+-doped Cd10 clusters prepared by the redox method. We hypothesize that the coordination 
of Co2+ and S2− ions in solution prior to cluster formation, which is possible only with the self-assembly method, is critical to the doping of Co2+ 
ions within the Cd10 cores. 

INTRODUCTION  
Inorganic semiconductor nanoclusters have gained interest for 

their atomically precise sizes and well defined structures.1,2 The class 
of molecular metal chalcogenide clusters can range in size from tens 
to hundreds of atoms within the core and up to ~2 nm in size. These 
clusters experience size-dependent changes of their electronic struc-
tures, including the observations that larger nanoclusters have some 
overlapping properties with colloidal nanocrystals.3–6 These similar-
ities make nanocluster molecules ideal structural and spectroscopic 
analogues to larger nanocrystals.7,8 Developing synthetic methods 
for achieving a diverse range of cluster sizes has been challenging. 
Some previously synthesized examples of these molecular clusters of 
particular interest are the cadmium thiophenolate species including, 
[Cd(SPh)4]2− (Cd1), [Cd4(SPh)10]2− (Cd4), [Cd10S4(SPh)16]4− 
(Cd10), [Cd8S(SPh)16]2− (Cd8), [Cd17S4(SPh)28]2− (Cd17), and 
[Cd32S14(SPh)36(dmf)4] (Cd32).9–13 Additionally, there have been 
many reports on the role of cluster species within the growth mech-
anism of quantum dots (QDs), in addition to the use of molecular 
clusters as precursors for further growth.14–18 The use of molecular 
cluster precursors has also been promising for effectively doping 
QDs with transition metal ions.19,20 With increasing evidence of clus-
ters being metastable intermediates in the synthesis of colloidal sem-
iconductor nanocrystals, the attention of many researchers has 
shifted to understanding the chemistry of these cluster species and 
related magic-size nanocrystals as they may be critical to controlling 
dopant distributions within nanocrystals and maintaining narrow 
size distributions.21–25  

Our group has previously reported on the doping of Co2+ ions 
within pre-formed Cd4, Cd10, and Cd17 clusters.26 One of the main 
conclusions of that study was the assignment of the rate-determining 
step for the metal ion exchange to the ligand interconversion rate of 

bridging and terminal thiophenolate ligands as evidenced by varia-
ble-temperature 1H-NMR spectroscopy that decreased with increas-
ing cluster nuclearity. Therefore, due to the rapid surface intercon-
version necessary for metal-ion exchange, the doping was fastest for 
Cd4 with only one unique metal site compared to Cd10 and Cd17 clus-
ters that have at least two unique metal sites and S2− ions within the 
cluster cores.26,27 The two unique cation sites in the Cd10 cluster are 
unevenly split into four surface sites with (µ-SPh)3(SPh)1 coordina-
tion and six core sites with (µ3-S)2(µ-SPh)2 coordination. These 
“surface” and “core” sites are equivalent to the apex and edge sites of 
a T3-shaped supertetrahedral cluster,28 respectively. We prefer the 
surface and core terms to emphasize the relative accessibility of these 
two distinct sites and for comparison to their larger nanocrystal ana-
logs. Due to substitution primarily at surface sites from the cation 
exchange mechanism with pre-formed clusters, our group has devel-
oped alternative strategies to overcome this limitation in Cd10 and 
larger clusters by including dopants in the reaction solution prior to 
addition of the S2− precursor. This method allowed us to selectively 
dope Mn2+ at both the core and surface sites within the Cd10 cluster, 
evidenced by the Mn2+-centered photoluminescence (PL) and elec-
trospray ionization mass spectrometry (ESI-MS).29  

Herein, we demonstrate the Cd10 cluster can be prepared with up 
to seven Co2+ ions substituting Cd2+ sites confirmed by ESI-MS by a 
self-assembly method utilizing Na2S as the S2− source. In contrast, 
Cd10 clusters prepared by a redox method where SPh− ligands of Cd4 
clusters in situ reduce S to S2− can incorporate only up to four Co2+ 
ions per Cd10. Furthermore, the ESI-MS intensities for a series of 
Co2+-doped Cd10 (Co:Cd10) product fragments with the general for-
mula [(Cd10−xCox)S4(SPh)14]2− prepared by the self-assembly 
method nearly follows Poissonian doping statistics based on the 
nominal mol fraction (x) despite the presence of two unique Cd2+ 

FINAL ACCEPTED VERSION



2 

sites within the Cd10 cluster as shown in Figure 1. Comparison of the 
Co2+ speciation in the self-assembled Cd10 (Co:Cd10-SA) and the re-
dox method (Co:Cd10-R) allows us to explore the effect of dopant 
speciation on the electronic structures of Co2+ dopants located at the 
surface and core sites in the lattice and solution chemistry (cluster 
equilibria and dynamics) of the clusters. We propose that (1) de-
creasing Cd2+ to Co2+ ratio while maintaining the overall M2+ con-
centration and (2) allowing Co2+-S2− bonds to form through this self-
assembly approach enables the substitution of Co2+ into the Cd10 
cores. The ability to obtain high dopant concentrations in these Cd10 
clusters provides an intriguing platform to explore their potential as 
true single-source precursors for further nanocluster, magic-sized 
cluster, and quantum dots with controlled dopant concentrations 
and distributions.  

 

Figure 1. One possible representation of a heavily-doped 
[(Cd3Co7)S4(SPh)16]4− cluster with Co2+ substitution at both core and 
surface sites. Legend: Co2+ (green), Cd2+ (gray), S2− (orange), and SPh− 
(red with blue C6H5 rings). In this representation the Co2+ dopants are 
at every surface site (four total) and half of the core sites (three out of 
six). 

MATERIALS AND METHODS 
Chemicals. Cadmium nitrate tetrahydrate (Cd(NO3)2·4H2O, 

99+% ACROS Organics), sodium sulfide nonahydrate (Na2S·9H2O, 
98%, Alfa Aesar), thiophenol (PhSH, 99%, ACROS Organics), co-
balt nitrate hexahydrate (Co(NO3)2·6H2O, 99%, ACROS Organ-
ics), tetramethylammonium hydroxide pentahydrate 
(TMAOH·5H2O, 98%, ACROS Organics), anhydrous acetonitrile 
(CH3CN, 99.9+%, ACROS Organic), anhydrous methanol 
(CH3OH, 99.8%, ACROS Organics), triethylamine (Et3N, 99%, 
Fisher), and elemental sulfur (S, ACROS Organics) were used with-
out further purification. Caution! Thiophenol is extremely toxic and 
has an unpleasant odor. Handle with caution according to the mate-
rial safety data sheet. 

Redox Synthesis of (NMe4)4[(Cd1−xCox)10S4(SPh)16] – referred to as 
Co:Cd10-R. We have previously reported this synthesis that was 
adapted from others.9,26 Briefly, (NMe4)2[Cd4(SPh)10] (Cd4) clus-
ters were prepared by literature methods9 and used in the prepara-
tion of Cd10 via a redox method under air free conditions in an N2 
filled glovebox. Elemental S powder (0.62 mmol) was added to the 
dissolved Cd4 cluster (0.59 mmol) in 4 mL of CH3CN. A yellow pre-
cipitate was formed and allowed to stir for 30 minutes, which re-
sulted in a white precipitate. The solution was then heated to ~70 °C 
and CH3CN was added until the precipitate dissolved completely 

and allowed to cool slowly to recrystallize the pure Cd10. The solu-
tion remained undisturbed for 2 days, which formed small colorless 
crystals. At this point diethyl ether was added to the solution and al-
lowed to sit for an additional day before vacuum filtering the powder 
Cd10 product and washing with CH3OH. In the case of Co2+ doping, 
Co(NO3)2·6H2O (10% nominal, 0.264 mmol, 0.0767 g) was dis-
solved in 1 mL of CH3CN and added to the reaction solution after 
the dissolution of the Cd10 precipitate to facilitate a cation exchange 
reaction. At higher nominal dopant concentrations (30 and 50% 
Co2+), the addition of M2+ shifts the cluster equilibria to yield 
(NMe4)2[(Cd1–xCox)17S4(SPh)28] (see Figure S1 and Table S1). 

Co:Cd10-R was also synthesized from nominally 10% and 30% 
Co:Cd4 precursors as a single source of both the Co2+ and Cd2+ ions. 
At 30% nominal Co2+ in the Co:Cd4, however, the synthesis yields 
undesired (NMe4)2[(Cd1–xCox)17S4(SPh)28](NMe4)2 (Co:Cd17) 
and (NMe4)2[(Cd1–xCox)8S(SPh)16] (Co:Cd8) clusters, (see Figure 
S1 and Table S1). 

The redox method proceeds by the following balanced reaction, 
5[Cd4(SPh)10]2– + 8S → 2[Cd10S4(SPh)16]4– + 8PhSSPh + 2SPh–. 

Self-Assembly Synthesis of (NMe4)4[(Cd1−xCox)10S4(SPh)16] – re-
ferred to as Co:Cd10-SA. In contrast to the redox method to prepare 
Cd10 involving the addition of elemental S to Cd4, self-assembly clus-
ter synthesis is adapted from our previous report and that of Lee et 
al, with the exception of Co2+ addition.12,29 All reactions were per-
formed under air free conditions in an N2 filled glovebox. To a stir-
ring solution of PhSH (5.20 mmol, 0.53 mL) and Et3N (5.20 mmol, 
0.73 mL) in CH3CN (3.5 mL), a metal ion solution of 
Cd(NO3)2·4H2O and Co(NO3)2·6H2O (2.38 mmol total in 2 mL of 
CH3CN) was added dropwise. A solution of Na2S·9H2O (1.20 mmol 
in 5 mL CH3OH) was then added dropwise followed directly by the 
addition of TMAOH (1.17 mmol in 1 mL CH3OH) that immedi-
ately forms a pale yellow or green precipitate. After 24 hours of stir-
ring, the mixture was vacuum filtered and washed with excess 
CH3OH. The nominal dopant amount is dictated by the ratio of cad-
mium to cobalt used, which equals a total amount of 2.38 mmol. For 
undoped clusters, Co(NO3)2·6H2O would be excluded and 2.38 
mmol of Cd(NO3)2·4H2O would be solely used whereas for 10% 
nominal Co2+ doping, 0.238 mmol of Co(NO3)2·6H2O and 2.14 
mmol Cd(NO3)2·4H2O were dissolved into the same solution by 
CH3CN. 

The balanced reaction describing the self-assembly reaction is 
given by, 10Cd2+ + 16SPh– + 4S2– → [Cd10S4(SPh)16]4–. 

Physical Characterization. Room temperature absorption was col-
lected with a Cary 50. The Cd10 clusters were dissolved in anhydrous 
CH3CN in the glovebox. High-resolution electrospray ionization 
mass spectra (ESI−MS) were collected in negative ion mode with a 
cone voltage of −10 V unless stated otherwise with a Bruker Micro-
TOF-II. The flow rate of samples was set to 3 µL/min for ESI-MS. 
Analysis of the mass spectra was performed using mMass software. 
Powder X-ray diffraction (XRD) patterns were collected at room 
temperature using a Bragg-Brentano configuration with Cu K-α 
source (with cross-beam optics and D/Tex 250 Ultra 1D Si strip de-
tector) of dried samples on “zero-background” sample holders 
(Rigaku SmartLab SE Diffraction System).  

RESULTS AND DISCUSSION 
Figure 2 shows the negative-mode ESI-MS spectra collected at 

−10 V of the (Cd1−xCox)10-SA clusters prepared with increasing 
nominal dopant concentrations up to x = 0.5, but constant total  
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Figure 2. ESI-MS spectra of the (Cd1−xCox)10-SA clusters with increasing nominal dopant concentration from x = 0 to x = 0.5 in the region of (a) the 
[Cd10−xCoxS4(SPh)14]2− fragments and (b) the regions where other possible cluster fragments are expected (Co4, Cd4, Cd8, and Cd17). The identified 
spectra are either observed (identified by the row with the √) or not observed (Ø). The spectra at the bottom of (a) and (b) are simulated fragments 
with charges of z = −1 or −2 as stated in the figure. In (a) the features at 1320 (*) and 1224 (**) are (NMe4)[Cd9S4(SPh)13]2− and [Cd9S4(SPh)12]2− 
product fragments from the Cd10 cluster, respectively. In (a) the features at m/z 1401, 1375, and 1348 (#) are (NMe4)[Cd10−xCoxS4(SPh)15]2− product 
fragments for x= 3, 4, and 5, respectively. The full ESI-MS spectra and list of peak assignments can be found in Figure S2 and Table S2. The tick spacing 
for the x-axes in (b) is 5 m/z units. 

 
cation content ([Co]+[Cd]=2.38 mmol). Figure 2(a) displays just 
the spectral range of the majority product fragment of Cd10 that is 
missing two SPh− ligands at m/z 1391, [Cd10S4(SPh)14]2−. Addi-
tional Cd10 product fragments are observed at m/z 1224 and 1320 
that match well to [Cd9S4(SPh)12]2− and (NMe4)[Cd9S4(SPh)13]2−, 
respectively. With increasing nominal Co2+ concentration, two 
changes are observed with this [(Cd1−xCox)10S4(SPh)14]2− product 
fragment. First, the relative intensity of the undoped Cd10 fragment 
at m/z 1391 decreases with increasing nominal Co2+ concentration. 
Second, new peaks appear at integer multiples of half the mass dif-
ference between Co and Cd (δm ≈ −53.5 amu; z = 2; δm/z ≈ −26.7). 
These lower m/z peaks associated with Co2+ substitution in Cd10 
gain intensity and redistribute towards lower m/z values with in-
creasing nominal Co2+ concentration. For example, the ESI-MS data 
for the sample prepared from a solution with a nominal concentra-
tion of 10% Co2+ displays a similar fragmentation pattern as the un-
doped Cd10 cluster but containing additional fragments at m/z 
~1364 and ~1337 that originate from singly-doped and doubly-
doped Cd10 precursor clusters, respectively. The relative intensities 
originating from fragments containing more than 2 Co2+ ions also in-
crease with increasing nominal x and the most intense fragment 
shifts from the undoped Cd10 fragment to fragments containing up 
to 3 Co2+ ions. At the maximum nominal doping level of 50% stud-
ied, we can observe fragments containing up to 7 Co2+ ions within 
this Cd10 product fragment, [Cd3Co7(SPh)14]2−. These results 

indicate that the majority of Cd10 clusters contain at least one Co2+ 
dopant when the nominal doping concentration is ≥ 20%. While we 
cannot distinguish the exact dopant location from ESI-MS, we know 
that there must be a mixture of Co2+ ions within the core and surface 
sites in the Cd10 clusters with at least 5 Co2+ ions. 

Figure 2b shows different regions of the ESI mass spectra where 
other common z = −1 and −2 fragments originating from other clus-
ters such as Cd4, Co4, Cd8, or Cd17 have been reported.9,10,12,30,31 The 
absence of any additional clusters in Figure 2b is consistent with 
Co:Cd10 being the primary product of the Co:Cd10-SA synthesis 
with this fixed reaction stoichiometry (see Table S2). We do observe 
product fragments associated with [Cd2(SPh)5]1− and 
[Co2(SPh)5]1−, however, these are also common fragments in the 
ESI-MS of [(Cd1−xCox)4(SPh)10]2− clusters. The absence of Cd4 and 
Cd8 fragments with Co2+ replacing Cd2+ suggests that Cd10 formation 
by the SA method is not affected by the presence of Co2+ instead of 
Cd2+. We previously observed29 additional Cd4 and Cd8 based frag-
ments by ESI-MS in aliquots removed from the reaction mixture af-
ter sub-stoichiometric addition of S2−. These intermediates were sim-
ilarly observed in the synthesis of the Co2+ doped Cd10 cluster by 
ESI-MS, however the Cd8 fragments decreased in relative intensity 
as the Cd10 fragments increased in relative intensity (see Figure S3). 
Additionally, we observe Co:Cd4 as a reaction intermediate and do 
not observe the formation of the Co4 cluster until all of the S2- has 
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been added, indicating this cluster does not inhibit the formation of 
the Co:Cd10. 

The fragmentation of the more heavily doped Co:Cd10-SA clus-
ters was also studied by ESI-MS at higher cone voltages up to −80 V 
(see Figure S4 and S5). The expected increase in the degree of clus-
ter fragmentation resulted in the observation of negatively-charged 
product fragments with the general formula 
[(Cd7−xCox)S4(SPh)8]2−. This fragment is comprised of all six core 
metal sites and a lone surface cation. At 50% nominal doping, we 
clearly observe substitution of up to two Co2+ ions in this hep-
tanuclear product fragment that must include at least one Co2+ do-
pant at a core site. 

If the doping process of Co2+ into the Cd10 cluster was stochastic, 
then the distribution of dopant ions per cluster should be Poissonian 
according to eq 1.31  

 𝑃(𝑛) = ("#)!%"#$

&!
 (1) 

where x is the dopant mol fraction defined by x = 
[Co2+]/([Co2+]+[Cd2+]), N is the number of cation sites per cluster, 
and n is the actual number of dopants per cluster. Analysis of the ESI-
MS data in Figure 2a produced relative intensities of the individual 
fragments for Co:Cd10-SA clusters with xnom = 0.1, 0.3, and 0.5 are 
shown in Figure 3 (see Figure S6 for all nominal x values). Assuming 
that all Co2+:Cd10-based fragments have equal probabilities of being 
detected, then we immediately see that the Co2+ incorporation in the 
clusters increases with nominal x. Simulated Poissonian distribu-
tions where x in eq 1 is equal to xnom does not agree well with the data 
shown in Figure 3. However, allowing x in eq 1 to be a fitting param-
eter results in much better agreement to the experimental data. The 
restriction of the experimental fragments containing at most 5 Co2+ 
ions was necessary based on the diminishing spectral intensity and 
overlapping fragments making deconvolution of the relative intensi-
ties difficult. The overall trend that the calculated mol fraction, x, in 
the Co:Cd10-SA clusters is lower than the nominal mol fraction, xnom, 
for all samples and suggests that a chemical barrier (kinetic or ther-
modynamic) results in Co2+ being excluded from the Cd10 cluster 
during assembly. However, the fact that clusters with >4 Co2+ are ob-
served with relative intensities that agree with the Poissonian distri-
bution shown in Figure 3b further suggests no significant barrier ex-
ists between Co2+ substitution at a surface versus core site in the lat-
tice prepared by this SA method. Previous observations demon-
strated a significant barrier to core doping when either Mn2+ or Co2+ 
ions are added to pre-formed Cd10 clusters where doping is only ac-
tive through a metal ion exchange mechanism.26,29 

 
Figure 3. Relative intensities from the ESI-MS data shown in Figure 2a 
for the fragments with the general formula [(Cd10−nCon)S4(SPh)14]2− 
where n is the actual number of Co2+ dopants per cluster and spans val-
ues between 0 and 5 (filled symbols) for (Cd1−xCox)10-SA clusters pre-
pared with nominal x = (a) 0.1, (b) 0.3, and (c) 0.5. In each panel, the 
simulated Poissonian distribution when x = xnom in eq 1 is plotted as a 
dotted line, and the best fit of the data where x is the lone fitting param-
eter of eq 1 is shown as a solid line.  

Electronic absorption spectroscopy was used as a dopant-specific 
probe of the Co2+ speciation within the Cd10 clusters as the Co2+-cen-
tered excited states have been shown previously to be very sensitive 
to the unique ligand field environments imposed by core versus sur-
face sites.32–35 Figure 4a displays the electronic absorption spectra of 
the Co:Cd10-SA clusters with increasing dopant concentration. The 
spectra of all pure and doped Cd10 clusters are dominated by an in-
tense feature in the UV region that is assigned to the ligand-to-metal 
charge transfer of the host cluster and intraligand π→π* of the thio-
phenolate ligands.26 At low Co2+ doping levels a weak, structured ab-
sorption feature in the visible region between 650 nm – 800 nm ap-
pears. This visible absorption band is the 4A2→4T1(P) transition from 
Co2+ ions in a pseudo-tetrahedral ligand field. As the dopant concen-
tration increases in the Co:Cd10 clusters shown in Figure 4a, the ab-
sorption features throughout the visible region broaden and become 
fairly unresolved at x = 0.5. This broadening is caused by inhomoge-
neous broadening that originates from a combination of Co2+ do-
pants occupying multiple sites within the cluster and structural dis-
tortions due to Co2+ ions occupying more and more Cd2+ sites of the 
Cd10 cluster.  
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Figure 4. (a) Electronic absorption spectra of (Cd1−xCox)10-SA with increasing nominal x from 0 to 0.5. (b) Comparison of the spectra of cluster with 
the (Cd0.9Co0.1)10-R. Note that different regions of the spectra may be scaled as indicated in the figure by the multiplication symbol, ×. 

We previously reported the absorption spectrum of Co:Cd10 pre-
pared by first forming Cd10 clusters by the redox method and then 
adding Co2+ ions producing Co:Cd10-R clusters where metal ion ex-
change occurs only at the cluster surface.26 Figure 4b compares the 
electronic absorption spectra of Cd10-SA, 10% Co:Cd10-SA, Cd10-R 
and 10% Co:Cd10-R. The absorption bands in the UV region of pure 
and 10% Co:Cd10 clusters are similar with one exception. As seen in 
Figure 4b, the pure and 10% Co:Cd10-SA spectra display a weaker 
transition around 360 nm that becomes less resolved with increasing 
Co2+ content (see Figure 4a). This absorption in the near-UV region 
is reminiscent of the exciton-like absorption observed for the sulfide 
core of the Cd17 or larger [Cd20S13(SPh)22]8− cluster,26,36 however, no 
evidence supporting the Cd20 cluster has been observed by ESI-MS 
techniques. In addition, the relative absorbance of the 360 nm tran-
sition to the intraligand transition is not constant from batch to 
batch, suggesting that two unique species are present in solution 
with different concentrations (see Figure S7). There is also no lig-
and-to-metal charge-transfer (LMCoCT) transition in the 
Co:Cd10-SA absorption spectrum at ~450 nm that is observed in the 
spectrum of Co:Cd10-R.26 This further supports the tentative assign-
ment of this sub-bandgap feature to the formation of the Cd20 clus-
ter, as large clusters and small QDs with exciton-like transitions are 
known to occlude this LMCoCT.37 

Closer inspection of the 4A2→4T1(P) transition shown in Figure 5a 
reveals subtle variations in the energies and relative intensities of the 
spin-orbit split 4T1(P) excited state between the Co:Cd10-SA and 
Co:Cd10-R clusters compared to the colloidal Co:CdS nanocrys-
tals.35 We attribute these variations to changes in the average ligand 
field environment of the Co2+ dopants between the clusters. Specifi-
cally, the data in Figure 5a supports the majority of Co2+ dopants oc-
cupy either surface or core sites in the Co:Cd10-SA cluster whereas 
the Co2+ dopants are only occupying surface sites in the Co:Cd10-R 
cluster. The ligand-field splitting (10Dq) and Racah (B) parameters 
for Co2+ ions with 4 SPh− (Co1), 1 terminal and 3 µ-SPh− (Co4), or 4 
µ4-S2− (Co:CdS) ligand field environments are given in Table 1. 
These energies differ significantly as shown in the Co2+ Tanabe-

Sugano diagram in Figure 5b where the x-axis is the ligand field 
strength (10Dq/B) imposed by these lattices. Both terminal and µ-
SPh− ligands have stronger ligand fields compared to µ4-S2−. Thus, 
Co2+ coordinated to µ3-S2− and µ-SPh− ligands within the Cd10 core 
should cause this transition to redshift in comparison to strictly sur-
face SPh− coordination.32–34 The bandshape of the 4T1(P) transition 
differs vastly among the coordination environments of Co2+ in Co1, 
Co4, and Co:CdS nanocrystals with increased intensity in the high-
est energy band observed only in the Co4 cluster and is attributed to 
bridging SPh− ligands.32,35,38 The observation of the overall slightly 
red-shifted 4T1(P) transition for the 10% Co:Cd10-SA compared to 
10% Co:Cd10-R in Figure 5a suggests the Co2+ is coordinated to sul-
fide ligands in the core, which provide a weaker ligand field than ei-
ther terminal or bridging thiophenolate ligands. The 4T1(P) absorp-
tion for Co:Cd10-SA is qualitatively more similar to the Co:CdS tran-
sition35 in terms of band shape than Co:Cd10-R.  

 
Table 1. Experimental Ligand Field Parameters for Tetrahedral 
Co2+ with SPh− and S2− Ligands 

Lattice |10Dq| Bc βa ref 

[Co(SPh)4]2−, Co1 4030 619 0.63 32 

[Co4(SPh)10]2−, Co4 4740 643 0.65 32 

Co2+:CdS 3160 664 0.67 33 

All energies are in cm−1. aNephelauxetic ratio, β = Bc/B0. Free-ion B value 
for Co2+ is B0 = 989 cm−1.34 

5.0 4.0 3.0
Energy (eV)
2.8 2.4 2.0 1.6

A
bs

or
ba

nc
e

(b)

No LMCoCT

Co:Cd10-SA

Co:Cd10-R
LMCoCT

Cd20? ×25

×75

dashed: Cd10
solid: 10% Co:Cd10

//

//

5.0 4.0 3.0

Energy (eV)

2.4 2.2 2.0 1.8 1.6

A
bs

or
ba

nc
e

//

//

×75

×100

×50

×20

×15

x = 0

x = 0.1

x = 0.2

x = 0.3

x = 0.4

x = 0.5

intraligand
π      π*

4
A2     

4
T1(P)

(a)

×1

Co:Cd10-SA



6 

 

Figure 5. (a) Normalized electronic absorption spectra of the 
4A2→4T1(P) transition from (Cd0.9Co0.1)10-SA compared with 
(Cd0.9Co0.1)10-R and colloidal Co:CdS nanocrystals grown from an iso-
crystalline core/shell method reproduced from reference [35]. Copy-
right 2001 American Chemical Society. (b) Tanabe-Sugano diagram for 
Co2+ in Td symmetry showing spin-allowed (solid lines) and spin-forbid-
den transitions (dashed lines) with the observed excited state is shown 
in red. Vertical lines depict the estimated ligand field strengths for Co2+ 
in CdS (blue), [Co(SPh)4]2− (Co1, green), and [Co4(SPh)10]2− (Co4, 
brown) using the data in Table 1. 

The Cd10 clusters readily form single crystals under certain recrys-
tallization conditions.9,39,40 We were unable to obtain crystals suitable 
for single-crystal studies from the Co:Cd10-SA synthesis, however 
the formation of single crystals using various counter ions is cur-
rently under investigation. We were instead able to examine the 
structure by powder X-ray diffraction of the prepared powders, 
shown in Figure 6a. Additionally, the powders of the Cd10-R clusters 
were prepared by the precipitation from diethyl ether. The diffrac-
tion patterns of the Co:Cd10-SA powders display the many expected 
narrow peaks of the Cd10 clusters that crystallize primarily in the 
P4&21/c space group39,40 with Me4N+ counterions. We also observe the 
I4& space group9 as a minority phase presumably due to the nature of 
the isolation and precipitation procedure that may lead to the pres-
ence of multiple crystalline phases. While the patterns match rela-
tively well, there is a notable absence of the broad peaks centered 
around 28° and 48° 2θ for the Cd10-R powders. While it is commonly 
known that small nanocrystals tend to have broad peaks in XRD due 
to their small crystallite size, it has also been shown that amorphous 
Cd10 frameworks and clusters of larger nuclearity display similar 
broad features in the same regions.6,36 However, the solution elec-
tronic absorption spectra above favors the assignment to Cd20 or 
other large cluster species prepared from the self-assembly method. 
As the dopant concentration in the Co:Cd10-SA cluster increases, 
there is a clear shift of the (110) and (101) peaks to larger 2θ values. 
This observation is consistent with substitution of the smaller Co2+ 
ion into the larger Cd2+ host site, however, the PXRD results do not 

allow us to resolve the distribution or site occupancy of Co2+ in the 
Cd10-SA cluster. 

 
Figure 6. Powder XRD of the (Cd1−xCox)10-SA clusters with x = 0, 0.1, 
0.3, and 0.5, and Cd10-R. The relative intensities of the peaks between 
7.5° < 2θ < 60° are scaled by 3 for closer inspection. Broad features are 
observed at ca. 28° and 48° in all the SA clusters as shown by the dotted 
line near the x = 0 pattern that was produced by fitting the pattern to two 
Gaussian functions. 

We previously demonstrated the site-selective incorporation of 
Mn2+ dopants within the Cd10-SA core, however, over time the Mn2+ 
dopant would leave the cores as evidenced by photoluminescence 
spectroscopy.29 We did not observe any change in the electronic ab-
sorption spectra or ESI-MS of the Co:Cd10-SA clusters. The differ-
ence in stability between Mn2+ and Co2+ within the Cd10 core sites 
could originate from the relative hardness of these cations with S2− 
and SPh−. These hard-soft acid-base (HSAB) considerations predict 
that hard acids such as Mn2+ prefer the ligand field environment of 
the precursor nitrate or water while borderline acids such as Co2+ 
prefer sulfide ligands within the Cd10 core. This simple HSAB ap-
proach to rationalizing dopant stability in clusters could be extended 
to different host lattices such as Zn10 or in clusters with substituted 
4-R-SPh− ligands where the R group can be modified to make the 
thiophenolate ligand harder or softer. These studies are currently 
underway.  

CONCLUSIONS 
The use of this self-assembly synthetic method, combined with 

the varying ratio of Cd2+ to Co2+, allows for the preparation of heav-
ily-doped Cd10 clusters. This approach circumvents the thermody-
namic barrier associated with core doping to pre-formed Cd10-R 
clusters. Maintaining the Cd2+:Co2+ ratio during the self-assembly 
synthesis shows that Co2+ acts can substitute for Cd2+ at both surface 
and core sites, which we hypothesize is the result of the cluster equi-
librium favoring Cd10 formation compared to Cd8 and Cd17 for-
mation. In contrast, Co:Cd10-R clusters only result in surface substi-
tution. We further strengthened the ESI-MS conclusion of variations 
in the Co2+ doping sites between the Co:Cd10-SA and Co:Cd10-R 
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clusters by comparison of the electronic absorption spectra of the 
Co2+-centered ligand field transition in the visible region. Studying 
these nanoclusters has provided some key insights to the mecha-
nisms of cluster conversion and dopant incorporation that may also 
be relevant to analogous nanomaterials such as magic-size nanoclus-
ters, ultrasmall nanocrystals, and colloidal semiconductor nanocrys-
tals. Given the enhanced stability of Co2+ dopants and ability to ob-
tain core doping, these Co:Cd10 clusters have the potential to act as 
true single-source precursors for achieving homogenously doped 
QDs and related nanomaterials. 
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Figure S1. Comparison of the Co:Cd10-SA (a) and Co:Cd10-R (b and c) method products by ESI-MS. (b) At dopant concentrations of even 30% Co2+, 
the Co:Cd10-R shows no Cd10 synthesis and instead shows the apparent formation of Cd17. Observation of a precipitate during the addition of the Co2+ 
during synthesis also indicates a disruption in the Cd10 formation. This result demonstrates that high-doping levels initiates cluster growth instead of 
maintaining simple metal-ion equilibria between cations in Cd10 and solution. (c) However, when a pre-doped Co:Cd4 cluster was used as the precursor 
for the redox method, which would maintain the S2–:TM2+ ratio even at higher dopant concentrations similarly to the SA method, the formation of Co2+ 
doped Cd8 and Cd17 is instead observed at 30% Co2+. 
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Table S1. Abbreviated list of ESI-MS peaks for Co:Cd10-R Clusters 
 Relative Peak Height (%) of Fragments 

Observed Fragments from m/z m/z  from Undoped Cd4 + Co from Co:Cd4 
Co:Cd10-R Syntheses (calc) (exp) Undoped 10% 30% 10% 30% 

[Cd17S4(SPh)28]2− 2548 2548 0.0 0.0 100.0 0.0 100.0 
 [Cd16Co1S4(SPh)28]2− 2521 2521   47.7  85.2 
 [Cd15Co2S4(SPh)28]2− 2494 2494   19.2  36.4 
 [Cd14Co3S4(SPh)28]2− 2468 2468     11.4 
 [Cd13Co4S4(SPh)28]2− 2411 2411     3.8 

[Cd10S4(SPh)14]2− 1390 1390 100.0 86.0 0.0 100.0 0.0 
 [Cd9Co1S4(SPh)14]2− 1364 1364  87.7  51.2  
 [Cd9Co1S4(SPh)14]2− 1337 1337  26.1  8.6  

(NMe4)[Cd9S4(SPh)13]2− 1317 1317 19.4 100.0 0.0 28.6 0.0 
 (NMe4)[Cd8Co1S4(SPh)13]2− 1290 1290  26.5  6.1  

[Cd8S1(SPh)16]2− 1339 1339 0.0 0.0 0.0 0.0 77.1 
 [Cd7Co1S1(SPh)16]2− 1312 1312     38.4 
 [Cd6Co2S1(SPh)16]2− 1285 1285     8.6 
 [Cd5Co3S1(SPh)16]2− 1259 1259     1.4 
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Figure S2. Full ESI-MS spectra for the (Cd1−xCox)10-SA samples at different dopant concentrations of x= 0 to 0.5.  
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Table S2. ESI-MS peaks for Co:Cd10-SA Clusters 

(NMe4)2[(Cd1−xCox)10S4(SPh)16] m/z m/z Relative Peak Height (%) of fragments 
Observed Fragments (calc) (exp) Undoped 10% Co 30% Co 50% Co 

(NMe4)[Cd8S4(SPh)10]1− 2194 2194 21.8 29.2 5.0 18.8 

 (NMe4)[Cd7Co1S4(SPh)10]1− 2139 2139  13.0 6.0 24.7 
 (NMe4)[Cd6Co2S4(SPh)10]1− 2086 2086  3.4 4.0 28.2 

 (NMe4)[Cd5Co3S4(SPh)10]1− 2033 2033   2.0 17.9 

 (NMe4)[Cd4Co4S4(SPh)10]1− 1979 1979    7.3 
(NMe4)2[Cd10S4(SPh)16]2− 1574 1574 3.2 2.8 1.1 8.5 

 (NMe4)2[Cd9Co1S4(SPh)16]2− 1547 1547  1.8 1.9 12.1 

 (NMe4)2[Cd8Co2S4(SPh)16]2− 1520 1520   2.0 11.0 
 (NMe4)2[Cd7Co3S4(SPh)16]2− 1493 1493   1.6 10.4 

 (NMe4)2[Cd6Co5S4(SPh)16]2− 1467 1467    9.9 
(NMe4)2[Cd10S4(SPh)15Cl]2− 1537 1537 4.6 6.2 1.1 2.3 
 (NMe4)2[Cd9Co1S4(SPh)15Cl]2− 1510 1510  5.6 2.1 2.7 
(NMe4)[Cd10S4(SPh)15]2− 1482 1482 65.0 58.7 13.8 27.5 

 (NMe4)[Cd9Co1S4(SPh)15]2− 1455 1455  32.3 55.2 93.0 

 (NMe4)[Cd8Co2S4(SPh)15]2− 1428 1428  9.5 44.5 100.0 
 (NMe4)[Cd7Co3S4(SPh)15]2− 1401 1401   18.3 68.2 

 (NMe4)[Cd6Co4S4(SPh)15]2− 1375 1375   7.4 38.6 

 (NMe4)[Cd5Co5S4(SPh)15]2− 1348 1348    17.8 
(NMe4)[Cd10S4(SPh)14Cl]2− 1445 1445 34.4 35.5 4.7 7.9 

 (NMe4)[Cd9Co1S4(SPh)14Cl]2− 1418 1418  28.3 24.7 7.5 
[Cd10S4(SPh)14]2− 1390 1390 100.0 100.0 26.0 7.8 
 [Cd9Co1S4(SPh)14]2− 1364 1364  44.5 86.6 16.8 

 [Cd8Co2S4(SPh)14]2− 1337 1337  10.3 100.0 25.5 

 [Cd7Co3S4(SPh)14]2− 1310 1310   47.1 28.2 
 [Cd6Co4S4(SPh)14]2− 1283 1283   17.6 20.9 

 [Cd5Co5S4(SPh)14]2− 1257 1257   5.7 13.9 

 [Cd4Co6S4(SPh)14]2− 1230 1230    10.3 
 [Cd3Co7S4(SPh)14]2− 1203 1203    6.3 
[Cd10S4(SPh)13Cl]2− 1353 1353 1.9 5.3 4.0  
(NMe4)[Cd9S4(SPh)13]2− 1317 1317 24.4 26.2 4.8 20.1 

 (NMe4)[Cd8Co1S4(SPh)13]2− 1290 1290  7.4 4.4 19.6 
 (NMe4)[Cd7Co2S4(SPh)13]2− 1263 1263   1.6 7.4 

 (NMe4)[Cd6Co3S4(SPh)13]2− 1236 1236    4.3 
[Cd9S4(SPh)12]2− 1225 1225 17.5 15.9 5.6 5.3 
 [Cd8Co1S4(SPh)12]2− 1198 1198  5.4 5.1 11.7 

 [Cd7Co2S4(SPh)12]2− 1171 1171  1.8 2.9 11.8 

 [Cd6Co3S4(SPh)12]2− 1145 1145    8.6 
Unobserved Fragments       
 [Cd8S1(SPh)15]1− 2569      
 [Cd17S4(SPh)28]2− 2548      
 (NMe4)[Cd4(SPh)10]1− 1616      
 [Cd4(SPh)9]1− 1432      
 [Cd8S1(SPh)16]2− 1339      
 [Cd4(SPh)10]2− 771      
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Table S3. Precursor amounts and stoichiometric ratios used in the self-assembly and redox syntheses (units in mmol). 

 Cd2+ Co2+ Cd2++Co2+ PhS– S or S2– PhS–:TM2+ S:TM2+ PhS–:S or PhS–:S2– 

Undoped Cd10-SA 2.38 0.0 2.38 5.20 1.20 2.18 0.504 4.33 

10% Co:Cd10-SA 2.14 0.238 2.38 5.20 1.20 2.18 0.504 4.33 

30% Co:Cd10-SA 1.67 0.714 2.38 5.20 1.20 2.18 0.504 4.33 

Undoped Cd10-R 2.37 0.0 2.37 5.92 0.624 2.50 0.263 9.49 

10% Co:Cd10-R 2.37 0.264 2.63 5.92 0.624 2.25 0.237 9.49 

30% Co:Cd10-R 2.37 1.01 3.38 5.92 0.624 1.75 0.184 9.49 

 

 

 

 
Figure S3. ESI-MS of reaction aliquots taken during the synthesis of 10% Co:Cd10-SA with increasing amount of the S2- precursor being added. The 
initial addition of the TM2+ precursor to the PHS- shows the formation of Co:Cd4 by the observation of the [Cd4-xCox(SPh)9]1- fragment, which exists 
and shows a relative increase in the Co2+ dominated fragments as the reaction proceeds, including the formation of the Co4 cluster once all the S2- has 
been added. This shows the formation of Co4 does not inhibit the Co:Cd10 formation. Upon the addition of S2-, the Cd8 cluster is formed, observed by 
the [Cd8S(SPh)16]2- fragment, then decreases in relative intensity as S2- is added while Co:Cd10 forms, observed by the [Cd10-xCoxS4(SPh)14]2- fragment, 
and increases in relative intensity. 
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Figure S4. Full ESI-MS spectra of (Cd0.9Co0.1)10-R and (Cd1−xCox)10-SA for x = 0.1 – 0.5 measured at higher cone voltages, ranging from −10 V to −80 
V.  

 
Figure S5. ESI-MS of (Cd0.9Co0.1)10-R and (Cd1−xCox)10-SA for x = 0.1 – 0.5 measured at −80 V to observe the [Cd7−xCoxS4(SPh)8]2− fragment with 
up to 2 Co2+ ions that must include one dopant occupying a core site. While at low dopant concentrations of 10% Co2+ for Cd10-SA and Cd10-R, core 
doping cannot be discerned, but at 50% Co2+ core doping can be clearly observed in the Co:Cd10-SA cluster. 
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Figure S6. The calculated values for the Poissonian distribution as compared to the ESI-MS spectra for (Cd1−xCox)10-SA for x = 0.1 – 0.5. 

 
Figure S7. Electronic absorption for multiple batches of undoped Cd10-SA shows the relative intensity of the tentatively assigned “Cd20” transition 
changes as compared to the intensity of the Cd10 intraligand transition, supporting the hypothesis of their being two separate species.  
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Figure S8. 1H NMR of the two different Cd10 samples, R and SA, along with (NMe4)2[Cd(SPh)4] and (NMe4)2[Cd4(SPh)10] clusters shows the bridg-
ing (SPhb) and terminal (SPht) thiophenolate protons to display the differences between the clusters. While these protons can be discerned in the Cd10-
R, there are two additional sets of unknown thiophenolate peaks in the Cd10-SA. This demonstrates the ability to observe additional clusters within the 
solution and possibly provides evidence for the existence of the “Cd20” cluster.  

 

 
Figure S9. Dopant concentration, x, measured by ICP-OES (black closed circles) and the ESI-MS Poissonian fitting analysis of the 
[(Cd10−xCox)S4(SPh)14]2– product fragments (red open triangles) as a function of the nominal dopant concentration used in the synthesis of the 
Co:Cd10-SA clusters.  
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