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ABSTRACT 

SYNTHESIS OF MAGNETIC ION DOPED II -VI BENZENECHALCOGENIDE 
MOLECULAR CLUSTERS  

 
MAY  2019 

 
FUMITOSHI KATO, B.S., WESTERN WASHINGTON UNIVERSITY 

 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 

 
Directed by: Professor Kevin R. Kittilstved 

 

Diluted magnetic semiconductor quantum dots (DMS-QDs) is a class of material 

prepared by introducing a small percentage of magnetic impurities to impart new 

magneto-optical properties to the host nanocrystal (NC). Such materials are regarded as 

promising candidates for their potential application in spintronic devices. The overall 

functionality of the DMS-QD is highly dependent on the dopant position within the host 

structure. A thorough understanding of the doping mechanism is, therefore, critical to 

gain better control over the dopant speciation in nanocrystal lattice and material 

properties. In this work, we utilized II-VI molecular clusters that are analogous to bulk 

semiconductors as model systems to obtain mechanistic insight into the doping process. 

More specifically, we developed new protocols for dopant speciation and to achieve 

precision doping in these clusters. These molecular clusters are often studied to gain a 

detailed understanding of the size-property relationship in quantum-confined 

semiconductor nanocrystals. However, studies of the doping of these structurally 

well-defined materials and the effect on the host properties are rare. The work presented 

here focuses on elucidating the solution dynamic of clusters in order to develop 

controlled doping strategies. The work is primarily centered on Mn2+ and Co2+ as the 
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dopants and CdS molecular cluster as the host. Monitoring the relative peak intensity of 

both doped and undoped fragments of Mn2+ or Co2+ substituted CdS cluster by 

electrospray ionization mass spectrometry (ESI-MS) is demonstrated to be an effective 

method determining for dopant speciation. The cluster-cluster equilibria unraveled from 

our investigations led us to establish a process that allows for precision doping of 

clusters. Synthetic methods were formulated based on our understanding of equilibria to 

yield a larger sized cluster. Furthermore, the presence of impurity ions was found to have 

a significant impact on the equilibria as well, demonstrating that dopants participate in 

both cation exchange reactions and the cluster evolution.  

In addition, the solution dynamic of the isolated clusters was observed and shown 

to have higher sensitivity towards its surrounding environment. New equilibria were 

rapidly established once small traces of metal ions were introduced to a solution of pure 

clusters. The solvent and core chalcogenide ions were found to have a profound effect on 

the equilibrium as well as the disintegration and growth processes. The studies of solution 

dynamics presented in this work provide insights relevant to the development of synthetic 

routes for precise impurity ion doping at the molecular level and to the cluster growth 

mechanism.  
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CHAPTER 1 
 

INTRODUCTION  

1.1 Semiconductor Nanocrystals  

Semiconductor nanocrystals have garnered much attention and been extensively 

studied during the past few decades due to the vast number of methods to modify their 

properties for various device applications.1-10 Exciting the semiconductor with a photon 

with an appropriate wavelength can promote an electron from the valence to conduction 

band, which generates a loosely bound electron-hole pair commonly known as the 

exciton. In these semiconductors, the conduction and valence bands are composed of s- 

and p-orbitals of cations and anions, respectively. The energy required to excite an 

electron from valence to conduction band is known as the band gap (Eg). As the size of 

semiconductor shrinks to a point where it becomes comparable to exciton Bohr radius 

(distance between electron-hole pair), the energy levels of both bands become discrete, 

and we begin to observe a blue-shift in its band gap transition (Figure 1.1). This 

phenomenon is known as the quantum-confinement effect and makes the material band 

gap property size dependent.11 The density of states in quantum-confined nanocrystals is 

also tuned by choosing the confinement direction, and nanocrystals confined in all three 

directions is typically referred to as quantum dot (QD). In addition, these nanocrystals 

can be made solution processable in a variety of aqueous or organic solvents once the 

nanocrystal surface is passivated with surface ligands. Passivating the surface with 

ligands can also lead to enhanced fluorescence properties, such as quantum yield, of the 

nanocrystals as it occupies the dangling bonds at the surface, which can act as trap 

states.12-15 Due to these reasons, in-depth research on the relationship between surface 
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ligands and nanocrystal properties have become the focus of many researchers to 

facilitate integration of these colloidal nanocrystals into a diverse range of devices. 

 

Figure 1.1. Schematic showing the energy levels of bands as semiconductor transitions 
from bulk to quantum-confined nanocrystal. 
 
1.2. Diluted Magnetic Semiconductor 

Diluted magnetic semiconductor (DMS) is a class of material that exhibits both 

ferromagnetic and semiconducting properties that is widely studied amongst scientist due 

to its potential application in spintronic devices.16-20 This unique material is prepared by 

substituting a small fraction of its host cation with a magnetically active ion or by 

introducing other types of defects in its structure (Figure 2b). The method is often 

�U�H�I�H�U�U�H�G���W�R���D�V���³�G�R�S�L�Q�J�´�� and the sp-d exchange interaction between the dopant and host 

exciton carrier gives rise to interesting magnetic, optical, and magneto-optical properties, 

such as giant Zeeman splitting, ferromagnetism, giant Faraday rotations, and excitonic 
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magnetic polarons (EMP).21 The overall properties of the product are highly dependent 

on the choice of dopant, dopant oxidation states, dopant distribution within the structure, 

and site occupation (substitutional or interstitial).22  

 

Figure 1.2. Schematic representation of (A) a magnetic semiconductor (B) a 
non-magnetic semiconductor (C) Diluted Magnetic Semiconductor. Figure adapted from 
ref. [22]. 

 

One of the first alloys identified as DMSs were doped II-VI semiconductors such 

as Zn1��xMnxTe and Cd1��xMnxTe.23 The electrons in the d-orbitals of Mn2+ can undergo 

sp-d exchange with its neighboring host anion, which induces giant Zeeman splitting 

(�' EZeeman) to occur. This phenomenon can be represented for both bulk and nanocrystals 

as Equation 1.  

�' EZeeman = gexc�PBH + xeff�¢Sz�²�JN0(�D���E)                                     (1) 

 

The equation is expresses as a combination of intrinsic and exchange-induced terms. The 

gexc is Lande g-factor, �PB is the Bohr magneton, H is the magnetic field, xeff is the 

effective cation mole fraction of paramagnetic ions, �¢Sz�² is the spin expectation value of 

the dopant in the direction of the applied magnetic field, �J is scaling factor (�J<1.0) that 

represents dopant-carrier spatial overlap, and N0(�D���E) is the difference in magnitude 
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between s-d (N0�D) and p-d (N0�E) exchange coupling. The splitting of bands observed in 

DMSs under magnetic field exceeds that of non-magnetic semiconductors by 1-2 orders 

of magnitude.24 Furthermore, theoretical works have predicted enhancement in exchange 

energy in a scenario where single dopant placed at the precise center of a semiconductor 

nanocrystal,25-26 and motivated researchers to develop methods to prepare quasi-zero 

dimensional DMS or DMS-QDs. 

  DMS-QDs offers several advantages over its bulk counterpart as its charge 

carriers are localized in the same locale as the magnetically active dopants. In bulk 

DMSs, these charge carriers can migrate before the dopant magnetization occurs, which 

can result in diminished sp-d exchange. Theoretical studies have also predicted an 

enhancement in the effective exchange energies by placing single dopant at the center of 

the QDs. The exchange interaction between the dopants and localized exciton in DMS-

QDs have been reported to give rise to interesting phenomena, such as EMP.27-28 

However, it is also expected that the exchange energy will decrease from quantum 

confinement29 and is highly dependent on dopant distribution.30 Due to these reasons, 

continuous efforts are being made to discover methods that will allow for greater 

synthetic control over dopant concentration and distribution within QDs.   

 
1.3 Nanocrystal Growth Mechanism 

Initial attempts to prepare colloidal semiconductor nanocrystals were met with 

challenges as they suffered from inhomogenous size and shape distribution, surface 

defects, and poor crystallinity. Eventually, the first successful report on the wet synthesis 

of undoped QDs with well-controlled size and shape dispersity was introduced by 

Bawendi group.31 In their study, they utilized �³�K�R�W-�L�Q�M�H�F�W�L�R�Q�´ method to prepare CdE (E = 
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S, Se, Te) QDs with tri-octylphosphine acting as both the solvent and surface ligand, 

alkylcadmium and silylchalcogenide as metal and anion source. The crystallite size was 

tunable from 1.2 to 12 nm and exhibited sharp band gap absorption indicating narrow 

size distribution, and fluorescence with high quantum yield. Many methods, such as hot-

injection, sol-gel, hydrothermal, and inverse-micelle have been used since then to prepare 

various II-VI and III-V semiconductor QDs.32-33 Although, the final product is highly 

dependent on multiple factors of the reaction, such as temperature, ligand, and precursor 

reactivity, the growth mechanism of these nanocrystals typically abides by the classical 

nucleation theory proposed by LaMer and Dinegar (Figure 1.3).34-35 

 

Figure 1.3. LaMer diagram schematic for classical nucleation theory. Figure adapted 
from ref. [35]. 
 

The proposed classical nucleation theory states the exothermic lattice formation energy to 

be the driving force for spontaneous phase transition. This driving force is expressed as 
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�' G, is the difference in free energies between solvated and crystalline form of the 

nanocrystal (Equation 2), where the surface free energy is �J, and the free energy of the 

crystal is �' FV.36 

�¿�) 
L �v�è�4�6�Û
E�v���u�4�7�¿�(�Ï                                               (2) 

�/�D�0�H�U�¶�V���P�R�G�H�O��is divided into three sections. Section (I) is showing rapid increase in the 

concentration of precursors in solution, and (II) is the region when precursor 

concentration approaches very close to supercritical (C crit) and initi�D�W�H�V���³�E�X�U�V�W-

�Q�X�F�O�H�D�W�L�R�Q�´�����$�V���D���U�H�V�X�O�W�����W�K�H���S�U�H�F�X�U�V�R�U���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���G�H�F�U�H�D�V�H�V���D�Q�G���Q�R���I�X�U�W�K�H�U���Q�X�F�O�H�D�W�L�R�Q��

occurs; (III) is exhibiting the growth following nucleation. In detail, when the crystal 

radius is too small with large surface to volume ratios, the surface free energy will 

destabilize the crystal to be solvated. In order for stable nanocrystals to form and grow, it 

must attain a size that will be thermodynamically favorable to maintain the phase 

separation. Critical nucleus that forms during (II) is the nanocrystal with large enough 

volume to overcome the energetic barrier for phase separation. Further nucleation of the 

critical nuclei is stopped once the precursor concentration falls below a certain nucleation 

threshold and the remaining monomers react with the nanocrystals for further growth. 

Note, to reduce the polydispersity in the final product, the duration of critical nuclei 

formation must be minimized. As the precursor concentration reaches depletion, smaller 

nanocrystals with higher surface energy can redeposit itself on larger nanocrystals and 

this process is commonly known as the Ostwald ripening.37-38 Although this equation 

assumes the nanocrystal to be spherical and reaction to being diffusion limited, it captures 

the principal aspects of colloidal chemistry and sufficiently represents the nanocrystal 

growth process.  
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The essential concepts of the classical nucleation theory also apply to the 

synthesis of doped nanocrystals. As mentioned before, one of the ultimate goals is to 

achieve controlled dopant distribution in nanocrystal. However, incorporating dopants 

into critical nucleus is often time met with difficulties. The root cause of this issue is 

because dopant incorporation causes lattice strain in the structure, which ultimately leads 

to decreased free energy of crystallites and increased activation barrier for nucleation. 

This in turn also increases the dimension of the critical nucleus. Furthermore, the model 

is representative of the most favorable reaction pathway observed in pure solution 

without any dopants present.39 Experimentally doping at the core of nanocrystals or 

critical nuclei is notoriously difficult to demonstrate and only theoretical studies have 

been conducted. The next section will discuss the synthetic aspects of the doped colloidal 

nanocrystals, their properties, as well as the challenges that remain to be solved. 

1.4. Synthesis and Characterization of Doped Nanocrystals  

Doping in colloidal nanocrystal is significantly different than that of bulk 

semiconductor, where the reaction is carried out in high temperature to drive the dopants 

into host matrix. Even in cases with bulk Cd1��xMnxTe, the original zinc-blende structure 

can be maintained with x = 0.77.40 Such high dopant concentration in the host lattice of 

nanocrystals will typically result in phase segregation, demonstrating nanocrystal 

sensitivity to its composition compared to that of its bulk counterpart. Earlier attempts in 

doping the nanostructure led to products with the majority of the dopants adsorbed on the 

surface due to favorability of phase separation.41-43 This motivated research in studying 

the steps involved in dopant incorporation and its stabilization within the lattice. 

Bhargava et al reported one of the first wet synthesis of doped QD in 1994, where ZnS 
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doped with Mn2+ was prepared using co-precipitation method.44 Doping was confirmed 

by the 4T1�o 6A1 d-d transition at 585 nm observed from their photoluminescence 

spectrum. Several methods to effectively control the dopant position within the 

nanocrystal system were then demonstrated or proposed by various researchers. Cao 

group prepared radially controlled doping of Mn ion in CdS/ZnS core-shell structured 

QDs.45-46 In their work, it was demonstrated that the electronic properties of the QDs, 

notably its photoluminescence, can be tuned by adjusting the dopant position within the 

core-shell structure and shell thickness. Peng devised a synthesis method known as 

nucleation-doping, where ZnSe was grown over preformed MnSe nucleus to achieve 

color-tunable Mn-doped ZnSe QDs.47 Pradhan also explored doping of CdZnS 

nanocrystals by ceasing growth after nucleation and introducing dopants, such as Ni2+ or 

Cu+.48 Their product demonstrated room-temperature ferromagnetism, tunable visible and 

NIR emission, and improved conductivity. In many cases, decoupling the nucleation and 

growth process was found to be an effective method to achieve doping. 

Inorganic cluster precursors were used and found to be suitable starting reagents 

to synthesize doped QDs. Inorganic clusters, such as [M10E4(SPh)16]4�� (M = Cd, Zn; E = 

S, Se, Te; SPh is thiophenolate, M10) are considered to be representative of discrete units 

from that of bulk semiconductor. The first report of using these clusters to prepare 

semiconductor QDs, such as CdSe, ZnSe, and CdSe/ZnS was established by Cumberland 

et al.49 In their work, they utilized M10 cluster as single source precursor in alkylamine 

solution and demonstrated greater control over the growth as it removed the pyrolytic 

�V�W�H�S���W�K�D�W���Z�D�V���X�V�H�G���I�R�U���Q�X�F�O�H�D�W�L�R�Q���L�Q���³�K�R�W-�L�Q�M�H�F�W�L�R�Q�´���P�H�W�K�R�G�� They proposed that small 

metal chalcogenide fragments begin to form as M10 coordinates with alkylamine to 
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generate nuclei, which is then followed by slow growth (Figure 1.4). Cluster pyrolysis 

method was then used to prepare Mn-, Co-, Cu- or Eu-doped CdSe.50-53 Gamelin group 

also explored the utility of this precursor in preparing doped nanocrystals. They 

discovered from their synthesis at high temperature (>200 �qC) that thiophenolates can 

decompose and form CdS shell around the CdSe nanocrystal,54 which led to Co2+ doping 

at the shell instead of core CdSe. The authors predict that intrinsic differences between 

Co-S and Co-Se bonding interactions, dictated by hard-soft acid-base (HSAB) principles, 

results in Cd2+ out-competing Co2+ for Se2��. Contrary to most method where the dopants 

are kinetically trapped during the growth process of host nanocrystal, a procedure where 

thermodynamics dictated the doping process was demonstrated.55 This method is called 

�³�'�L�I�I�X�V�L�R�Q���G�R�S�L�Q�J�´���D�Q�G���L�V���R�Q�H���R�I���W�K�H���P�R�U�H���X�Q�L�T�X�H���S�U�R�F�H�G�X�U�H���G�H�Y�H�O�R�S�H�G���V�R���I�D�U���W�R���D�F�K�L�H�Y�H��

dopant incorporation. 

 

Figure 1.4. Proposed reaction mechanism depicting the growth of inorganic clusters to 
nanocrystals in presence of hexadecylamine (HDA) and heat. Figure adapted from ref. 
[49]. 
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 Methods for dopant speciation is another important aspect that was thoroughly 

investigated along with the development of new synthesis procedures. Electron 

paramagnetic resonance spectroscopy (EPR) is an important tool used to identify the 

local coordination environment of EPR active dopants in the crystal lattice structure. The 

technique detects �' MJ = �r1 transitions within Zeeman split ground states. In particular, 

this characterization technique is used to probe the locale of Mn2+, which has a nuclear 

spin (I) of 5/2 and displays six hyperfine peaks through the electron-nuclear hyperfine 

interaction.56 As shown by Nag et al. they were able to identify several species from their 

EPR spectra (Figure 1.5).57 They demonstrated in their work that substitutional Mn2+ 

occupying tetrahedral Cd2+ site, isolated Mn2+ residing on the surface of nanocrystal, and 

Mn2+ experiencing Mn-Mn dipole interaction will exhibit peaks with hyperfine splitting 

constant of ~69 x 10��4 cm��1, ~89 x 10��4 cm��1, or broadening, respectively. In addition, a 

more in-depth EPR analysis on Mn2+-doped CdSe was carried out to determine the 

dopant crystal field environment. A high frequency EPR was utilized to differentiate 

between the surface and core doped Mn2+, providing further insight to the crystal field 

and structural effects on Mn2+ EPR response.58 
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Figure 1.5. EPR spectra of Mn2+-doped CdS NCs with varying Mn2+ concentration and 
bulk Mn2+-doped CdS. The spectra at the top was collected after washing the as-prepared 
1.9% Mn2+-doped CdS NCs with dilute KCl. All spectra were collected at room 
temperature at 9.5 GHz. Figure adapted from ref. [57]. 

 

X-Ray diffraction (XRD) pattern is also a commonly used technique to gain 

structural evidence of isotropic doping. As the dopant concentration in the crystal 

increases, it leads to a gradual shift in the lattice parameters of the host material. 

�$�F�F�R�U�G�L�Q�J���W�R���9�H�J�D�U�G�¶�V���O�D�Z�����W�K�H���O�D�W�W�L�F�H���S�D�U�D�P�H�W�H�U�V���R�I��nanocrystal should change linearly 

with respect to the dopant concentration in the nanocrystal.59 X-Ray powder diffraction 

of CdSe doped with varying Co2+ concentration demonstrates a continuous linear 

decrease in its a and c lattice parameters up to ~17% doping. The linear trend peak shift 

beyond 17% doping was disrupted mainly due to phase segregation beginning to take 

place.51 It should be noted, that XRD pattern cannot detect minor secondary phase even if 

one is present. This was shown in the study on core-shell CdSe/ZnS QD, where layers of 
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ZnS was deposited on CdSe. The diffraction peak corresponding to ZnS at 56�q became 

apparent after two monolayers were coated on the host nanocrystals.60 

Photoluminescence and absorption spectroscopies are essential technique used to 

capture the dopant influence on host electronic structure. The spectroscopic evidence 

obtained from these characterization techniques can not only be used to deduce the 

pathways of each electronic transition but also as a way to probe dopant position within 

the lattice structure. One of the signature features of successful Mn2+ incorporation is its 

4T1�o 6A1 PL. Many studies were carried out to tune its PL wavelength and lifetime for 

applications ranging from bio-imaging, sensor, and as phosphors in luminescent solar cell 

concentrator.61-62 The relative energy difference between the excited and ground states 

can be readily tuned by applying distortion to the metal-ligand coordinate by doping it 

near the surface or coating material with significant lattice mismatch on the host 

nanocrystal. Co2+ 4A2�o 4T1 ligand field transition have also been shown to be sensitive to 

its surrounding environment (Figure 1.6). Here they demonstrate the ligand field 

transition of Co2+ adsorbed on the surface of ZnO differ significantly from that of 

internally doped ZnO.63 Aliovalent doped of QDs are also reliant on these spectroscopic 

characterizations. CdSe doped with Cu+ or Ag+ exhibits broad mid gap emission and is 

used to confirm that these impurity ions have the desired oxidation state.64 Successful 

doping of Al3+ and In3+ in metal oxides, such as ZnO can be determined by monitoring 

the blue-shift in its band gap transition due to Moss-Burstein effect as well as its surface 

plasmon.65-66  
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Figure 1.6. (a) Absorption spectra of 2.3% Co2+-doped CdS QDs in pyridine showing 
band gap (left) and Co2+ ligand field (right) absorption. (b) Absorption spectra of 0.9% 
Co2+-doped CdS QDs with a shell of CdS covering the core CdS. Solid and dotted lines 
represent spectra collected 2 h and 28 h after synthesis, respectively. Figure adapted from 
ref. [63]. 

 

Magnetic circular dichroism (MCD) spectroscopy is a rigorous technique that is 

quite often used to characterize the magneto-optical properties of doped nanocrystals. In 

this spectroscopy, it allows one to demonstrate giant excitonic Zeeman splitting in DMS-

QDs. MCD spectroscopy has been applied to many colloidal Mn2+ and Co2+ doped 

nanocrystal, and in general, its spectrum is dependent on three different terms (A, B, and 

C). The A-term arises from the splitting of its degenerate excited states, and B-term when 

there is an excited state close enough to the degenerate excited states for the exchange 

process to occur between the states.67 The C-term is unique compared to the other two 

terms because it requires ground state paramagnetism. Also, the C-term is dependent on 

the temperature, and magnetic field as its transition depends on the population in ground 

states and spin alignment dependent on the external magnetic field.68 Both A- and B-
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terms are independent of temperature and only dependent on the applied magnetic field. 

Successful incorporation of dopant ions can be verified through the sign flip of excitonic 

A-term in the MCD spectra of doped QDs. This sign inversion can only occur when there 

is a significant degree of hole-dopant interaction (N0�E<0, p-d exchange) is taking place 

(Figure 1.7). Furthermore, the MCD intensity ultimately depends on the �¢Sz�² value of the 

dopant and as demonstrated in Figure 1.8., the relative MCD intensity of Mn2+ (S = 5/2) 

is larger than that of Co2+ (S = 3/2).69  

 

Figure 1.7. Electronic absorption (top) and variable field (0-5 T) MCD spectra of 
colloidal (a) undoped CdSe nanocrystals, (b) 1.0%Mn2+-doped CdSe nanocrystals, and 
(c) 1.5% Co2+-doped CdSe nanocrystals collected at 6K. Figure was adapted from ref. 
[69]. 

 
Figure 1.8. Variable-field MCD saturation magnetization data collected at 6K for 
samples from Figure 1.7. Undoped CdSe (�x, exciton), 1.0%Mn2+-doped CdSe (�' , 
exciton), and 1.5% Co2+-doped CdSe (�� , exciton; O, ligand-field). The dashed curved 
show the spin-only saturation magnetization calculated using appropriate bulk 
parameters. Figure adapted from ref. [69].  
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1.5 Magic Sized Nanoclusters 

In more recent works, scientists have discovered a new class of material known as the 

magic sized nanoclusters (MSCs). These nanoclusters have well-defined size, exhibit 

thermodynamic stability, and have a different nucleation and growth mechanism.70 One 

of its distinctive features is its sharp band gap absorption that typically has full-width half 

max (FWHM) of less than 20 nm due to its extremely narrow size distribution. Another 

feature that is commonly observed when one is growing MSCs is its stepwise growth 

process.71 Contrary to regular QDs, these MSCs do not go through continuous growth; 

instead, the peak will gradually disappear coupled with the emergence of a new peak at a 

longer wavelength (Figure 1.9). This trend suggests that MSCs dissolves and return to its 

original monomer form and reassembles to become a larger nanocluster. Aside from UV-

Vis spectroscopy, matrix-assisted laser desorption ionization mass spectrometry is 

frequently used to determine the size of these MSCs. Kasuya et al.72 detected fragments 

corresponding to several different size CdSe MSC ranging from (CdSe)13 to (CdSe)34. 

One of the main drawbacks of this characterization method is that it is destructive by 

nature, and some suspect laser ablation to induce growth or severe fragmentation, which 

could result in misleading size determination. Another issue that revolves around this 

class of material is that the structure is not known. Theoretical works have been carried 

out to predict the structure of these interesting materials, but to this date, only the 

structure of InP MSC has been determined by crystallography.73 
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Figure 1.9. (a) Absorption spectra of the growth solution recorded at different times and 
containing different population of MSCs. (b) Color coded plot of absorption spectrum, 
which were collected progressively during a longer reaction time. Figure was adapted 
from ref. [71]. 
  

Naturally, it has become the interest to many scientists to examine how doping 

impurity ions into this extremely confined structure would alter the host properties. Eilers 

et al. have reported doping Mn2+ into ZnTe using cation exchange reaction and observed 

Mn2+ d-d transition PL and PL excitation (PLE) exhibiting energy transfer from the host 

ZnTe.74 Similar success in doping other II-VI MSCs were reported by Hyeon group, 

where they also utilized cation exchange in their work to dope nanoribbon MSCs with 

Mn2+ ions.75-76 The same group also reported doping (CdSe)13 with other transition metal 

ions, such as Co2+ and Zn2+.77-78 However, questions remain as to where the dopants are 

located within the nanostructure and whether that can be controlled to further tune host 
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properties. The next section will discuss the molecular clusters analogs of its bulk 

semiconductor. 

1.6 Molecular Clusters  

Metal thiolate clusters are a class of material that was initially developed as a 

model system to study metalloenzymes.79 It was later discovered that some of the clusters 

have structure and properties analogous to bulk semiconductors. Earlier clusters 

composed of various tetrahedrally coordinated 3d and 4d transition metal ions were 

developed.80-87 One of the clusters that received notable attention was the II-VI 

benzenechalcogenolate clusters. Dance et al. developed a series clusters with the general 

formula of [M4(EPh)10]2-, [M10E4���(�¶�3�K��16]4-, and [M17E4���(�¶�3�K��28]2- ���0��� ���&�G�����=�Q�����(�����(�¶��� ��

S, Se; Figure 1.10).88-89 The benzenethiophenolates in these clusters, such as 

thiophenolates can be coordinated as either bridging (�P-SPhb) or terminal (SPht) ligands. 

In addition, the chalcogenide anions typically adopt the �P3-E or �P4-E coordination. Due to 

these reasons, these clusters have several unique cation sites that can be distinguished 

from one another. For example, there are two different cation sites in [Cd10S4(SPh)16]4�� 

(Cd10�������R�I�W�H�Q���L�G�H�Q�W�L�I�L�H�G���D�V���³�V�X�U�I�D�F�H�´���D�Q�G���³�F�R�U�H�´�����7�K�H���³�V�X�U�I�D�F�H�´���D�Q�G���³�F�R�U�H�´���F�D�W�L�R�Q���V�L�W�H�V���D�U�H��

coordinated as M(�P-SPhb)3(SPht) and M(�P3-S)2(�P-SPhb)2. These distinct features allow 

one to facilitate their investigation in cluster chemistry using various experiment setup 

and characterization techniques. 
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Figure 1.10. Crystal structures of [Cd4(SPh)10]2-, [Cd10S4(SPh)16]4-, and [C17S4(SPh)28]2. 
The crystal sizes were determined by measuring the distance between the two apical 
atoms. [Cd4(SPh)10]2- (Cd4) has one unique cation site, M(�P-SPhb)3(SPht); 
[Cd10S4(SPh)16]4- (Cd10), has two unique cation sites, M(�P-SPhb)3(SPht) and 
M(�P3-S)2(�P-SPhb)2; [C17S4(SPh)28]2- (Cd17) has three unique cation sites, 
M(�P-SPhb)3(SPht), M(�P4-S)(�P-SPhb)3, and M(�P4-S)4. Counter ions typically used for these 
clusters are either Li+ or tetramethylamine ([NMe4]+; not shown in figure). Sulfur on 
thiophenolate, sulfide, and cadmium are shown as yellow, black, and red, respectively. 

 

The electronic and structural properties of these clusters were studied as a model 

to examine the size-property relationship in semiconductor nanocrystals by many 

researchers.90 The syntheses of these molecular clusters were initially carried out in 

aqueous solvents, such as methanol and acetonitrile. Eventually, the synthetic methods 

involving more non-polar coordinating solvents were proposed and proved to be more 

successful in preparing larger sized clusters.91-92 For instance, Herron et al. have 

succeeded in growing and crystallizing [Cd32S14(SPh)36] � ̃4DMF by thermally removing 

the four apical thiophenolates of Cd10 followed by growth in the presence of strong 

coordinating solvents like DMF and pyridine.93 The absorption spectrum of the cluster 

exhibiteda sharp transition at ~358 nm with high extinction coefficient. Also, the 

absorption peak was found to be insensitive to solvent polarity, which is due to the small 

dipole moment in the corresponding ground and excited states. This feature is also a 
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signature of exciton; therefore, removing the possibility that this absorption band is a 

result of charge transfer. Soloviev et al. prepared a series of cluster with varying size and 

monitored their size-dependent electronic properties (Figure 1.11).94-95 Their clusters 

exhibited size-dependent properties as their absorption and PLE spectra red-shifted. The 

broad emission spectra of the smaller clusters is significantly more red-shifted from the 

absorption/PLE spectra due to the �W�U�D�Q�V�L�W�L�R�Q�V���I�U�R�P���F�O�X�V�W�H�U���³�/�R�Z�H�V�W���X�Q�R�F�F�X�S�L�H�G���P�R�O�H�F�X�O�D�U��

orbi�W�D�O�´�����/�8�0�2�����W�R���³�K�L�J�K�H�V�W���R�F�F�X�S�L�H�G���P�R�O�H�F�X�O�D�U���R�U�E�L�W�D�O�´�����+�2�0�2�����E�H�L�Q�J���W�K�H���G�R�P�L�Q�D�Q�W����

However, as the size increases, the emission gains traits like that of bandgap transition 

and exhibits peaks with smaller stoke shift and narrower bandwidth. PL decay also 

showed trends of decrease in lifetime as cluster size increased. Eichhöfer et al. have 

utilized bis-trimethylsilylamide precursors to prepare clusters with various combination 

of selenophenol, tellurophenol, selenide, and telluride.96-97 Clusters composed of larger 

chalcogenide generally exhibited red-shift in its absorption spectra as it does in colloidal 

nanocrystal systems. Solvothermal route to synthesize higher order cluster with Cd54S80 

and Cd54S80 core.98-99 Owen group have recently reported synthesizing single crystal 

CdSe cluster with its composition ranging from Cd35Se20 to Cd84Se56.100  
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Figure 1.11. Absorption spectra of CdSe cluster molecules suspended in Nujol at room 
temperature shown in dotted line. PL spectra are shown in dashed lines. The solid lines 
represent the PLE spectra of the clusters collected at 8 K. Figure was adapted from ref. 
[94]. 
 

1.6.1 Cluster Characterization Methods and Surface Cation Exchange 

Aside from single crystal diffraction, one of the primary technique used to 

characterize these molecular clusters is electrospray ionization mass spectrometry 

(ESI-MS). This instrument is an effective method in studying cluster stability and 

composition. ESI-MS is a method in which a voltage is applied to the sample solution to 

create an aerosol, which effectively attenuates the propensity for molecules to fragment 

during the ionization process. Due to this reason, ESI-�0�6���L�V���F�R�Q�V�L�G�H�U�H�G���W�R���E�H���D���³�V�R�I�W��

�L�R�Q�L�]�D�W�L�R�Q�´���W�H�F�K�Q�L�T�X�H���D�Q�G���L�V���S�D�U�W�L�F�X�O�D�U�O�\���X�V�H�I�X�O���L�Q���R�E�V�H�U�Y�L�Q�J���L�Q�W�D�F�W���L�R�Q�V��101-106 Cooney 

group demonstrated the practicality of this instrument in analyzing the 

thiophenolate-capped clusters. In their work, they performed cation and ligand exchange 
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on clusters and studied the cluster stability by varying the cone voltage and monitoring 

the exchange efficiency. The cation exchange study by Cooney group observed cluster 

equilibrium to favor association with the same metal in host cluster and rate to decrease 

for atoms located near the center of the structure. Cation exchange studies on clusters 

were initially pioneered by Holm group, where they examined the exchange between 

Cd2+ or Zn2+ with [Co4(SPh)10]2�� or [Fe4(SPh)10]2��.107 They utilized paramagnetic 

1H-NMR to probe dopant coordination sites as well as determining the final dopant 

concentration incorporated into the cluster. Further investigation of this cation exchange 

in small molecular clusters was carried out, and an in-depth study of the cluster solution 

dynamics, reversibility of cation exchange, and electronic properties of the doped clusters 

were reported.108-109 One of the main processes that is predicted to be an important factor 

for cation exchange to occur in these clusters is the intraligand exchange process between 

apical and bridging benzenechalcogenolates. Evidence of intraligand exchange can be 

observed from variable temperature paramagnetic 1H-NMR, where the signals from 

apical and bridging thiophenolates can be distinguished from one another as the 

temperature is lowered to slow down the exchange rate. Henderson et al. examined the 

mechanistic aspects of cation exchange in [M 4(SPh)10]2�� (M = Zn or Fe) with Co(NO3)2 

or CoCl2 and proposed that the exchange reaction occurs through the concerted or 

dissociation pathway (Figure 1.12).110 Mechanism 1, the concerted reaction, is a one-step 

process in which the dopant associates with the bridging thiophenolates to remove host 

metal ion. Mechanism 2 involves several steps, where it requires cleavage of bonds 

between the host cation and bridging thiophenolates for dopant ion to bond with the 
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bridging thiophenolate. The reaction is followed up with further bond cleavage and 

formation to effectively remove host cation and replace the site with the dopant ion. 

 
Figure 1.12. Proposed mechanisms for cation exchange reaction between the dopant (M, 
white dot) and [M�¶4(SPh)10]2�� ���0�¶��� ���S�X�U�S�O�H���G�R�W�������0�H�F�K�D�Q�L�V�P�������R�F�F�X�U�V���W�K�U�R�X�J�K��
association of dopant ion and SPhb, followed by the cleavage of bonds between host 
cation and SPhb. Mechanism 2 involves bond cleavage that occurs during intraligand 
exchange, which allows dopant ion to bond with SPhb. Figure adapted from ref. [110] 
 

1.6.2 Cluster Growth Mechanism and Solution Stability  

Another aspect of cluster chemistry that is not yet well understood is their growth 

mechanism. Most reports typically mention the synthesis method developed to prepare 

various family of clusters, but insights regarding the cluster formation mechanism are 

still sparse. Herron et al. released a paper examining the evolution of [Cd10S4(SPh)16]4�� 

into what they believe to be [Cd20S13(SPh)22]8�� (Figure 1.13).111 In their work, they 

titrated [Cd10S4(SPh)16]4�� with Na2S and observed a sharp peak evolve at 351 nm. Further 

addition of Na2S resulted in broad shoulder peak at a longer wavelength, indicating 
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inhomogeneous growth. They deduced from the mole ratio of the reaction that the peak at 

351 nm is due to [Cd20S13(SPh)22]8�� (equation 3). In addition, theoretical calculation 

demonstrated that the cluster has semiconductor-like electron-hole pair, in which the hole 

is localized at the center and electron delocalized over the entire CdS core. 

2[Cd10S4(SPh)16]4�� + 5S2�� �o  [Cd20S13(SPh)22]8�� + 10SPh��                   (3) 

 

 

Figure 1.13. Idealized pyramidal structure of [Cd20S13(SPh)22]8�� (left) and electronic 
absorption spectra showing the titration of sulfide ion into a solution of Cd10 dissolved in 
DMF. Figure was adapted from ref. [111]. 
 

Solvent coordination is also another detail that needs to be considered when synthesizing 

and stabilizing clusters. Hosokawa et al. performed In situ Cd K-edge Extended X-ray 

absorption fine-structure (EXAFS) analysis to determine the solvated [Cd4(SPH)10]2�� 

structure in DMF.112 The solvated structure was revealed to be stabilized by the oxygen 

atom of DMF coordinating to Cd. The molecular nature of these clusters makes them 

more sensitive to their surrounding environment, including solvents. Furthermore, a 

thorough study on cluster conversion reaction was reported by Dance group. In their 

work, they reported the synthesis methods for [Cd8�(���(�¶�3�K��16]2�� ���(�����(�¶��= S, Se, Te; Cd8) 
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and also examined the transformation of larger clusters, such as Cd10 and Cd17 in DMF.113 

They discovered that suspending Cd10 (with SePh��) or Cd17 in deoxygenated DMF for 

two weeks or adding excess PhSeSePh can convert them to Cd8, demonstrating the higher 

stability possessed by Cd8 relative to larger clusters.  

1.6.3 Core Doping of Cluster 

As mentioned before, researchers study these molecular clusters as model systems 

for semiconductor nanocrystals. However, the majority of the studies have been 

dedicated to investigating the structure-property relationship and research regarding 

cation exchange in these nanocrystal mimics have been limited to small clusters and 

certain dopants. A rare example of Mn2+ substituting in the cation sites of CdSe cluster 

was reported by Eichhöfer et al.114 They confirmed on average three to four Mn2+ ions 

�R�F�F�X�S�\�L�Q�J���³�F�R�U�H�´���P�H�W�D�O���V�L�W�H�����Z�K�L�F�K���L�V���F�R�R�U�G�L�Q�D�W�H�G���W�R���D���P�L�[�W�X�U�H���R�I���V�X�O�I�L�G�H���D�Q�G��

benzenechalcogenolates. The PL and PLE spectra detected forbidden Mn2+ d-d transition 

as well as energy transfer from the cluster. Another publication on Mn2+ doped cluster 

was reported by the Feng group, where they utilized the site vacancy at the core of 

[Cd6In28S52(SH)] to insert Mn2+ ion.115 The Mn2+ ion diffused through the structure and 

occupied the empty core tetrahedral site and the cluster exhibited broad emission at 630 

nm. Corrigan group developed a method to prepare a series of decameric clusters with 

controlled Zn/Cd, Zn/Hg, and Cd/Hg ratio.92 They observed that the electronic properties 

of the clusters can be tuned by changing the cluster metal ion composition. 

1.7. Scope of the work. 

Doping semiconductor nanocrystals is an essential technique to modify its 

characteristics further or impart new functionality. The overall properties are heavily 
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reliant on the dopant distribution and position within the nanostructure, and establishing 

firm control over these parameters is critical in preparing doped nanocrystals with the 

desired traits. However, there are many chemical, thermodynamic, and kinetic factors 

that make it difficult to gain control over these variables. A better understanding of the 

relationship between nanocrystal growth and doping mechanism is required to achieve 

this objective. Herein, we present our investigation on the dopant influence on cluster 

growth mechanism and cluster-cluster equilibria. 

 Chapter 2 will discuss the practicality of using ESI-MS to determine dopant 

position in Co2+-doped [Cd10S4(SPh)16]4�� (Co:Cd10) by cross-examining it with X-Ray 

crystallography. It is predicted based on the cluster solution dynamics that performing 

cation exchange after forming Cd10 would only replace cations �D�W���W�K�H���³�V�X�U�I�D�F�H�´���P�H�W�D�O��

sites, where cations are coordinated only to thiophenolates. We aim to verify this through 

X-Ray crystallography and examine if mass spectrometry demonstrates a trend that 

agrees with the crystallographically determined dopant position. Chapter 3 will 

demonstrate the cluster-cluster equilibria during the synthesis of Cd10 and exploiting the 

mechanism to achieve site-specific doping. One of the primary goals of this study is to 

gain further understanding of the factors that influence dopant speciation. Chapter 4 will 

show the application of knowledge gained from work in chapter 3 to prepare larger sized 

cluster doped with Mn2+ as well as the properties of our product. Chapter 5 will examine 

cluster response to dopant introduction in a more controlled environment. Preparation of 

doped clusters is typically achieved during the synthesis of cluster itself, whereas in most 

nanocrystal studies cation exchange is done after product isolation and any unreacted 

reagents in the solution are removed. Therefore, we decided to study the effect of 
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introducing dopant ions to the solution once the cluster has been isolated and suspended 

in CH3CN. Finally, chapter 6 will go over the future work for these clusters and some of 

the new projects that have started to show promising results. 

 

1.8. REFERENCES 

(1) Alivisatos, A. P., Science 1996, 271 (5251), 933-937. 

(2) Murray, C. B.; Kagan, C. R.; Bawendi, M. G., Ann. Rev. Mater. Sci. 2000, 30 (1), 
545-610. 

(3) Efros, A. L.; Rosen, M., Ann. Rev. Mater. Sci. 2000, 30 (1), 475-521. 

(4) Yin, Y.; Alivisatos, A. P., Nature 2005, 437 (7059), 664-70. 

(5) Eychmüller, A., J. Phys. Chem. B 2000, 104 (28), 6514-6528. 

(6) Steigerwald, M. L.; Brus, L. E., Accounts of Chemical Research 2002, 23 (6), 
183-188. 

(7) Farneth, W. E.; Herron, N.; Wang, Y., Chem. Mater. 1992, 4 (4), 916-922. 

(8) Weller, H., Advanced Materials 1993, 5 (2), 88-95. 

(9) Klein, D. L.; Roth, R.; Lim, A. K. L.; Alivisatos, A. P.; McEuen, P. L., Nature 
1997, 389 (6652), 699-701. 

(10) Dabbousi, B. O.; Bawendi, M. G.; Onitsuka, O.; Rubner, M. F., App. Phys. Lett. 
1995, 66 (11), 1316-1318. 

(11) Haug, H.; Koch, S. W., World Scientific Publishing Co., 469, 2009. 

(12) Hines, D. A.; Kamat, P. V., J. Phys. Chem. C. 2013, 117 (27), 14418-14426. 

(13) Green, M., J. Mater. Chem. 2010, 20 (28), 5797. 

(14) Peterson, M. D.; Cass, L. C.; Harris, R. D.; Edme, K.; Sung, K.; Weiss, E. A., 
Annu. Rev. Phys. Chem. 2014, 65, 317-39. 

(15) Zhou, J.; Liu, Y.; Tang, J.; Tang, W., Mater. Today. 2017, 20 (7), 360-376. 

(16) Wolf, S. A.; Awschalom, D. D.; Buhrman, R. A.; Daughton, J. M.; von Molnar, 
S.; Roukes, M. L.; Chtchelkanova, A. Y.; Treger, D. M., Science. 2001, 294 (5546), 
1488-95. 



 

27 

(17) Awschalom, D. D.; Flatté, M. E.; Samarth, N., Sci. Amer. 2002, 286 (6), 66-73. 

(18) Ferrand, D.; Wasiela, A.; Tatarenko, S.; Cibert, J.; Richter, G.; Grabs, P.; 
Schmidt, G.; Molenkamp, L. W.; Dietl, T., Solid State Commun. 2001, 119 (4-5), 237-
244. 

(19) Engel, H.-A.; Recher, P.; Loss, D., Solid State Commun. 2001, 119 (4-5), 229-
236. 

(20) Dietl, T.; Ohno, H., Reviews of Modern Physics 2014, 86 (1), 187-251. 

(21) Benoit À La Guillaume, C., physica status solidi (b) 1993, 175 (2), 369-380. 

(22) Janisch, R.; Gopal, P.; Spaldin, N. A., J. Phys.: Condensed Matter 2005, 17 (27), 
R657-R689. 

(23) Furdyna, J. K.; Samarth, N., J. App. Phys. 1987, 61 (8), 3526-3531. 

(24) Furdyna, J. K., J. App. Phys. 1988, 64 (4), R29-R64. 

(25) Bhattacharjee, A. K.; Pérez-Conde, J. Phys. Rev. B. 2003, 68 (4). 

(26) Hoffman, D. M.; Meyer, B. K.; Ekimov, A. I.; Merkulov, I. A.; Efros, A. L.; 
Rosen, M.; Couino, G.; Gacoin, T.; Boilot, J. P., Solid. State. Commun. 2000, 114 (10), 
547-550. 

(27) Beaulac, R.; Schneider, L.; Archer, P. I.; Bacher, G.; Gamelin, D. R., Science. 
2009, 325 (5943), 973-6. 

(28) Nelson, H. D.; Bradshaw, L. R.; Barrows, C. J.; Vlaskin, V. A.; Gamelin, D. R., 
ACS Nano. 2015, 9 (11), 11177-91. 

(29) Bhattacharjee, A. K., Phys. Rev. B. 1998, 58 (23), 15660-15665. 

(30) Norberg, N. S.; Parks, G. L.; Salley, G. M.; Gamelin, D. R., J. Am. Chem. Soc. 
2006, 128 (40), 13195-203. 

(31) Murray, C. B.; Norris, D. J.; Bawendi, M. G., J. Am. Chem. Soc. 1993, 115 (19), 
8706-8715. 

(32) de Mello Donega, C.; Liljeroth, P.; Vanmaekelbergh, D., Small 2005, 1 (12), 
1152-62. 

(33) Trindade, T.; O'Brien, P.; Pickett, N. L., Chem. Mater. 2001, 13 (11), 3843-3858. 

(34) LaMer, V. K.; Dinegar, R. H., J. Am. Chem. Soc. 1950, 72 (11), 4847-4854. 

(35) Sugimoto, T., J Colloid Interface Sci 2007, 309 (1), 106-18. 



 

28 

(36) Oxtoby, D. W., Accounts of Chemical Research 1998, 31 (2), 91-97. 

(37) De Smet, Y.; Deriemaeker, L.; Finsy, R., Langmuir 1997, 13 (26), 6884-6888. 

(38) Grätz, H., Scripta Materialia 1997, 37 (1), 9-16. 

(39) Bryan, J.D.; Gamelin, D.R., Doped Semiconductor Nanocrystals: Synthesis, 
Characterization, Physical Properties, and Applications. 2005, 47-126. 
 
(40) Triboulet, R.; Didier, G., Journal of Crystal Growth 1981, 52, 614-618. 

(41) Chen, D.; Viswanatha, R.; Ong, G. L.; Xie, R.; Balasubramaninan, M.; Peng, X., 
J. Am. Chem. Soc. 2009, 131 (26), 9333-9. 

(42) Dalpian, G. M.; Chelikowsky, J. R., Phys. Rev. Lett. 2006, 96 (22), 226802. 

(43) Zu, L.; Norris, D. J.; Kennedy, T. A.; Erwin, S. C.; Efros, A. L., Nano Lett. 2006, 
6 (2), 334-40. 

(44) Bhargava, R. N.; Gallagher, D.; Hong, X.; Nurmikko, A., Phys. Rev. Lett. 1994, 
72 (3), 416-419. 

(45) Yang, Y.; Chen, O.; Angerhofer, A.; Cao, Y. C., J. Am. Chem. Soc. 2006, 128 
(38), 12428-9. 

(46) Yang, Y.; Chen, O.; Angerhofer, A.; Cao, Y. C., Chemistry 2009, 15 (13), 3186-
97. 

(47) Pradhan, N.; Goorskey, D.; Thessing, J.; Peng, X., J. Am. Chem. Soc. 2005, 127 
(50), 17586-7. 

(48) Jana, S.; Srivastava, B. B.; Jana, S.; Bose, R.; Pradhan, N., J. Phys. Chem. Lett. 
2012, 3 (18), 2535-40. 

(49) Cumberland, S. L.; Hanif, K. M.; Javier, A.; Khitrov, G. A.; Strouse, G. F.; 
Woessner, S. M.; Yun, C. S., Chem. Mater. 2002, 14 (4), 1576-1584. 

(50) Raola, O. E.; Strouse, G. F., Nano Lett. 2002, 2 (12), 1443-1447. 

(51) Hanif, K. M.; Meulenberg, R. W.; Strouse, G. F., J. Am. Chem. Soc. 2002, 124 
(38), 11495-11502. 

(52) Magana, D.; Perera, S. C.; Harter, A. G.; Dalal, N. S.; Strouse, G. F., J. Am. 
Chem. Soc. 2006, 128 (9), 2931-9. 

(53) Meulenberg, R. W.; van Buuren, T.; Hanif, K. M.; Willey, T. M.; Strouse, G. F.; 
Terminello, L. J., Nano Lett. 2004, 4 (11), 2277-2285. 



 

29 

(54) Archer, P. I.; Santangelo, S. A.; Gamelin, D. R., J. Am. Chem. Soc. 2007, 129 
(31), 9808-18. 

(55) Vlaskin, V. A.; Barrows, C. J.; Erickson, C. S.; Gamelin, D. R., J. Am. Chem. Soc. 
2013, 135 (38), 14380-9. 

(56) Title, R. S., Phys. Rev. 1963, 130 (1), 17-19. 

(57) Nag, A.; Sapra, S.; Nagamani, C.; Sharma, A.; Pradhan, N.; Bhat, S. V.; Sarma, 
D. D., Chem. Mater. 2007, 19 (13), 3252-3259. 

(58) Zheng, W.; Wang, Z.; Wright, J.; Goundie, B.; Dalal, N. S.; Meulenberg, R. W.; 
Strouse, G. F., J. Phys. Chem. C 2011, 115 (47), 23305-23314. 

(59) Vegard, L., Zeitschrift Phys. 1921, 5 (1), 17-26. 

(60) Zhong, X.; Feng, Y.; Knoll, W.; Han, M., J. Am. Chem. Soc. 2003, 125 (44), 
13559-63. 

(61) Beaulac, R.; Archer, P. I.; Ochsenbein, S. T.; Gamelin, D. R., Adv. Func. Mater. 
2008, 18 (24), 3873-3891. 

(62) Erickson, C. S.; Bradshaw, L. R.; McDowall, S.; Gilbertson, J. D.; Gamelin, D. 
R.; Patrick, D. L., ACS Nano. 2014, 8 (4), 3461-7. 

(63) Radovanovic, P. V.; Norberg, N. S.; McNally, K. E.; Gamelin, D. R., J. Am. 
Chem. Soc. 2002, 124 (51), 15192-15193. 

(64) Nelson, H. D.; Hinterding, S. O. M.; Fainblat, R.; Creutz, S. E.; Li, X.; Gamelin, 
D. R., J. Am. Chem. Soc. 2017, 139 (18), 6411-6421. 

(65) Liang, X.; Ren, Y.; Bai, S.; Zhang, N.; Dai, X.; Wang, X.; He, H.; Jin, C.; Ye, Z.; 
Chen, Q.; Chen, L.; Wang, J.; Jin, Y., Chem. Mater. 2014, 26 (17), 5169-5178. 

(66) Lee, S.-H.; Han, S.-H.; Jung, H. S.; Shin, H.; Lee, J.; Noh, J.-H.; Lee, S.; Cho, I.-
S.; Lee, J.-K.; Kim, J.; Shin, H., J. Phys. Chem. C 2010, 114 (15), 7185-7189. 

(67) Pavel, E. G.; Kitajima, N.; Solomon, E. I., J. Am. Chem. Soc. 1998, 120 (16), 
3949-3962. 

(68) Lehnert, N.; George, S. D.; Solomon, E. I., Current Opinion in Chemical Biology 
2001, 5 (2), 176-187. 

(69) Archer, P. I.; Santangelo, S. A.; Gamelin, D. R., Nano Lett. 2007, 7 (4), 1037-43. 

(70) Harrell, S. M.; McBride, J. R.; Rosenthal, S. J., Chem. Mater. 2013, 25 (8), 1199-
1210. 



 

30 

(71) Kudera, S.; Zanella, M.; Giannini, C.; Rizzo, A.; Li, Y.; Gigli, G.; Cingolani, R.; 
Ciccarella, G.; Spahl, W.; Parak, W. J.; Manna, L., Adv. Mater. 2007, 19 (4), 548-552. 

(72) Kasuya, A.; Sivamohan, R.; Barnakov, Y. A.; Dmitruk, I. M.; Nirasawa, T.; 
Romanyuk, V. R.; Kumar, V.; Mamykin, S. V.; Tohji, K.; Jeyadevan, B.; Shinoda, K.; 
Kudo, T.; Terasaki, O.; Liu, Z.; Belosludov, R. V.; Sundararajan, V.; Kawazoe, Y., Nat. 
Mater. 2004, 3 (2), 99-102. 

(73) Gary, D. C.; Flowers, S. E.; Kaminsky, W.; Petrone, A.; Li, X.; Cossairt, B. M., J 
Am. Chem. Soc. 2016, 138 (5), 1510-3. 

(74) Eilers, J.; Groeneveld, E.; de Mello Donega, C.; Meijerink, A., J. Phys. Chem. 
Lett. 2012, 3 (12), 1663-7. 

(75) Yang, J.; Fainblat, R.; Kwon, S. G.; Muckel, F.; Yu, J. H.; Terlinden, H.; Kim, B. 
H.; Iavarone, D.; Choi, M. K.; Kim, I. Y.; Park, I.; Hong, H. K.; Lee, J.; Son, J. S.; Lee, 
Z.; Kang, K.; Hwang, S. J.; Bacher, G.; Hyeon, T., J. Am. Chem. Soc. 2015, 137 (40), 
12776-9. 

(76) Yu, J. H.; Liu, X.; Kweon, K. E.; Joo, J.; Park, J.; Ko, K. T.; Lee, D. W.; Shen, S.; 
Tivakornsasithorn, K.; Son, J. S.; Park, J. H.; Kim, Y. W.; Hwang, G. S.; Dobrowolska, 
M.; Furdyna, J. K.; Hyeon, T., Nat. Mater. 2010, 9 (1), 47-53. 

(77) Yang, J.; Muckel, F.; Baek, W.; Fainblat, R.; Chang, H.; Bacher, G.; Hyeon, T., J. 
Am. Chem. Soc. 2017, 139 (19), 6761-6770. 

(78) Yang, J.; Muckel, F.; Choi, B. K.; Lorenz, S.; Kim, I. Y.; Ackermann, J.; Chang, 
H.; Czerney, T.; Kale, V. S.; Hwang, S. J.; Bacher, G.; Hyeon, T., Nano Lett. 2018, 18 
(11), 7350-7357. 

(79) Dance, I.; Fisher, K., Prog. Inorg. Chem. 1994, 41, 637-803. 

(80) Hagen, K. S.; Berg, J. M.; Holm, R. H., Inorg. Chim. Acta 1980, 45, L17-L18. 

(81) Dance, I. G.; Calabrese, J. C., J. Chem. Soc., Chem. Commun. 1975,  (18), 762-
763. 

(82) Holah, D. G.; Coucouvanis, D., J. Am. Chem. Soc. 1975, 97 (6917-6919), 6917-
6919. 

(83) Dance, I. G., Inorg. Chem. 1981, 20 (5), 1487-1492. 

(84) Dance, I. G., J. Am. Chem. Soc. 1980, 102 (10), 3445-3451. 

(85) Woodward, P.; Dahl, L. F.; Abel, E. W.; Crosse, B. C., J. Am. Chem. Soc. 1965, 
87 (22), 5251-5253. 

(86) Dance, I. G.; Calabrese, J. C., Inorg. Chim. Acta 1976, 19, L41-L42. 



 

31 

(87) Costa, T.; Dorfman, J. R.; Hagen, K. S.; Holm, R. H., Inorg. Chem. 1983, 22 (26), 
4091-4099. 

(88) Dance, I. G.; Choy, A.; Scudder, M. L., J. Am. Chem. Soc. 1984, 106 (21), 6285-
6295. 

(89) Lee, G. S. H.; Craig, D. C.; Ma, I.; Scudder, M. L.; Bailey, T. D.; Dance, I. G., J. 
Am. Chem. Soc. 1988, 110 (14), 4863-4864. 

(90) Tuerk, T.; Resch, U.; Fox, M. A.; Vogler, A., J. Phys. Chem. 1992, 96 (9), 3818-
3822. 

(91) Vossmeyer, T.; Reck, G.; Schulz, B.; Katsikas, L.; Weller, H., J. Am. Chem. Soc. 
1995, 117 (51), 12881-12882. 

(92) Degroot, M. W.; Taylor, N. J.; Corrigan, J. F., Inorg. Chem. 2005, 44 (15), 5447-
58. 

(93) Herron, N.; Calabrese, J. C.; Farneth, W. E.; Wang, Y., Science 1993, 259 (5100), 
1426-8. 

(94) Soloviev, V. N.; Eichhöfer, A.; Fenske, D.; Banin, U., J. Am. Chem. Soc. 2001, 
123 (10), 2354-2364. 

(95) Soloviev, V. N.; Eichhöfer, A.; Fenske, D.; Banin, U., J. Am. Chem. Soc. 2000, 
122 (11), 2673-2674. 

(96) Eichhöfer, A.; Aharoni, A.; Banin, U., Z. Anorg. Allg. Chem. 2002, 628 (11), 
2415-2421. 

(97) Eichhöfer, A., Eur. J. Inorg. Chem. 2005, 2005 (7), 1245-1253. 

(98) Levchenko, T. I.; Lucier, B. E. G.; Corrigan, J. F.; Huang, Y., Inorg. Chem. 2018, 
57 (1), 204-217. 

(99) Levchenko, T. I.; Kubel, C.; Khalili Najafabadi, B.; Boyle, P. D.; Cadogan, C.; 
Goncharova, L. V.; Garreau, A.; Lagugne-Labarthet, F.; Huang, Y.; Corrigan, J. F., J. 
Am. Chem. Soc. 2017, 139 (3), 1129-1144. 

(100) Beecher, A. N.; Yang, X.; Palmer, J. H.; LaGrassa, A. L.; Juhas, P.; Billinge, S. 
J.; Owen, J. S., J. Am. Chem. Soc. 2014, 136 (30), 10645-53. 

(101) Løver, T.; Henderson, W.; Bowmaker, G. A.; Seakins, J. M.; Cooney, R. P., 
Inorg. Chem. 1997, 36 (17), 3711-3723. 

(102) Gaumet, J. J.; Strouse, G., Mater. Sci. Eng. C 2002, 19 (1-2), 299-304. 

(103) Gaumet, J. J.; Khitrov, G. A.; Strouse, G. F., Nano Lett. 2002, 2 (4), 375-379. 



 

32 

(104) Gaumet, J.-J.; Strouse, G. F., J. Am. Soc. Mass Spectrom. 2000, 11 (4), 338-344. 

(105) Gaumet, J.-J.; Strouse, G., MRS Proc. 2002, 726, Q10.6. 

(106) Arl, D.; Aubriet, F.; Gaumet, J. J., J. Mass. Spectrom. 2009, 44 (5), 763-71. 

(107) Hagen, K. S.; Stephan, D. W.; Holm, R. H., Inorg. Chem. 1982, 21 (11), 3928-
3936. 

(108) Pittala, S.; Mortelliti, M. J.; Kato, F.; Kittilstved, K. R., Chem. Commun. 2015, 51 
(96), 17096-9. 

(109) Pittala, S.; Kittilstved, K. R., Inorg. Chem. 2015, 54 (12), 5757-5767. 

(110) Autissier, V.; Henderson, R. A., Inorg. Chem. 2008, 47 (14), 6393-6403. 

(111) Herron, N.; Suna, A.; Wang, Y., J. Chem. Soc., Dalton Trans. 1992,  (15), 2329-
2335. 

(112) Hosokawa, H.; Fujiwara, H.; Murakoshi, K.; Wada, Y.; Yanagida, S.; Satoh, M., 
J. Phys. Chem. 1996, 100 (16), 6649-6656. 

(113) Lee, G. S. H.; Fisher, K. J.; Craig, D. C.; Scudder, M. L.; Dance, I. G., J. Am. 
Chem. Soc. 1990, 112 (17), 6435-6437. 

(114) Eichhofer, A.; Hampe, O.; Lebedkin, S.; Weigend, F., Inorg. Chem. 2010, 49 
(16), 7331-9. 

(115) Lin, J.; Zhang, Q.; Wang, L.; Liu, X.; Yan, W.; Wu, T.; Bu, X.; Feng, P., J. Am. 
Chem. Soc. 2014, 136 (12), 4769-79. 
 

 

 

 



 

33 

CHAPTER 2 
 

ESI-MS FOR DOPANT SPECIATION IN CO 2+-DOPED [CD10S4(SPH)16]4�� 

�����������,�Q�W�U�R�G�X�F�W�L�R�Q 

Controlling the extent of covalency between extrinsic dopant ions or intrinsic 

defects and the host lattice is critical to designing functional materials. Most synthetic 

approaches to doping aim to produce a homogeneous dopant distribution throughout the 

entire nanocrystal, however, most solution-based synthetic methods yield heterogeneous 

core/shell type nanocrystals with dopant ions excluded from the cores. Precise control of 

dopant speciation in nanoscale semiconductors therefore remains a challenge. Two 

promising synthetic strategies to introduce extrinsic defects into colloidal semicon-

ductors is cation exchange1-3 and anion-assisted isovalent cation exchange or diffusion 

doping (Mn2+-doped CdSe).4 This eventually guided the focus towards the investigation 

on the behavior of impurity ion doped nanoclusters. Reports on Mn2+ doped (Cd, ZnSe)13 

magic-sized cluster have shown giant Zeeman splitting of excitons due to the significant 

quantum confinement and uniform dopant distribution.5-7 It was also demonstrated that 

precise doping in III-V semiconductor can be achieved by utilizing the internal defect 

site.8-10 Employing crystallography to pin point the exact location of dopant within the 

semiconductor would be an ideal way to establish a firm correlation between the dopant 

speciation/concentration and its properties. However, obtaining crystallographic structure 

of monodisperse nanocrystals, such as magic sized nanocluster, are rarely reported.11 

Therefore, establishing an alternative characterization method for dopant speciation is 

one of the critical topic of this field.  
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Our attention was brought to cadmium benzenethiolate-based molecular clusters, which 

are known to serve as model analogs to CdS quantum dots and have structures 

determined by crystallography.12-22 Holm and co-workers first reported the metal cation 

exchange reaction between tetranuclear clusters of [M4(SPh)10] ���í (M4) where M = Co, 

Cd, Zn. Each metal ion in the M4 �F�O�X�V�W�H�U���L�V���H�T�X�L�Y�D�O�H�Q�W���Z�L�W�K���>�0����2�íSPh)3(SPh)]���í 

coordination.23-26 We recently expanded the study of the reactions to larger clus-ters, 

[Cd10S4(SPh)16] ���í (Cd10) and [Cd17S4(SPh)28]2�í (Cd17), and discovered a correlation with 

the exchange rate with ligand interconversion rate involving bridging SPh�í and apical 

SPh�í ligands.27  

The host cluster of interest in this study is Cd10 that possesses two distinct metal 

coordination sites. Four of the Cd2+ �L�R�Q�V���R�F�F�X�S�\���³�V�X�U�I�D�F�H�´���V�L�W�H�V���D�W���W�K�H���Y�H�U�W�L�F�H�V���R�I���W�K�H��

�W�H�W�U�D�K�H�G�U�R�Q���Z�L�W�K���>�0����2�íSPh)3(SPh)]���í coordination (similar to the single metal site of 

Cd4). The remaining six Cd2+ ions are located �D�W���³�F�R�U�H�´���V�L�W�H�V���Z�L�W�K���>�0����2�íSPh)2����3�íS)2] ���í 

coordination. Herein, we present a comparative study of Co2+-doped [Cd10S4(SPh)16] ���í 

(Co:CdS10) using ESI-MS to elucidate the dopant speciation. ESI-MS is one of the most 

widely used technique to characterization these clusters.28-33 However, its use has been 

mainly limited to confirm the solution species or characterizing the stability of pure 

clusters. In this work, we aim to examine the feasibility of ESI-MS as a method for 

dopant speciation using Co:CdS10 for this case study.27  

2.2. Results and Discussion 

2.2.1. ESI-MS of Co2+-Doped Cd10E4(SPh)16 (E = S, Se): ESI-MS of Co:CdS10 was 

collected to investigate correlation of dopant speciation to the relative peak intensities of 

both undoped and doped fragments. Negative ion mode ESI-MS of Co:CdS10 at a cone 
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�Y�R�O�W�D�J�H���R�I���í�����9���L�V���V�K�R�Z�Q���L�Q���)�L�J�X�U�H������1. The dianion fragments with the general formula 

of [M �����í�[S4(SPh)�����í���[] ���í (M = Cd2+ + Co2+�����[��� �����í�������Z�D�V���G�H�W�H�F�W�H�G���D�Q�G���V�W�X�G�L�H�G���L�Q���R�U�G�H�U���W�R��

monitor the change in relative peak intensities of the doped fragments as neutral M(SPh)2 

species were removed. The peak corresponding to x = 0 is generated through the loss of 

two thiophenolates and counter-ions and the relative peak intensity of one Co2+ 

substituted fragment exceeds that of undoped fragment. There is also a peak 

corresponding to two Co2+ ion substituted fragment at m/z 1337. The relative peak 

intensity of the Co2+ substituted peaks begin to rapidly decrease as it loses M(SPh)2. At x 

= 2 the two Co2+ ion substituted fragment no longer has any significant peak intensity and 

the one Co2+ ion substituted fragment de-creased from 51 to 10% in its relative 

abundance.  

 

Figure 2.1. Mass spectra of Co:CdS10 dissolved in CH3CN collected at a cone voltage of 
�í�����9�����>�&�G9Co]���í, [Cd9Co]���í, and [Cd10] ���í correspond to fragments with the general for-
mula of [Cd�����í�[CoxS4(SPh)�����í���[] ���í ���[��� �����í������ 
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The M(SPh)2 fragment that is continuously removed from the starting ion 

predominantly originates from the surface metal thiophenolates due to the fact that it is 

en�H�U�J�H�W�L�F�D�O�O�\���S�U�H�I�H�U�D�E�O�H���W�K�D�Q���X�Q�I�R�O�G�L�Q�J���W�K�H���H�Q�W�L�U�H���F�O�X�V�W�H�U���W�R���U�H�P�R�Y�H���³�F�R�U�H�´���06S4 unit.34 

These facts combined with the observed relative peak intensity indicate majority of Co2+ 

�L�R�Q�V���D�U�H���O�R�F�D�W�H�G���D�W���W�K�H���³�V�X�U�I�D�F�H�´���P�H�Wal site.  Furthermore, it demonstrates that Co(SPh)2 

ions are more susceptible to fragmentation than Cd(SPh)2 because if both species have 

the same likelihood of being removed from the structure, the relative peak intensities 

should remain fairly consistent.  

 

Figure 2.2. Mass spectra of Co:CdS10 dissolved in CH3CN collected at a cone voltage of 
�í�����9�����>�&�G9Co2] �Q�í, [Cd9Co]�Q�í and [Cd10] �Q�í correspond to fragments with the general 
formula of [Cd�����í�[CoxS4(SPh)�����í�Q�@���Q�í���������[��� �����í�������Q��� �����í������ 
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a more significant decrease of 41% despite the slight increase in charge per metal ion of 

�í���������W�R���í���������������7�K�H�U�H�I�R�U�H�����L�W���L�V���P�R�V�W���O�L�N�H�O�\���W�K�D�W���W�K�H���O�R�V�V���R�I���0���6�3�K��2 was the major 

contributor to the decrease in relative peak intensity of doped fragment.  

 

Figure 2.3. Mass spectra of Co:CdSe10 dissolved in CH3CN collected at a cone voltage of 
��80 (left) and ��40V (right). 

 

Similar studies were carried out on Co2+-doped CdSe10 in order to examine 

stability of doped clusters with different core chalcogenides (Figure 2.3). The mass 

spectra of doped CdSe10 clusters were found to be slightly less stable than that of CdS10. 

The relative peak intensities of doped fragments decreased rapidly and were not 

detectable after 3 M(SPh)2 were removed. Charge density seemed to have the same extent 

of effect on the doped fragments as it did with CdS10. The difference in Co2+ stability in 

these clusters were also monitored by UV-Vis over a period of three days (Figure S2.1). 

 

1480146014401420

1320130012801260

1160114011201100

1000980960940920

In
te

ns
ity

 (
a.

u.
)

m/z

(x3)

(x1)

(x6)

(x36)

[Cd10]
2�í

41%

[Cd9Co]
2�í

49%[Cd8Co2]
2�í

10%

[Cd9]
2�í

66%
[Cd8Co]

2�í

31%[Cd7Co2]
2�í

3%

[Cd8]
2�í

90%
[Cd7Co]

2�í

10%

[Cd7]
2�í

100%

800790780770

1030102010101000990

1480146014401420

In
te

ns
ity

 (
a.

u.
)

m/z

[Cd10]
2�í

41%
[Cd9Co]

2�í

47%
[Cd8Co2]

2�í

12%

[Cd10]
3�í

62%

[Cd10]
4�í

83%

[Cd9Co]
3�í

34%[Cd8Co2]
3�í

4%

[Cd9Co]
4�í

17%

(x1)

(x8)

(x2)



 

38 

 

Figure 2.4. ESI-MS of Co:CdS10 �D�V���D���I�X�Q�F�W�L�R�Q���R�I���Y�D�U�\�L�Q�J���Q�H�J�D�W�L�Y�H���F�R�Q�H���Y�R�O�W�D�J�H�����í�������W�R��
�í���������9�������3�U�R�G�X�F�W���I�U�D�J�P�H�Q�W�V���F�R�Q�W�D�L�Q�L�Q�J���D�O�O���I�R�X�U���F�R�U�H���6���í ions are labeled and highlighted. 
For clarity, the most intense peak for every cone voltage belongs to [Cd(SPh)3] �í at m/z 
439.9 and has been omitted. Additional peaks that are not assigned in the figure are 
fragments containing less than 4 S���í ions. See Supporting Info. for full spectra with all 
assignments. 
 

2.2.2. High Cone Voltage Study: Furthermore, mass spectra of the cluster were collected 

f�U�R�P���D�W���D���F�R�Q�H���Y�R�O�W�D�J�H���U�D�Q�J�L�Q�J���I�U�R�P���í�������W�R���í���������9�����)�L�J�X�U�H����.4). Similar variable cone 

voltage study regarding the pure Cd10 and list of peak assignment can be found in 

�6�X�S�S�R�U�W�L�Q�J���,�Q�I�R�U�P�D�W�L�R�Q�����$�V���W�K�H���F�R�Q�H���Y�R�O�W�D�J�H���Z�D�V���L�Q�F�U�H�D�V�H�G���W�R���í�������9�����Z�H���E�H�J�L�Q���W�R��

observe a series of monoanion species corresponding to the general formula of 

[M ���í�[S4(SPh)�����í���[] �í ���[��� �����í�������D�Q�G���D�U�H���V�X�P�P�D�U�L�]�H�G���L�Q���7�D�E�O�H��2.1. This is primarily due to 

the tendency for parent ion to generate species with low charge density under high cone 

voltage. Fragments de�W�H�F�W�H�G���D�W���í���������D�Q�G���í�������9���V�K�R�Z���D���V�L�P�L�O�D�U���W�U�H�Q�G���D�V���L�W���G�L�G���L�Q���)�L�J�X�U�H��

2.4, where the relative peak intensities of undoped and doped species continue to in-

crease and decrease, respectively. Contrary to the-se observations, the relative peak 
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�L�Q�W�H�Q�V�L�W�L�H�V���R�I���W�K�H���L�R�Q�V���G�H�W�H�F�W�H�G���D�W���í�������9���U�H�P�D�L�Q���F�R�Q�V�L�V�W�H�Q�W�����$�O�V�R�����W�K�H���F�R�Q�H���Y�R�O�W�D�J�H��

seemingly has no effect on the relative peak intensities of [M4S4(SPh)]�í. Few possible 

explanations can be given to explain these results. First, species under high cone voltage 

range gains enough collision energy to undergo a fragmentation pattern which begins to 

�I�U�D�J�P�H�Q�W���W�K�H���³�F�R�U�H�´���X�Q�L�W���E�H�I�R�U�H���D�O�O���R�I���W�K�H���³�V�X�U�I�D�F�H�´���P�H�W�D�O���V�L�W�H�V���D�U�H���U�H�P�R�Y�H�G�����,�Q�G�H�H�G����

fragments corresponding to [Cd7S3(SPh)9] �í (m/z 1866) and its doped species are detected 

�D�W���í�������9�����Z�K�L�F�K���G�H�P�R�Q�V�W�U�D�W�H�V���W�K�D�W���X�Q�G�H�U���K�L�J�K���F�R�Q�H���Y�R�O�W�D�J�H���³�F�R�U�H�´���V�X�O�I�L�G�H���F�D�Q���E�H��

�H�[�S�H�O�O�H�G���E�H�I�R�U�H���D�O�O�������R�I���W�K�H���³�V�X�U�I�D�F�H�´���P�H�W�D�O�V���D�U�H���U�H�P�R�Y�H�G�����)�X�U�W�K�H�U�P�R�U�H�����Z�H���S�U�H�G�L�F�W���W�K�D�W��

the internal energy after collision is significantly large enough that the difference in 

probability of dissociation between Co(SPh)2 and Cd(SPh)2 becomes negligible. 

�6�H�F�R�Q�G�O�\�����D�O�W�K�R�X�J�K���X�Q�I�D�Y�R�U�D�E�O�H�����V�R�P�H���P�H�W�D�O���L�R�Q���H�[�F�K�D�Q�J�H���L�Q�Y�R�O�Y�L�Q�J���W�K�H���³�F�R�U�H�´���X�Q�L�W���P�D�\��

have occurred. While the �G�R�P�L�Q�D�Q�W���S�U�R�G�X�F�W���L�V���³�V�X�U�I�D�F�H�´-doped Co:CdS10, ESI-MS could 

�E�H���L�Q�G�L�F�D�W�L�Q�J���W�K�H���S�U�H�V�H�Q�F�H���R�I���D���P�L�Q�R�U���S�R�S�X�O�D�W�L�R�Q���R�I�����³�F�R�U�H�´���G�R�S�H�G���&�R���&�GS10 in our 

solution. 

 
Table 2.1. Relative peak intensities of [M���í�[S4(SPh)�����í���[] �í ���[��� �����í�������G�H�W�H�F�W�H�G���I�U�R�P���í��������
to �í�������9�����9�D�O�X�H�V���L�Q���S�D�U�H�Q�W�K�H�V�H�V���D�U�H���W�K�H���U�H�O�D�W�L�Y�H���S�H�D�N���L�Q�W�H�Q�V�L�W�\���Z�L�W�K���U�H�V�S�H�F�W���W�R���W�K�H���V�X�P���R�I��
all the peaks listed on the table.  

  Relative Peak Intensity (%) 
Ion m/z �í120V �í160V �í200V 

[Cd9] �í 2341 44 (1) 50 (0.4) 63 (0.2) 
[Cd8Co]�í 2287 56 50 37 

[Cd8] �í 2010 63 (20) 54 (2.1) 61 (0.6) 
[Cd7Co]�í 1957 37 46 39 

[Cd7] �í 1679 74 (27) 60 (6.6) 59 (3.6) 
[Cd6Co]�í 1626 26 40 41 

[Cd6] �í 1349 84 (16) 60 (16.3) 60 (7.5) 
[Cd5Co]�í 1295 16 40 40 

[Cd5] �í 1018 87 (6.5) 73 (24.8) 59 (15.7) 
[Cd4Co]�í 964 13 27 41 

[Cd4] �í 687 86 (2.2) 84 (19.6) 84 (44.8) 
[Cd3Co]�í 634 14 16 16 
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2.3. Conclusion 

In conclusion, Co:Cd10 was examined by X-ray crys�W�D�O�O�R�J�U�D�S�K�\���D�Q�G���(�6�,�í�0�6���D�W��

various cone voltages. A series of species corresponding to [Cd�����í�[CoxS4(SPh)�����í���[] ���í (x 

� �����í�������H�[�K�L�E�L�W�H�G���G�U�D�V�W�L�F���G�H�F�U�H�D�V�H���L�Q���W�K�H���U�H�O�D�W�L�Y�H���S�H�D�N���L�Q�W�H�Q�V�L�W�\���R�I���G�R�S�H�G���I�U�D�J�P�H�Q�W���W�K�U�R�X�J�K��

its loss of M(SPh)2. This result is consistent with the X-Ray crystallography of Co:Cd10, 

which determined Co2+ to be primarily posi�W�L�R�Q�H�G���D�W���W�K�H���³�V�X�U�I�D�F�H�´���V�L�W�H�� At high cone 

voltage range (�±120 - �±200V), the singly charged [M���í�[S4(SPh)�����í���[�@�í�����[��� �������± 5) species 

become the dominant series of fragments generated. The MS at �±120 to �±200V exhibits 

fragments with the composi�W�L�R�Q���V�L�P�L�O�D�U���W�R���W�K�D�W���R�I���S�X�U�H���D�Q�G���G�R�S�H�G���³�F�R�U�H�´���6���0�����X�Q�L�W�V����

�$�O�W�K�R�X�J�K���W�K�H���G�R�S�H�G�����F�R�U�H�´���X�Q�L�W�V���G�R���H�[�K�L�E�L�W���D���J�H�Q�H�U�D�O���W�U�H�Q�G���L�Q���G�H�F�U�H�D�V�L�Q�J���U�H�O�D�W�L�Y�H���L�Q�W�H�Q�V�L�W�\��

as it loses Cd(SPh)2, the unusually high abundance conflicts with the crystallography 

data. The most probable explanation for this is that ESI-MS under high cone voltage 

tends to yield species with low charge through different fragmentation pathways that are 

not always energetically favorable. We are currently working to prepare Co:Cd10 that is 

predominantly d�R�S�H�G���D�W���W�K�H���³�F�R�U�H�´���P�H�W�D�O���V�L�W�H�V���W�R���H�[�D�P�L�Q�H���L�W�V���I�U�D�J-mentation pattern in 

ESI�±MS. 

2.4. Experimental and Physical Methods 

Synthesis of (N(CH3)4)4[(Cd0.95Co0.05)10S4(SC6H5)16: All the syntheses were carried out 

under inert atmosphere in the glovebox. The molecular cluster 

(N(CH3)4)4[(Cd0.95Co0.05)10S4(SC6H5)16] was prepared by previously reported method by 

Pittala et al. Briefly, 0.032 g of fine sulfur powder was added to 1.000 g of 

(N(CH3)4)4[Cd4(SC6H5)10] dissolved in 5 mL acetonitrile. The solution was allowed to 

stir for 30 min, which yields white precipitation. The solution temperature was increased 
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to 80°C and acetonitrile was slowly added to the solution until the solution became clear. 

The final volume of the solution was ~50 mL to which a solution of Co(NO3)2 � ̃6H2O ( 

g)dissolved in 1 mL MeOH was added dropwise. The solution was allowed to slowly 

cool down to room temperature and was left undisturbed for 3 days to crystallize.  

Electrospray Mass Spectrometry (ESI-MS): The mass spectra were obtained in the 

negative ion mode using Bruker micrOTOF-�,�,�����)�O�R�Z���U�D�W�H���Z�D�V���V�H�W���W�R�������������/���P�L�Q���D�Q�G���W�K�H��

analytes were dissolved in CH3CN to give a solution with a concentration of 

�D�S�S�U�R�[�L�P�D�W�H�O�\���������P�R�O���/�í1. 

 

ABBREVIATIONS  

ESI-MS, electrospray ionization mass spectrometry; Cd10, [Cd10S4(SPh)16] ���í; CdxCox��1, 

[CdxCox��1S4(SPh)16] ���í. 
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CHAPTER 3 
 
SITE-SPECIFIC DOPING OF MN2+ IN A CDS-BASED MOLE CULAR CLUSTER  

�����������,�Q�W�U�R�G�X�F�W�L�R�Q 

�7�K�H���F�K�H�P�L�F�D�O���D�Q�G���S�K�\�V�L�F�D�O���S�U�R�S�H�U�W�L�H�V���R�I���V�P�D�O�O�����G�L�V�F�U�H�W�H���P�R�O�H�F�X�O�D�U���D�Q�G���P�D�J�L�F���V�L�]�H�G��

�F�O�X�V�W�H�U�V���K�D�V���U�H�F�H�L�Y�H�G���J�U�H�D�W���D�W�W�H�Q�W�L�R�Q���L�Q���U�H�F�H�Q�W���\�H�D�U�V���G�X�H���W�R���W�K�H�L�U���L�Q�K�H�U�H�Q�W���P�R�Q�R�G�L�V�S�H�U�V�L�W�\��

�L�Q���F�R�Q�W�U�D�V�W���W�R���W�K�H�L�U���F�R�O�O�R�L�G�D�O���Q�D�Q�R�F�U�\�V�W�D�O���D�Q�D�O�R�J�V�����������6�L�P�L�O�D�U���W�R���T�X�D�Q�W�X�P���F�R�Q�I�L�Q�H�G��

�Q�D�Q�R�F�U�\�V�W�D�O�V�����W�K�H�V�H���V�H�P�L�F�R�Q�G�X�F�W�R�U���Q�D�Q�R�F�O�X�V�W�H�U�V���D�O�V�R���H�[�K�L�E�L�W���V�L�]�H���G�H�S�H�Q�G�H�Q�W���H�O�H�F�W�U�R�Q�L�F��
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�V�D�P�S�O�H�V���L�Q���1�����S�X�U�J�H�G���&�+���&�1���V�R�O�X�W�L�R�Q�V�����6�S�H�F�W�U�D���F�R�O�O�H�F�W�H�G���Z�L�W�K�L�Q�������P�L�Q�X�W�H�V���R�I���S�U�H�S�D�U�D�W�L�R�Q����
�7�K�H���D�E�V�R�U�E�D�Q�F�H���V�S�H�F�W�U�X�P���R�I���&�G�������L�V���D�O�V�R���V�K�R�Z�Q�����E�O�D�F�N���O�L�Q�H���Z�L�W�K���J�U�D�\���V�K�D�G�L�Q�J���������E�����3�/���G�H�F�D�\��
���G�R�W�V�����D�Q�G���E�L���H�[�S�R�Q�H�Q�W�L�D�O���I�L�W�V�����O�L�Q�H�V�����R�I���W�K�H���0�Q�������3�/���I�U�R�P���S�D�Q�H�O�����D�����R�Q���D���O�R�J�D�U�L�W�K�P�L�F���W�L�P�H��
�V�F�D�O�H�����$�Y�H�U�D�J�H���3�/���O�L�I�H�W�L�P�H�V�����¢�W�²�����Z�H�U�H���F�D�O�F�X�O�D�W�H�G���X�V�L�Q�J���H�T�������� 
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�¢�W�²��� �����D���W���������D���W�������������D���������D���� ������������������������������������������������������������������������������������������������������ 

�7�K�H���D�Y�H�U�D�J�H���3�/���O�L�I�H�W�L�P�H���L�V���I�R�X�Q�G���W�R���E�H���P�X�F�K���V�K�R�U�W�H�U���I�R�U���0�Q���&�G�������������¢�W�²��� �������������P�V�����W�K�D�Q��

�0�Q���&�G�������������¢�W�²��� �����������P�V�������%�R�W�K���O�L�I�H�W�L�P�H�V���D�U�H���F�R�Q�V�L�V�W�H�Q�W���Z�L�W�K���S�U�H�Y�L�R�X�V�O�\���U�H�S�R�U�W�H�G��

�O�L�I�H�W�L�P�H�V���I�R�U���0�Q�������G�R�S�H�G���L�Q���P�D�J�L�F���V�L�]�H�G���F�O�X�V�W�H�U�V���D�Q�G���4�'�V������������������ 

�7�K�H���3�/�(���V�S�H�F�W�U�D���R�I���0�Q�������3�/���H�[�K�L�E�L�W���H�Q�H�U�J�\���W�U�D�Q�V�I�H�U���L�Q���W�K�H���E�U�R�D�G���8�9���U�H�J�L�R�Q�V���F�H�Q�W�H�U�H�G���D�W��

���������Q�P�����7�K�L�V���R�Y�H�U�O�D�S�V���Z�H�O�O���Z�L�W�K���W�K�H���D�E�V�R�U�S�W�L�R�Q���V�S�H�F�W�U�X�P���R�I���&�G�������D�O�V�R���V�K�R�Z�Q���L�Q���)�L�J�X�U�H��

�����������7�K�H���8�9���D�E�V�R�U�S�W�L�R�Q���I�H�D�W�X�U�H�V���L�V���D�W�W�U�L�E�X�W�H�G���W�R���R�Y�H�U�O�D�S�S�L�Q�J���Œ�: �Œ�
���L�Q�W�U�D�O�L�J�D�Q�G���W�U�D�Q�V�L�W�L�R�Q��

�R�I���3�K�6�í���D�Q�G���D���O�L�J�D�Q�G���W�R���P�H�W�D�O���F�K�D�U�J�H���W�U�D�Q�V�I�H�U�����/�0�&�7�����W�U�D�Q�V�L�W�L�R�Q���I�U�R�P���3�K�6�í�����+�2�0�2�����W�R��

�&�G���������V���R�U�E�L�W�D�O�����/�8�0�2���������������$���V�K�R�X�O�G�H�U���F�H�Q�W�H�U�H�G���D�W���a���������Q�P���L�V���D�O�V�R���R�E�V�H�U�Y�H�G���L�Q���W�K�H���3�/�(��

�V�S�H�F�W�U�D���R�I���E�R�W�K���0�Q���&�G�������F�O�X�V�W�H�U�V���W�K�D�W���Z�H���D�W�W�U�L�E�X�W�H���W�R���D���F�K�D�U�J�H���W�U�D�Q�V�I�H�U���W�U�D�Q�V�L�W�L�R�Q��

�L�Q�Y�R�O�Y�L�Q�J���W�K�H�����F�R�U�H�������Q�D�P�H�O�\�����6���í�����S���R�U�E�L�W�D�O�V���D�Q�G���&�G���������V���R�U���0�Q���������V���R�U�E�L�W�D�O�V�����&�G�������G�R�H�V��

�Q�R�W���V�K�R�Z���D�Q�\���W�U�D�Q�V�L�W�L�R�Q���L�Q���W�K�L�V���U�H�J�L�R�Q�����E�X�W���D���E�U�R�D�G���D�E�V�R�U�S�W�L�R�Q���U�D�Q�J�L�Q�J���I�U�R�P���a���������W�R����������

�Q�P���F�D�Q���E�H���R�E�V�H�U�Y�H�G���L�Q���F�R�Q�F�H�Q�W�U�D�W�H�G���V�R�O�X�W�L�R�Q�V���R�I���0�Q���&�G�������W�K�D�W���Z�H���W�H�Q�W�D�W�L�Y�H�O�\���D�W�W�U�L�E�X�W�H���W�R��

�D���0�Q�������W�R���O�L�J�D�Q�G���F�K�D�U�J�H���W�U�D�Q�V�I�H�U���W�U�D�Q�V�L�W�L�R�Q�����V�H�H���)�L�J�X�U�H���6������������ 

�7�K�H���G�L�I�I�H�U�H�Q�F�H���L�Q���W�K�H���H�Q�H�U�J�\���R�I���W�K�H�����7���: ���$�����3�/���L�V���a���������P�H�9���E�H�W�Z�H�H�Q���W�K�H���W�Z�R���0�Q���&�G������

�F�O�X�V�W�H�U�V�����7�K�H���H�Q�H�U�J�\���G�L�I�I�H�U�H�Q�F�H���E�H�W�Z�H�H�Q���W�K�H�����7�����H�[�F�L�W�H�G���V�W�D�W�H���D�Q�G���W�K�H�����$�����J�U�R�X�Q�G���V�W�D�W�H��

�G�H�F�U�H�D�V�H�V���Z�L�W�K���L�Q�F�U�H�D�V�L�Q�J���O�L�J�D�Q�G���I�L�H�O�G���V�W�U�H�Q�J�W�K���������7�K�H���D�Y�H�U�D�J�H���O�L�J�D�Q�G���I�L�H�O�G���L�P�S�R�V�H�G���R�Q���W�K�H��

�0�Q�������G�H�S�H�Q�G�V���R�Q���Z�K�H�W�K�H�U���L�W���V�L�W�V���D�W���D���V�X�U�I�D�F�H���R�U���F�R�U�H���V�L�W�H���L�Q���W�K�H���&�G�������F�O�X�V�W�H�U�����(�Y�D�O�X�D�W�L�R�Q���R�I��

�O�L�J�D�Q�G���I�L�H�O�G���S�D�U�D�P�H�W�H�U�V���I�R�U���0�Q�������F�R�P�S�O�H�[�H�V���L�V���F�R�P�S�O�L�F�D�W�H�G���E�\���W�K�H���O�D�F�N���R�I���V�S�L�Q���D�O�O�R�Z�H�G��
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�W�U�D�Q�V�L�W�L�R�Q�V���D�Q�G���P�X�O�W�L�S�O�H���W�U�D�Q�V�L�W�L�R�Q�V�����K�R�Z�H�Y�H�U�����W�K�H�V�H���S�D�U�D�P�H�W�H�U�V���D�U�H���N�Q�R�Z�Q���I�R�U���&�R�������L�Q���W�Z�R��

�U�H�O�H�Y�D�Q�W���F�O�X�V�W�H�U�V�������3�3�K�������>�&�R���6�3�K�����@���D�Q�G�����1�0�H�������>�&�R�����6�3�K�������@�����D�V���Z�H�O�O���D�V���&�G�6�����—�����6���í����������

�������7�K�H���O�L�J�D�Q�G���I�L�H�O�G���S�D�U�D�P�H�W�H�U�V���I�R�U���&�R�������L�Q���W�K�H���U�H�O�H�Y�D�Q�W���O�D�W�W�L�F�H�V���D�U�H���J�L�Y�H�Q���L�Q���7�D�E�O�H�������������7�K�H��

�O�L�J�D�Q�G���I�L�H�O�G���V�W�U�H�Q�J�W�K�V���R�I���E�R�W�K���P�R�Q�R�Y�D�O�H�Q�W���3�K�6�í���D�Q�G���—���3�K�6�í���O�L�J�D�Q�G�V���D�U�H���J�U�H�D�W�H�U���W�K�D�Q��

�—�����6���í�����7�K�X�V�����0�Q�������F�R�R�U�G�L�Q�D�W�L�R�Q���W�R���3�K�6�í���O�L�J�D�Q�G�V���L�V���H�[�S�H�F�W�H�G���W�R���K�D�Y�H���D���V�P�D�O�O�H�U�����7���: ���$����

�W�U�D�Q�V�L�W�L�R�Q���H�Q�H�U�J�\���F�R�P�S�D�U�H�G���W�R���0�Q�������Z�L�W�K���P�L�[�H�G���3�K�6�í���6���í���F�R�R�U�G�L�Q�D�W�L�R�Q�����V�H�H���)�L�J�X�U�H���6������������ 

�7�D�E�O�H�������������(�[�S�H�U�L�P�H�Q�W�D�O�� �O�L�J�D�Q�G���I�L�H�O�G�� �S�D�U�D�P�H�W�H�U�V�� �I�R�U�� �W�H�W�U�D�K�H�G�U�D�O�� �&�R�������Z�L�W�K�� �3�K�6�í���D�Q�G�� �6���í��
�O�L�J�D�Q�G�V�����$�O�O���H�Q�H�U�J�L�H�V���L�Q���F�P�í���� 

�/�D�W�W�L�F�H �����'�T �% �E�D �5�H�I�� 

�>�&�R���6�3�K�����@���� �í�������� ������ �������� �>�����@ 

�>�&�R�����6�3�K�������@���� �í�������� ������ �������� �>�����@ 

�&�R�������&�G�6 �í�������� ������ �������� �>�����@ 

aNephelauxetic ratio, �E = B(complex)/B(free-ion). Free-ion value for Co2+ is 989 cm�í1.60 
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�V�K�R�Z�V���W�K�H���S�H�D�N���S�R�V�L�W�L�R�Q���U�H�G�V�K�L�I�W�V���W�R�����������Q�P���D�Q�G���L�Q�F�U�H�D�V�H�V���G�U�D�V�W�L�F�D�O�O�\���L�Q���L�Q�W�H�Q�V�L�W�\�����1�R��

�I�X�U�W�K�H�U���F�K�D�Q�J�H�V���L�Q���W�K�H���S�H�D�N���S�R�V�L�W�L�R�Q���Z�D�V���R�E�V�H�U�Y�H�G���D�W���O�R�Q�J�H�U���W�L�P�H�V�����7�K�H���J�D�W�H�G���3�/���V�S�H�F�W�U�X�P��

�R�I���0�Q���&�G�����������V�K�R�Z�V���Q�R���H�Q�H�U�J�\���V�K�L�I�W�V���R�Y�H�U���W�K�H���V�D�P�H���W�L�P�H�V�S�D�Q�����E�X�W���G�R�H�V���H�[�K�L�E�L�W���D��

�V�L�J�Q�L�I�L�F�D�Q�W���L�Q�F�U�H�D�V�H���L�Q���3�/���L�Q�W�H�Q�V�L�W�\�����V�H�H���)�L�J�X�U�H���6�������������:�H���D�W�W�U�L�E�X�W�H���W�K�L�V���L�Q�F�U�H�D�V�H���L�Q���3�/��

�L�Q�W�H�Q�V�L�W�\���I�U�R�P���V�X�U�I�D�F�H���0�Q�������L�R�Q�V���L�Q���W�K�H���D�J�H�G���V�D�P�S�O�H�V���W�R���W�K�H���O�R�Q�J�H�U���H�T�X�L�O�L�E�U�L�X�P���W�L�P�H�V��

�D�V�V�R�F�L�D�W�H�G���Z�L�W�K���V�O�R�Z���P�H�W�D�O���L�R�Q���H�[�F�K�D�Q�J�H���N�L�Q�H�W�L�F�V���R�I���&�G���������D�Q�G���V�X�U�I�D�F�H���G�R�S�H�G���0�Q���&�G����������

�:�H���Q�R�W�H���W�K�D�W���Z�H���S�U�H�Y�L�R�X�V�O�\���R�E�V�H�U�Y�H�G���U�H�O�D�W�L�Y�H�O�\���V�O�R�Z�H�U���H�[�F�K�D�Q�J�H���N�L�Q�H�W�L�F�V���I�R�U���&�R�������L�R�Q�V��

�Z�L�W�K���S�U�H���I�R�U�P�H�G���&�G�������F�R�P�S�D�U�H�G���W�R���S�U�H�I�R�U�P�H�G���&�G�������� 
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CHAPTER 4 
 

MN 2+ INDUCED GROWTH OF C DS-BASED NANOCLUSTER 
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�)�L�J�X�U�H�������������1�H�J�D�W�L�Y�H���L�R�Q���P�R�G�H���(�6�,���0�6���R�Y�H�U���D�Q���H�[�S�D�Q�G�H�G���V�H�W���R�I���D�O�L�T�X�R�W�V���W�D�N�H�Q���G�X�U�L�Q�J���W�K�H��
�V�H�T�X�H�Q�W�L�D�O�� �W�L�W�U�D�W�L�R�Q�� �R�I�� �1�D���6�� �D�Q�G�� �&�G���1�2���������U�H�D�F�W�D�Q�W�V�� �W�R�� �D�� �&�G�����V�R�O�X�W�L�R�Q�� ���V�H�H�� �6�,�� �I�R�U�� �I�X�O�O��
�V�S�H�F�W�U�D�������$�O�O���V�S�H�F�W�U�D���Z�H�U�H���F�R�O�O�H�F�W�H�G���D�W���D���F�R�Q�H���Y�R�O�W�D�J�H���R�I���í�������9�����0�D�V�V���V�S�H�F�W�U�D���Z�H�U�H���F�R�O�O�H�F�W�H�G��
�D�I�W�H�U���V�H�T�X�H�Q�W�L�D�O���D�G�G�L�W�L�R�Q���R�I���W�K�H���I�R�O�O�R�Z�L�Q�J���W�R���D���V�R�O�X�W�L�R�Q���F�R�Q�W�D�L�Q�L�Q�J�������������P�P�R�O���R�I���3�K�6�í�������D����
�����������P�P�R�O���R�I���&�G���1�2�������������E�����������������P�P�R�O���R�I���1�D���6�������F�����������������P�P�R�O���R�I���1�D���6�������G�����������������P�P�R�O��
�R�I���1�D���6�������H���������������P�P�R�O���R�I���&�G���1�2�������������I���������������P�P�R�O���R�I���1�D���6�������J�����J�����3�H�D�N���V�L�P�X�O�D�W�L�R�Q���I�R�U��
�>�&�G�����6�3�K�����@�í�� �^�&�G��� �̀í�� ���R�U�D�Q�J�H������ �>�&�G���6���6�3�K�������@���í�� �^�&�G��� �̀��í�� ���J�U�H�H�Q������ �>�&�G�����6�����6�3�K�������@���í��
�^�&�G����� �̀��í�� ���E�O�X�H������ �>�&�G�����6�����6�3�K�������@���í�� ���� �6�3�K�+���Á� �̂&�G����� �̀��í�� ���E�O�X�H������ �D�Q�G�� �>�&�G�����6�����6�3�K�������@���í��
�^�&�G����� �̀��í�����7�K�H���D�O�L�T�X�R�W�V���U�H�P�R�Y�H�G���I�U�R�P���W�K�H���U�H�D�F�W�L�R�Q���V�R�O�X�W�L�R�Q���X�V�H�G���L�Q���W�K�L�V���I�L�J�X�U�H���Z�H�U�H���W�X�U�E�L�G��
�Z�L�W�K���W�K�H���H�[�F�H�S�W�L�R�Q���I�R�U���V�D�P�S�O�H�����E�����%�H�I�R�U�H���L�Q�M�H�F�W�L�R�Q���L�Q�W�R���W�K�H���(�6�,���0�6���L�Q�V�W�U�X�P�H�Q�W�����D�O�O���V�D�P�S�O�H�V��
�Z�H�U�H���G�L�V�V�R�O�Y�H�G���L�Q���D�G�G�L�W�L�R�Q�D�O���&�+���&�1�� 
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�L�Q�W�H�Q�V�L�W�\���W�K�D�Q���&�G�����D�Q�G���&�G�������L�V���V�W�L�O�O���S�U�H�V�H�Q�W�������7�K�H���S�U�H�V�H�Q�F�H���R�I���H�[�F�H�V�V���6�3�K�����K�D�G���V�L�P�L�O�D�U��

�H�I�I�H�F�W���R�Q���W�K�H���U�H�D�F�W�L�R�Q���H�T�X�L�O�L�E�U�L�X�P�����K�R�Z�H�Y�H�U�����L�W���U�H�V�X�O�W�H�G���L�Q���D�Q���D�O�P�R�V�W���F�R�P�S�O�H�W�H��
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�V�R�O�X�W�L�R�Q���Z�D�V���O�H�I�W���X�Q�G�L�V�W�X�U�E�H�G���I�R�U���R�Q�H���G�D�\�����'�X�U�L�Q�J���L�V�R�O�D�W�L�R�Q�����Z�H���Q�R�W�L�F�H�G���Q�H�H�G�O�H���V�K�D�S�H�G��

�P�X�O�W�L�F�U�\�V�W�D�O�O�L�Q�H���F�U�\�V�W�D�O�V���I�R�U�P�H�G���Z�L�W�K�L�Q���W�K�H���O�L�J�K�W���\�H�O�O�R�Z���V�H�G�L�P�H�Q�W�����:�H���V�H�S�D�U�D�W�H�G���D�Q�G��

�D�Q�D�O�\�]�H�G���W�K�H���S�R�Z�G�H�U�����F�U�\�V�W�D�O�����D�Q�G���V�X�S�H�U�Q�D�W�D�Q�W���E�\���0�6�����V�H�H���)�L�J�X�U�H���6�������������7�K�H���0�6���R�I��

�V�X�S�H�U�Q�D�W�D�Q�W���H�[�K�L�E�L�W�V���I�U�D�J�P�H�Q�W�V���F�R�U�U�H�V�S�R�Q�G�L�Q�J���W�R���&�G�����D�Q�G���&�G�������K�R�Z�H�Y�H�U�����Q�R���S�H�D�N��

�F�R�U�U�H�V�S�R�Q�G�L�Q�J���W�R���&�G�������Z�D�V���G�H�W�H�F�W�H�G�����7�K�H���F�U�\�V�W�D�O���Z�D�V���I�R�X�Q�G���W�R���E�H���H�Q�W�L�U�H�O�\���F�R�P�S�R�V�H�G���R�I��

�&�G�����Z�K�L�O�H���W�K�H���S�R�Z�G�H�U���F�R�Q�V�L�V�W�H�G���R�I���&�G�������� 

�6�F�K�H�P�H�������������3�U�R�S�R�V�H�G���V�R�O�X�W�L�R�Q���H�T�X�L�O�L�E�U�L�D���R�I���&�G�������&�G�������D�Q�G���&�G�������D 

 

aThe direction of the arrow closest to Kn represents the forward reaction. 
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�F�O�X�V�W�H�U�V�����6�F�K�H�P�H���������������,�W���L�V���D�O�V�R���Q�R�W�D�E�O�H���W�K�D�W���W�K�H�������F�R�U�H���P�H�W�D�O���V�L�W�H�V���L�Q���&�G�����D�U�H���&�G���P�����6�����P��

�6�3�K���������Z�K�L�F�K���L�V���W�K�H���V�D�P�H���F�R�R�U�G�L�Q�D�W�L�R�Q���D�V���������³�F�R�U�H�´���P�H�W�D�O���V�L�W�H�V���L�Q���&�G�������� 

�������������6�\�Q�W�K�H�V�L�V���R�I���0�Q���&�G�������� 

�7�K�H���J�U�R�Z�W�K���P�H�F�K�D�Q�L�V�P���R�I���&�G�������G�H�P�R�Q�V�W�U�D�W�H�V���W�K�D�W���W�K�H���V�R�O�X�W�L�R�Q���U�H�T�X�L�U�H�V���D���K�L�J�K��

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���&�G�������Z�L�W�K���U�H�V�S�H�F�W���W�R���W�K�H���W�R�W�D�O���D�P�R�X�Q�W���R�I���6�3�K�������2�X�U���S�D�V�W���V�W�X�G�\���H�[�D�P�L�Q�H�G��

�W�K�H���H�I�I�H�F�W���R�I���L�Q�W�U�R�G�X�F�L�Q�J�����������Q�R�P�L�Q�D�O���0�Q�������F�R�Q�F�H�Q�W�U�D�W�L�R�Q�����[�����L�Q�W�R���W�K�H���U�H�D�F�W�L�R�Q���R�Q���W�K�H��

�I�L�Q�D�O���S�U�R�G�X�F�W�����7�K�H���D�G�G�L�W�L�R�Q���R�U�G�H�U���R�I���0�Q�������Q�R�W���R�Q�O�\���D�I�I�H�F�W�H�G���W�K�H���R�X�W�F�R�P�H���R�I���G�R�S�D�Q�W��

�V�S�H�F�L�D�W�L�R�Q���E�X�W���W�K�H���S�R�S�X�O�D�W�L�R�Q���R�I���&�G�����D�Q�G���&�G���������,�W���Z�D�V���F�R�Q�F�O�X�G�H�G���W�K�D�W���L�Q�W�U�R�G�X�F�L�Q�J���0�Q�������D�W��

�D�Q���H�D�U�O�\���V�W�D�J�H���R�I���U�H�D�F�W�L�R�Q���Z�L�O�O���L�Q�K�L�E�L�W���W�K�H���F�R�Q�Y�H�U�V�L�R�Q���R�I���&�G�����W�R���&�G���������Z�K�L�O�V�W���D�G�G�L�Q�J���0�Q������

�D�I�W�H�U���&�G�������K�D�V���I�R�U�P�H�G���Z�L�O�O���Q�R�W���G�U�L�Y�H���W�K�H���H�T�X�L�O�L�E�U�L�X�P���W�R���F�R�Q�Y�H�U�W���&�G�������W�R���&�G�������,�W���Z�D�V���D�O�V�R��

�D�S�S�D�U�H�Q�W���W�K�D�W���&�G�������D�Q�G���0�Q�������G�R���Q�R�W���J�L�Y�H���W�K�H���V�D�P�H���F�K�H�P�L�F�D�O���S�R�W�H�Q�W�L�D�O���W�R���S�U�R�P�R�W�H���W�K�H��

�J�U�R�Z�W�K���W�R���&�G���������7�K�H�U�H�I�R�U�H�����L�Q���R�U�G�H�U���W�R���I�R�U�P���S�X�U�H���0�Q���&�G���������Z�H���D�W�W�H�P�S�W�H�G���W�R���D�G�G���H�Y�H�Q��

�K�L�J�K�H�U���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���G�R�S�D�Q�W�����[�0�Q��� �������������±���������������W�R���W�K�H���V�R�O�X�W�L�R�Q���E�H�I�R�U�H���D�Q�\���I�R�U�P�D�W�L�R�Q��

�R�I���&�G�������W�R�R�N���S�O�D�F�H�� 

 



 

77 

 

�)�L�J�X�U�H�������������1�H�J�D�W�L�Y�H���L�R�Q���P�R�G�H���(�6�,�í�0�6���R�I���L�V�R�O�D�W�H�G���F�O�X�V�W�H�U�V���L�Q���&�+���&�1���F�R�O�O�H�F�W�H�G���D�W���D���F�R�Q�H��
�Y�R�O�W�D�J�H���R�I���í�������9�����1�R�P�L�Q�D�O���0�Q���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�����[�0�Q�����R�I���������������D�������������������E�������D�Q�G���������������F�����Z�H�U�H��
�X�V�H�G�� �W�R�� �S�U�H�S�D�U�H�� �W�K�H�� �F�O�X�V�W�H�U�V���� �3�H�D�N�� �V�L�P�X�O�D�W�L�R�Q�V�� ���I���� �I�R�U�� �>�&�G���6���6�3�K�������@�í���^�&�G��� �̀í�����J�U�H�\������
�>�&�G���0�Q�6���6�3�K�������@�í�� �^�&�G���0�Q�`�í�� ���J�U�H�\������ �>�&�G�����6�����6�3�K�������@���í�� �^�&�G����� �̀��í�� ���S�X�U�S�O�H������
�>�&�G�����0�Q�6�����6�3�K�������@���í�� �^�&�G�����0�Q�`���í�� ���S�X�U�S�O�H������ �D�Q�G�� �>�&�G�����0�Q���6�����6�3�K�������@���í�� �^�&�G�����0�Q��� �̀��í��
���S�X�U�S�O�H�������1�R�W�H���W�K�H���R�I�I�V�H�W���E�H�W�Z�H�H�Q���V�L�Q�J�O�\�����D�Q�G���G�R�X�E�O�\���F�K�D�U�J�H�G���I�U�D�J�P�H�Q�W�V�����/�P���]��� �������D�Q�G������������
�U�H�V�S�H�F�W�L�Y�H�O�\�������6�H�H���6�X�S�S�R�U�W�L�Q�J���,�Q�I�R�U�P�D�W�L�R�Q���I�R�U���W�K�H���I�X�O�O���V�S�H�F�W�U�D�� 

 

�7�K�H���Q�H�J�D�W�L�Y�H���L�R�Q���P�R�G�H���P�D�V�V���V�S�H�F�W�U�D���R�I���W�K�H���F�O�X�V�W�H�U�V���R�E�W�D�L�Q�H�G���E�\���Y�D�U�L�R�X�V���G�R�S�D�Q�W��

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q���D�U�H���V�K�R�Z�Q���L�Q���)�L�J�X�U�H�������������$�W���[��� ���������������W�K�H���V�S�H�F�W�U�X�P���F�R�Q�I�L�U�P�H�G���S�X�U�H���D�Q�G��

�G�R�S�H�G���&�G�����V�S�H�F�L�H�V�����0�Q���&�G�������Z�H�U�H���F�R�Q�I�L�U�P�H�G���D�I�W�H�U���L�Q�F�U�H�D�V�L�Q�J���>�0�Q�����@���W�R���[�0�Q��� ���������������D�V��

�S�H�D�N�V���F�R�U�U�H�V�S�R�Q�G�L�Q�J���W�R���W�K�H���J�H�Q�H�U�D�O���I�R�U�P�X�O�D���R�I���>�&�G�������[�0�Q�[�6�����6�3�K�������@���±�����[��� �������±�����������)�X�U�W�K�H�U��

�L�Q�F�U�H�D�V�H���L�Q���>�0�Q�����@�����[�0�Q��� ���������������O�H�G���W�R���W�K�H���U�H�H�P�H�U�J�H�Q�F�H���R�I���&�G�����V�S�H�F�L�H�V�����Z�K�L�F�K���V�X�J�J�H�V�W�V��



 

78 

�W�K�D�W���W�R�R���K�L�J�K���R�I���0�������F�R�Q�F�H�Q�W�U�D�W�L�R�Q���F�D�Q���L�Q�K�L�E�L�W���&�G�����I�U�R�P���I�R�U�P�L�Q�J���&�G�������Z�K�L�O�H���L�W���E�H�L�Q�J���W�R�R��

�O�R�Z���Z�L�O�O���Q�R�W���G�U�L�Y�H���W�K�H���H�T�X�L�O�L�E�U�L�X�P���W�R�Z�D�U�G���&�G�������H�L�W�K�H�U�� 

�7�K�H���P�D�V�V���V�S�H�F�W�U�D���R�I���S�X�U�H���&�G�������D�Q�G���0�Q���&�G�������Z�H�U�H���D�O�V�R���F�R�O�O�H�F�W�H�G���D�W���D���K�L�J�K�H�U���F�R�Q�H���Y�R�O�W�D�J�H��

�������������±�����������9�����W�R���H�[�D�P�L�Q�H���V�W�H�S�Z�L�V�H���I�U�D�J�P�H�Q�W�D�W�L�R�Q�����V�H�H���V�X�S�S�R�U�W�L�Q�J���L�Q�I�R�U�P�D�W�L�R�Q������

�+�R�Z�H�Y�H�U�����W�K�H���P�D�V�V���V�S�H�F�W�U�D���D�W���O�D�U�J�H�U���F�R�Q�H���E�L�D�V�H�V���G�R���Q�R�W���U�H�Y�H�D�O���L�I���0�Q���L�V���U�H�V�L�G�L�Q�J���D�W���L�Q�W�H�U�Q�D�O��

�F�D�W�L�R�Q���V�L�W�H�V���L�Q���W�K�H���&�G�������F�O�X�V�W�H�U�����7�K�H���P�D�M�R�U���G�L�D�Q�L�R�Q���I�U�D�J�P�H�Q�W�V���D�W���O�D�U�J�H�U���F�R�Q�H���Y�R�O�W�D�J�H���Z�H�U�H��

�D�O�O���I�R�X�Q�G���W�R���E�H���F�R�P�S�R�V�H�G���R�I���������&�G�������R�U���O�H�V�V���Z�L�W�K���Y�D�U�\�L�Q�J���Q�X�P�E�H�U���R�I���V�X�O�I�L�G�H���D�Q�G��

�W�K�L�R�S�K�H�Q�R�O�D�W�H�����)�X�U�W�K�H�U�P�R�U�H�����P�R�Q�R�D�Q�L�R�Q���I�U�D�J�P�H�Q�W�V���F�R�U�U�H�V�S�R�Q�G�L�Q�J���W�R���>�&�G�����í�[�6�����6�3�K�������í���[�@�±��

���[��� �������±�����������Z�H�U�H���R�E�V�H�U�Y�H�G���I�U�R�P���S�X�U�H���&�G���������Z�K�H�U�H�D�V���0�Q���&�G�������R�Q�O�\���H�[�K�L�E�L�W�H�G���D���V�H�U�L�H�V���R�I��

�S�H�D�N�V���D�W�W�U�L�E�X�W�H�G���W�R���>�&�G�����í�[�6�����6�3�K�������í���[�@�±�����[��� �������±�����������7�K�L�V���G�L�I�I�H�U�H�Q�F�H���L�Q���I�U�D�J�P�H�Q�W�D�W�L�R�Q��

�S�D�W�W�H�U�Q���E�H�W�Z�H�H�Q���S�X�U�H���&�G�������D�Q�G���0�Q���&�G�������L�V���O�L�N�H�O�\���G�X�H���W�R���Y�D�U�\�L�Q�J���F�O�X�V�W�H�U���V�W�D�E�L�O�L�W�\�����,�W���L�V���Q�R�W��

�F�O�H�D�U�O�\���N�Q�R�Z�Q���D�V���W�R���Z�K�\���W�K�H���G�L�D�Q�L�R�Q���&�G�������G�R�H�V���Q�R�W���V�K�R�Z���V�X�F�F�H�V�V�I�X�O���O�R�V�V���R�I���Q�H�X�W�U�D�O��

�&�G���6�3�K�������D�V���&�G�������G�L�G�����5�H�J�D�U�G�O�H�V�V�����L�Q���R�U�G�H�U���W�R���D�F�K�L�H�Y�H���G�R�S�D�Q�W���V�S�H�F�L�D�W�L�R�Q�����Z�H���S�U�R�F�H�H�G�H�G���W�R��

�H�[�D�P�L�Q�H���R�X�U���F�O�X�V�W�H�U�V���X�Q�G�H�U���S�R�V�L�W�L�Y�H���L�R�Q���P�R�G�H�����$�O�W�K�R�X�J�K���W�K�H���S�R�V�L�W�L�Y�H���L�R�Q���P�R�G�H���(�6�,�í�0�6��

�K�D�V���E�H�H�Q���Z�L�G�H�O�\���H�P�S�O�R�\�H�G���L�Q���V�W�X�G�\�L�Q�J���Y�D�U�L�R�X�V���$�X�[���6�3�K���\���F�O�X�V�W�H�U�V�����L�W���K�D�V���U�D�U�H�O�\���E�H�H�Q���X�V�H�G��

�W�R���V�W�X�G�\���W�K�H�V�H���,�,���9�,���P�H�W�D�O���E�H�Q�]�H�Q�H�F�K�D�O�F�R�J�H�Q�L�G�H���F�O�X�V�W�H�U�V�����S�U�H�V�X�P�D�E�O�H���G�X�H���W�R���W�K�H���I�D�F�W���W�K�D�W��

�W�K�H�V�H���F�O�D�V�V���R�I���F�O�X�V�W�H�U�V���D�U�H���Q�H�J�D�W�L�Y�H�O�\���F�K�D�U�J�H�G�����+�R�Z�H�Y�H�U�����Z�H���S�U�H�G�L�F�W�H�G���D���G�L�F�D�W�L�R�Q��

�>�&�G�����í�[�0�Q�[�6�����6�3�K�������@�������F�D�Q���E�H���J�H�Q�H�U�D�W�H�G���D�I�W�H�U���U�H�P�R�Y�D�O���R�I�������D�S�L�F�D�O���6�3�K�����D�Q�G���X�Q�G�H�U�J�R��

�F�R�Q�W�L�Q�X�R�X�V���U�H�P�R�Y�D�O���R�I���Q�H�X�W�U�D�O���&�G���6�3�K�������V�S�H�F�L�H�V�����Z�K�L�F�K���F�D�Q���E�H���V�K�R�Z�Q���D�V���I�R�O�O�R�Z�V������ 

 

�>�&�G�����6�����6�3�K�������@���������������6�3�K�������o ���>�&�G�����6�����6�3�K�������@���� 

�>�&�G�����6�����6�3�K�������@�����������[�&�G���6�3�K�������o ���>�&�G������ �[�6�����6�3�K�����������[�@���������[��� �������±�������� 



 

79 

 

�)�L�J�X�U�H�������������3�R�V�L�W�L�Y�H���L�R�Q���P�R�G�H���P�D�V�V���V�S�H�F�W�U�D���R�I���W�K�H���X�Q�G�R�S�H�G���D�Q�G���G�R�S�H�G���F�O�X�V�W�H�U�V���I�R�F�X�V�H�G���R�Q��
�G�L�F�D�W�L�R�Q�� �I�U�D�J�P�H�Q�W�V�� �Z�L�W�K�� �W�K�H�� �K�L�J�K�H�V�W�� �L�Q�W�H�Q�V�L�W�\�� �D�W�� �H�D�F�K�� �F�R�Q�H�� �Y�R�O�W�D�J�H���� �7�K�H�� �I�R�F�X�V�H�G�� �S�H�D�N�V��
�F�R�U�U�H�V�S�R�Q�G�� �W�R�� �>�&�G�����í�[�0�Q�[�6�����6�3�K�������@�������� �>�&�G�����í�[�0�Q�[�6�����6�3�K�������@�������� �>�&�G�����í�[�0�Q�[�6�����6�3�K�������@��������
�>�&�G���í�[�0�Q�[�6�����6�3�K�����@���������[��� �������±�����������D�W�����������������������������������������9�����U�H�V�S�H�F�W�L�Y�H�O�\�����6�L�P�X�O�D�W�H�G���S�H�D�N�V��
�I�R�U���E�R�W�K���G�R�S�H�G���D�Q�G���S�X�U�H���I�U�D�J�P�H�Q�W�V���D�U�H���V�K�R�Z�Q���L�Q���J�U�H�\�� 

 

�7�K�H���S�R�V�L�W�L�Y�H���L�R�Q���P�R�G�H���0�6���R�I���S�X�U�H���D�Q�G���G�R�S�H�G���&�G�������D�W���D���F�R�Q�H���Y�R�O�W�D�J�H���R�I�����������±���������9���Z�H�U�H��

�R�E�W�D�L�Q�H�G�����6�H�H���6�X�S�S�R�U�W�L�Q�J���,�Q�I�R�U�P�D�W�L�R�Q���I�R�U���I�X�O�O���V�S�H�F�W�U�D���D�Q�G���S�H�D�N���D�V�V�L�J�Q�P�H�Q�W�������)�L�J�X�U�H������������

�V�K�R�Z�V���W�K�H���P�R�V�W���D�E�X�Q�G�D�Q�W�O�\���G�H�W�H�F�W�H�G���G�L�F�D�W�L�R�Q���S�H�D�N�V���D�W���H�D�F�K���F�R�Q�H���Y�R�O�W�D�J�H�����$�V���S�U�H�G�L�F�W�H�G����

�W�K�H���S�H�D�N�V���R�E�W�D�L�Q�H�G���I�U�R�P���S�X�U�H���&�G�������D�Q�G���0�Q���&�G�������F�R�U�U�H�V�S�R�Q�G���W�R���W�K�H���J�H�Q�H�U�D�O���I�R�U�P�X�O�D���R�I��

�>�&�G�����í�[�6�����6�3�K�������í���[�@�����������[��� �������±�����������D�Q�G���>�&�G�����í�[�í�\�0�Q�\�6�����6�3�K�������í���[�@���������[��� �������±�����������\��� �������±��

���������U�H�V�S�H�F�W�L�Y�H�O�\�����$�O�W�K�R�X�J�K���W�K�H���P�D�V�V���V�S�H�F�W�U�D���Z�H�U�H���S�U�L�P�D�U�L�O�\���G�R�P�L�Q�D�W�H�G���E�\���L�Q�W�H�Q�V�H��

�P�R�Q�R�F�D�W�L�R�Q���V�S�H�F�L�H�V�����Z�H���Z�H�U�H���D�E�O�H���W�R���R�E�V�H�U�Y�H���V�W�H�S�Z�L�V�H���I�U�D�J�P�H�Q�W�D�W�L�R�Q���R�I��

�>�&�G�����í�[�0�Q�[�6�����6�3�K�������í���[�@���������)�X�U�W�K�H�U�P�R�U�H�����W�K�H���P�D�V�V���V�S�H�F�W�U�D���D�W���������9���R�I���E�R�W�K���S�X�U�H���D�Q�G���G�R�S�H�G��

�&�G�������H�[�K�L�E�L�W���D�Q���X�Q�X�V�X�D�O���S�U�H�I�H�U�H�Q�F�H���W�R���>�&�G�����6�����6�3�K�������@�������Q�R�W���R�E�V�H�U�Y�H�G���I�U�R�P���R�W�K�H�U���G�L�F�D�W�L�R�Q��

�V�S�H�F�L�H�V�����D�V�L�G�H���I�U�R�P���W�K�H���V�W�D�U�W�L�Q�J���L�R�Q�������Z�K�L�F�K���V�X�J�J�H�V�W�V���W�K�D�W���I�R�X�U���³�V�X�U�I�D�F�H�´���P�H�W�D�O���V�L�W�H�V���R�I��

�>�&�G�����6�����6�3�K�������@�������D�U�H���U�H�P�R�Y�H�G���E�H�I�R�U�H���D�Q�\���P�H�W�D�O���L�R�Q�V���V�L�W�X�D�W�H�G���D�W���W�K�H���³�F�R�U�H�´���R�U���³�F�H�Q�W�U�D�O�´��



 

80 

�V�L�W�H�V���F�D�Q���E�H���G�L�V�S�O�D�F�H�G�����%�D�V�H�G���R�Q���W�K�L�V���S�U�H�P�L�V�H���Z�H���E�H�O�L�H�Y�H���W�K�D�W���W�K�H���I�U�D�J�P�H�Q�W���F�R�U�U�H�V�S�R�Q�G�L�Q�J��

�W�R���>�&�G�����0�Q�6�����6�3�K�������@���������Z�K�L�F�K���L�V���G�H�W�H�F�W�H�G���H�Y�H�Q���D�I�W�H�U���W�K�H���O�R�V�V���R�I���D�O�O���³�V�X�U�I�D�F�H�´���P�H�W�D�O���V�L�W�H�V����

�V�W�U�R�Q�J�O�\���V�X�J�J�H�V�W�V���W�K�D�W���0�Q�������L�Q���0�Q���&�G�������L�V���O�L�N�H�O�\���O�R�F�D�W�H�G���D�W���R�Q�H���R�I���W�K�H���V�X�O�I�L�G�H���F�R�R�U�G�L�Q�D�W�H�G��

�P�H�W�D�O���V�L�W�H�V�����,�Q���D�G�G�L�W�L�R�Q�����R�X�U���S�U�H�Y�L�R�X�V���Z�R�U�N���G�H�P�R�Q�V�W�U�D�W�H�G���W�K�D�W���R�Q�H���R�I���W�K�H���I�H�D�W�X�U�H���W�K�D�W��

�G�L�V�W�L�Q�J�X�L�V�K�H�V���³�V�X�U�I�D�F�H�´���I�U�R�P���³�F�R�U�H�´���G�R�S�L�Q�J���L�V���W�K�H���G�H�F�U�H�D�V�H���L�Q���U�H�O�D�W�L�Y�H���S�H�D�N���L�Q�W�H�Q�V�L�W�\���R�I��

�G�R�S�H�G���I�U�D�J�P�H�Q�W�V�����:�H���F�R�O�O�H�F�W�H�G���W�K�H���U�H�O�D�W�L�Y�H���S�H�D�N���L�Q�W�H�Q�V�L�W�\���R�I���W�K�H���S�H�D�N�V���V�K�R�Z�Q���L�Q���)�L�J�X�U�H��

�����������D�Q�G���R�E�V�H�U�Y�H�G���W�K�H���U�H�O�D�W�L�Y�H���S�H�D�N���L�Q�W�H�Q�V�L�W�\���R�I���P�R�Q�R���0�Q�������L�R�Q���G�R�S�H�G���I�U�D�J�P�H�Q�W��

�G�H�F�U�H�D�V�L�Q�J���I�U�R�P���a���������W�R�����������D�V���>�&�G�����í�[�í�\�0�Q�\�6�����6�3�K�������@�������I�U�D�J�P�H�Q�W�H�G���W�R��

�>�&�G���í�[�í�\�0�Q�\�6�����6�3�K�����@���������V�H�H���7�D�E�O�H���6���������,�W���V�K�R�X�O�G���E�H���Q�R�W�H�G���W�K�D�W���L�W���L�V���G�L�I�I�L�F�X�O�W���W�R���G�L�V�W�L�Q�J�X�L�V�K��

�G�R�S�D�Q�W���V�S�H�F�L�D�W�L�R�Q���D�W���³�F�R�U�H�´���R�U���³�F�H�Q�W�U�D�O�´���V�L�W�H���L�Q���S�R�V�L�W�L�Y�H���L�R�Q���P�R�G�H���V�L�Q�F�H���U�H�P�R�Y�L�Q�J���D�O�O��������

�³�F�R�U�H�´���P�H�W�D�O�V���Z�L�O�O���\�L�H�O�G���Q�H�J�D�W�L�Y�H�O�\���F�K�D�U�J�H���>�&�G�6���@���±���� 

�7�K�H���S�H�D�N���L�Q�W�H�Q�V�L�W�\���R�I���G�R�S�H�G���P�R�Q�R�F�D�W�L�R�Q���I�U�D�J�P�H�Q�W�V���U�H�O�D�W�L�Y�H���W�R���W�K�H�L�U���X�Q�G�R�S�H�G���F�R�X�Q�W�H�U�S�D�U�W�V��

�Z�H�U�H���I�R�X�Q�G���W�R���E�H���V�L�J�Q�L�I�L�F�D�Q�W�O�\���O�R�Z�H�U���W�K�D�Q���W�K�D�W���R�I���R�E�V�H�U�Y�H�G���I�U�R�P���G�L�F�D�W�L�R�Q���V�S�H�F�L�H�V�����)�R�U��

�L�Q�V�W�D�Q�F�H�����W�K�H���L�Q�W�H�Q�V�L�W�\���R�I���>�&�G���0�Q�6�����6�3�K�������@�����Z�D�V���R�Q�O�\���������R�I���W�K�D�W���R�I���>�&�G�����6�����6�3�K�������@������

�7�K�H���G�R�S�H�G���G�L�F�D�W�L�R�Q���I�U�D�J�P�H�Q�W���F�R�Q�V�L�V�W�H�Q�W�O�\���H�[�K�L�E�L�W���!���������L�Q���S�H�D�N���L�Q�W�H�Q�V�L�W�\���U�H�O�D�W�L�Y�H���W�R���W�K�H�L�U��

�F�R�U�U�H�V�S�R�Q�G�L�Q�J���X�Q�G�R�S�H�G���I�U�D�J�P�H�Q�W�V�����7�K�L�V���V�X�J�J�H�V�W�V���W�K�D�W���W�K�H���P�R�Q�R�F�D�W�L�R�Q���V�S�H�F�L�H�V���D�U�H��

�J�H�Q�H�U�D�W�H�G���W�K�U�R�X�J�K���D���S�U�R�F�H�V�V���W�K�D�W���G�R�H�V���Q�R�W���D�E�L�G�H���E�\���W�K�H���S�U�H�G�L�F�W�H�G���V�W�H�S�Z�L�V�H���I�U�D�J�P�H�Q�W�D�W�L�R�Q��

�D�Q�G���S�U�H�I�H�U�H�Q�F�H���L�Q���U�H�P�R�Y�L�Q�J���0�Q���������� 

�������������(�O�H�F�W�U�R�Q���3�D�U�D�P�D�J�Q�H�W�L�F���5�H�V�R�Q�D�Q�F�H�����(�3�5�����6�S�H�F�W�U�R�V�F�R�S�\���� 

�,�Q���R�U�G�H�U���W�R���Y�H�U�L�I�\���W�K�L�V���D�Q�G���J�D�W�K�H�U���I�X�U�W�K�H�U���L�Q�I�R�U�P�D�W�L�R�Q���R�Q���W�K�H���O�R�F�D�O���F�R�R�U�G�L�Q�D�W�L�R�Q��

�H�Q�Y�L�U�R�Q�P�H�Q�W���R�I���0�Q���������Z�H���D�Q�D�O�\�]�H�G���R�X�U���V�D�P�S�O�H�V���Z�L�W�K���(�3�5���V�S�H�F�W�U�R�V�F�R�S�\�����)�L�J�X�U�H���������������(�3�5��

�L�V���H�[�W�U�H�P�H�O�\���V�H�Q�V�L�W�L�Y�H���W�R���W�K�H���V�X�E�W�O�H���F�K�D�Q�J�H�V���L�Q���W�K�H���F�U�\�V�W�D�O���I�L�H�O�G���V�X�U�U�R�X�Q�G�L�Q�J���(�3�5���D�F�W�L�Y�H��

�P�H�W�D�O���V�S�H�F�L�H�V���D�Q�G���D���V�W�U�X�F�W�X�U�D�O���W�R�R�O���X�V�H�G���W�R���V�W�X�G�\���G�R�S�H�G���V�H�P�L�F�R�Q�G�X�F�W�R�U�V���������������7�K�H���V�L�J�Q�D�W�X�U�H��



 

81 

�I�H�D�W�X�U�H���R�I���0�Q���������,��� �������������L�V���L�W�V���V�L�[���K�\�S�H�U�I�L�Q�H���S�H�D�N�V���W�K�D�W���D�U�H���J�H�Q�H�U�D�W�H�G���W�K�U�R�X�J�K���W�K�H���H�O�H�F�W�U�R�Q��

�Q�X�F�O�H�D�U���L�Q�W�H�U�D�F�W�L�R�Q�����7�K�H���(�3�5���V�S�H�F�W�U�X�P���R�I���S�R�Z�G�H�U���S�U�R�G�X�F�W���L�V���F�R�P�S�R�V�H�G���R�I���E�U�R�D�G���D�Q�G��

�Q�D�U�U�R�Z���E�D�Q�G�V�����7�K�H���E�U�R�D�G���V�L�J�Q�D�O���L�V���P�R�V�W���O�L�N�H�O�\���R�U�L�J�L�Q�D�W�L�Q�J���I�U�R�P���W�K�H���D�Q�W�L�I�H�U�U�R�P�D�J�Q�H�W�L�F��

�0�Q�������0�Q�������L�Q�W�H�U�D�F�W�L�R�Q���������������7�K�H���V�L�[���K�\�S�H�U�I�L�Q�H���V�S�O�L�W�W�L�Q�J���S�H�D�N�V�����D�O�W�K�R�X�J�K���R�F�F�O�X�G�H�G���E�\���W�K�H��

�E�U�R�D�G���E�D�Q�G�����Z�H�U�H���I�R�X�Q�G���W�R���K�D�Y�H���K�\�S�H�U�I�L�Q�H���V�S�O�L�W�W�L�Q�J���F�R�Q�V�W�D�Q�W�����$�����R�I���������������
�������������F�P�������D�Q�G��

�J���Y�D�O�X�H���R�I�������������������,�Q���D�G�G�L�W�L�R�Q�����Z�H���F�R�O�O�H�F�W�H�G���W�K�H���(�3�5���V�S�H�F�W�U�X�P���R�I���0�Q���&�G�������L�Q���&�+���&�1���L�Q��

�R�U�G�H�U���W�R���G�H�W�H�U�P�L�Q�H���Z�K�H�W�K�H�U���W�K�H���E�U�R�D�G�H�Q�L�Q�J���L�V���G�X�H���W�R���D�Q�W�L�I�H�U�U�R�P�D�J�Q�H�W�L�F���L�Q�W�H�U�D�F�W�L�R�Q���E�\��

�L�Q�W�H�U�P�R�O�H�F�X�O�D�U���L�Q�W�H�U�D�F�W�L�R�Q���R�U���I�U�R�P���W�Z�R���0�Q�������L�R�Q�V���S�R�V�L�W�L�R�Q�H�G���F�O�R�V�H�O�\���W�R���R�Q�H���D�Q�R�W�K�H�U���L�Q���D��

�F�O�X�V�W�H�U�����7�K�H���V�S�H�F�W�U�X�P���D�I�W�H�U���G�L�O�X�W�L�R�Q���H�[�K�L�E�L�W�V���V�L�[���K�\�S�H�U�I�L�Q�H���S�H�D�N�V���D�Q�G���W�K�H���E�U�R�D�G���V�L�J�Q�D�O���L�V��

�D�E�V�H�Q�W�����7�K�L�V���V�X�J�J�H�V�W�V���W�K�D�W���W�K�H���D�Q�W�L�I�H�U�U�R�P�D�J�Q�H�W�L�F���L�Q�W�H�U�D�F�W�L�R�Q���Z�H���R�E�V�H�U�Y�H�G���I�U�R�P���W�K�H��

�S�R�Z�G�H�U�H�G���F�O�X�V�W�H�U�V���Z�D�V���G�X�H���W�R���W�K�H���L�Q�W�H�U�P�R�O�H�F�X�O�D�U���L�Q�W�H�U�D�F�W�L�R�Q���������D�Q�G���G�H�P�R�Q�V�W�U�D�W�H�V���W�K�D�W���W�K�H��

�W�Z�R���0�Q�������L�R�Q�V���G�R�S�H�G���L�Q���F�O�X�V�W�H�U�V���D�U�H���Z�H�O�O���L�V�R�O�D�W�H�G���I�U�R�P���R�Q�H���D�Q�R�W�K�H�U�����)�X�U�W�K�H�U�P�R�U�H�����W�K�H��

�K�\�S�H�U�I�L�Q�H���V�S�O�L�W�W�L�Q�J���F�R�Q�V�W�D�Q�W���0�Q�������L�Q���E�X�O�N���&�G�6���R�U���F�R�O�O�R�L�G�D�O���Q�D�Q�R�F�U�\�V�W�D�O�V���D�U�H���W�\�S�L�F�D�O�O�\��

�U�H�S�R�U�W�H�G���W�R���K�D�Y�H���Y�D�O�X�H���F�O�R�V�H���W�R���$��� ���������������
�������������F�P�������������������7�K�H���G�L�I�I�H�U�H�Q�F�H���L�Q���K�\�S�H�U�I�L�Q�H��

�V�S�O�L�W�W�L�Q�J���F�R�Q�V�W�D�Q�W���E�H�W�Z�H�H�Q���R�X�U���V�D�P�S�O�H���D�Q�G���U�H�S�R�U�W�H�G���O�L�W�H�U�D�W�X�U�H���V�X�J�J�H�V�W�V���W�K�D�W���0�Q�������L�V���Q�R�W��

�R�F�F�X�S�\�L�Q�J���W�K�H���³�F�H�Q�W�U�D�O�´���0���P�����6�������V�L�W�H���E�X�W���U�D�W�K�H�U���F�R�R�U�G�L�Q�D�W�H�G���D�V���³�F�R�U�H�´���0�Q���P�����6�����P���6�3�K������

�R�U���³�V�X�U�I�D�F�H�´���0�Q���P���6�3�K�������6�3�K������ 

 



 

82 

 

Figure 4.4. Electron paramagnetic resonance (EPR) spectroscopy of Mn:Cd 17 in powder 
(black) and solution of N2-purged CH3CN (blue). Spectra were all collected at room 
temperature with X-band frequency of 9.86 GHz. The hyperfine splitting constant of 
Mn2+ in diluted samples was found to be A = ��64.3 * 10��4 cm��1 and g = 2.0053. 
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Figure 4.5. EPR spectra of Mn:Cd10��1 (top, red)  and Mn:Cd10��2 (bottom, blue) 
dissolved in N2-purged CH3CN at room temperature.  
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ABBREVIATIONS  

Cd4, [Cd4(SPh)10]2��; Cd8, [Cd8S(SPh)16]2��; Cd10, [Cd10S4(SPh)16]4��; Cd17, 

[Cd17S4(SPh)28]2��; Mn:Cd17, Mn2+-doped Cd17; Mn:Cd10, Mn2+-doped Cd10; ESI-MS, 

electrospray ionization mass spectrometry; EPR, electron paramagnetic spectroscopy; PL, 

photoluminescence; PLE, photoluminescence excitation; MLCT, metal-to-ligand charge 

transfer. 
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CHAPTER 5 
 

TRANSITION METAL ION  INDUCED GROWTH OF CL USTER 
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Figure 5.1. Mass spectra of the aliquots collected from a solution of CdSe10 dissolved in 
CH3CN at a cone voltage of ��10V. The spectra were collected immediately after 
suspension (top) and 24 hr after stirring (bottom) under anaerobic conditions. 
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Figure 5.2. Mass spectrum of the aliquot collected from a solution of CdSe10 dissolved in 
DMF at a cone voltage of ��10V. The spectrum was collected after 24 hr stirring (bottom) 
under anaerobic conditions. 
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Figure 5.3. Mass spectra of the aliquots collected over 2 days period after addition of 
10%Cd2+ to a solution of CdS10 dissolved in anaerobic CH3CN. The spectra were all 
collected at a cone voltage of ��10V. 
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Figure 5.4. Mass spectra of the aliquots collected over 2 days period after addition of 
10%Cd2+ to a solution of CdSe10 dissolved in anaerobic CH3CN. The spectra were all 
collected at a cone voltage of ��10V. 
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Figure 5.5. Room temperature absorption spectra of aliquots collected from 10%Cd2+ 
doped CdSe10 over the period of 2 days.  
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�D���W�H�Q�G�H�Q�F�\���P�R�U�H���V�R���W�K�D�Q���&�G�6�������W�R���S�D�U�W�L�F�L�S�D�W�H���L�Q���F�D�W�L�R�Q���H�[�F�K�D�Q�J�H���U�H�D�F�W�L�R�Q���U�D�W�K�H�U���W�K�D�Q��

�X�Q�G�H�U�J�R���J�U�R�Z�W�K�����,�W���D�O�V�R���G�H�P�R�Q�V�W�U�D�W�H�V���W�K�H���G�L�I�I�H�U�H�Q�F�H���L�Q���V�W�D�E�L�O�L�W�\���E�H�W�Z�H�H�Q���&�G�6�H�������D�Q�G��
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�&�G�6�H���������:�H���K�D�Y�H���H�V�W�D�E�O�L�V�K�H�G���W�K�D�W���&�G�6�H�������L�V���I�D�L�U�O�\���X�Q�V�W�D�E�O�H���D�Q�G���F�D�Q���G�H�J�U�D�G�H���D�Q�G���D�V�V�H�P�E�O�H��

�L�Q���W�R���Q�H�Z���V�S�H�F�L�H�V���D�W���U�R�R�P���W�H�P�S�H�U�D�W�X�U�H���L�Q���D���Z�H�D�N�O�\���E�L�Q�G�L�Q�J���V�R�O�Y�H�Q�W�����+�H�U�H�����Z�H���V�H�H���&�G�6�H������

�L�Q�F�R�U�S�R�U�D�W�L�Q�J���P�R�U�H���=�Q�������L�R�Q�V���W�K�D�Q���&�G�6�������E�X�W���&�G�6�H�������D�F�F�R�P�P�R�G�D�W�H�V���V�L�J�Q�L�I�L�F�D�Q�W�O�\���O�H�V�V��

�=�Q�������L�R�Q�V���W�K�D�Q���&�G�6���������7�K�L�V���V�X�J�J�H�V�W�V���W�K�D�W���&�G�6�H�������L�V���W�K�H���O�H�D�V�W���V�W�D�E�O�H���D�Q�G���&�G�6�H�������L�V���W�K�H���P�R�V�W��

�V�W�D�E�O�H���R�X�W���R�I���E�R�W�K���&�G�������D�Q�G���&�G�������V�S�H�F�L�H�V�� 

 

Figure 5.6. Mass spectra of the aliquots collected over 2 days period after addition of 
10%Zn2+ to a solution of CdSe10 dissolved in anaerobic CH3CN. The spectra were all 
collected at a cone voltage of ��10V. 
 

�6�L�J�Q�V���R�I���&�R�������L�Q�F�R�U�S�R�U�D�W�L�R�Q���W�R���W�K�H���W�H�W�U�D�K�H�G�U�D�O���F�O�X�V�W�H�U�V���L�P�P�H�G�L�D�W�H�O�\���D�I�W�H�U���W�K�H��

�D�G�G�L�W�L�R�Q���R�I���&�R�������Z�H�U�H���Q�R�W�L�F�H�D�E�O�H���L�Q���E�R�W�K���8�9���9�L�V���D�Q�G���(�6�,���0�6�����0�D�V�V���V�S�H�F�W�U�D���R�I���W�K�H��

�V�R�O�X�W�L�R�Q���G�H�W�H�F�W�H�G���I�U�D�J�P�H�Q�W�V���F�R�U�U�H�V�S�R�Q�G�L�Q�J���W�R���&�R�������G�R�S�H�G���&�G�������D�Q�G���&�G���������K�R�Z�H�Y�H�U���X�Q�O�L�N�H��

�&�G���D�Q�G���=�Q�������������&�R���G�L�G���Q�R�W���I�X�O�O�\���F�R�Q�Y�H�U�W���D�O�O���R�I���&�G�������W�R���&�G�������Z�L�W�K�L�Q���W�K�H���I�L�U�V�W���K�U�����(�Y�H�Q���D�I�W�H�U��

�V�W�L�U�U�L�Q�J���W�K�H���V�R�O�X�W�L�R�Q���I�R�U�������G�D�\�V�����W�K�H���V�R�O�X�W�L�R�Q���F�R�Q�W�D�L�Q�H�G���Q�R�W�D�E�O�H���D�P�R�X�Q�W���R�I���&�G�������I�U�D�J�P�H�Q�W�V������

�7�K�H���G�R�S�L�Q�J���H�I�I�L�F�L�H�Q�F�\���R�I���&�R�������L�Q�W�R���&�G�������D�Q�G���&�G�������U�H�P�D�L�Q�H�G���V�L�P�L�O�D�U���W�R���W�K�H���F�D�V�H���Z�L�W�K���=�Q������

�Z�L�W�K���W�K�H���P�R�V�W���G�R�S�H�G���V�S�H�F�L�H���E�H�L�Q�J���>�&�G���&�R���@�������D�Q�G���>�&�G�����&�R���@���������&�R�������L�Q�G�X�F�H�G���J�U�R�Z�W�K���R�I��
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�F�O�X�V�W�H�U���Z�D�V���F�R�Q�I�L�U�P�H�G���L�Q���L�W�V���O�L�J�D�Q�G���I�L�H�O�G���W�U�D�Q�V�L�W�L�R�Q���D�V���L�W�V���E�D�Q�G���V�W�U�X�F�W�X�U�H���J�U�D�G�X�D�O�O�\��

�W�U�D�Q�V�I�R�U�P�H�G���W�R���U�H�V�H�P�E�O�H���W�K�D�W���R�I���&�R�������G�R�S�H�G���&�G�����������V�H�H���V�X�S�S�R�U�W�L�Q�J���L�Q�I�R�U�P�D�W�L�R�Q�� 

 

Figure 5.7. Mass spectra of the aliquots collected over 2 days period after addition of 
10%Zn2+ to a solution of CdSe10 dissolved in anaerobic CH3CN. The spectra were all 
collected at a cone voltage of ��10V. 
 
The titration of CdSe10 with 10%Co2+ demonstrated slightly lower efficiency in doping 

compared to the experiment with Zn2+, with the most doped Cd10 and Cd17 species being 

[Cd7Co3]2�� and [Cd15Co2]2��, respectively. The rate of growth process is seemingly similar 

to that of titration experiments with Zn2+. The absorption spectra focused on the UV 

region was collected from the aliquots (Figure 5.8). As expected, the broad shoulder peak 

at ~325 nm observed from CdSe17 was present. In addition, we observed another broad 

peak at ~350 nm, which was not present in the absorption spectrum of CdSe17. The peak 

most likely originates from ligand-to-metal charge transfer (LMCT) between 4p orbital of 

Se2�� and the 3d or 4s orbital of Co2+.  
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Figure 5.8. Room temperature absorption spectra of aliquots collected from 10%Cd2+ 
doped CdSe10 over the period of 2 days. 

 

5.3 Conclusion 

The stability of CdS10 and CdSe10 were monitored and several notable differences 

between these two clusters composed of varying chalcogenides were observed. CdSe10 

was found to be significantly more prone to degradation in solution, whereas CdS10 was 

able to maintain its structural integrity under the same conditions. DMF significantly 

destabilizes both of the clusters, presumably through its stronger binding capability, 

which prompted the clusters to grow in to several larger species. Trianion byproducts 

were detected from the aliquots of both cluster solutions and we attributed this to the 

assembly of Cd10 or fragmented Cd10 species. CdSe10 was found to have an intermediate 

product, [Cd10Se3(SPh)16]2��, that seems to act as a trap state that inhibits the conversion 

of CdSe10 to a more stable CdSe17. Through titration experiments, we discovered that 

CdSe10 is the least stable while CdSe17 being the most stable species. Addition of anionic 

precursor, such as sodium sulfide has also been reported to induce CdS10 to grow to 

[Cd20S13(SPh)22]8��.15 Future work will examine the growth mechanism of doped cluster 

during titration with both cation and anion sources.   
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5.4 Experimental Section 

Physical Characterization. Room temperature absorption spectra of the clusters in N2-

purged CH3CN or DMF solutions were collected with either a Cary 50. The optical 

density of the absorption spectra was <0.6 over throughout the UV and visible regions. 

High-resolution electrospray ionization mass spectra (ESI-MS) were collected in negative 

ion mode with a Bruker MicroTOF-II. The concentration of analyte solution was kept at 

~30 �PM and the flow rate of samples was set to 3 µL/min for ESI-MS. Analysis of the 

mass spectra was performed using the mMass program.16  
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CHAPTER 6 
 

FUTURE WORK AND DIRE CTION  

�)�X�U�W�K�H�U���N�Q�R�Z�O�H�G�J�H���R�Q���W�K�H���F�O�X�V�W�H�U���J�U�R�Z�W�K���D�Q�G���G�R�S�L�Q�J���P�H�F�K�D�Q�L�V�P�V���D�U�H���F�U�L�W�L�F�D�O���L�Q��

�G�H�Y�L�V�L�Q�J���Q�H�Z���V�\�Q�W�K�H�W�L�F���U�R�X�W�H�V���K�L�J�K�H�U���R�U�G�H�U���F�O�X�V�W�H�U�V���D�Q�G���V�L�W�H���V�S�H�F�L�I�L�F���G�R�S�L�Q�J�����,�Q���F�K�D�S�W�H�U��������

�Z�H���K�D�Y�H���G�H�P�R�Q�V�W�U�D�W�H�G���W�K�D�W���F�D�W�L�R�Q���H�[�F�K�D�Q�J�H���D�I�W�H�U���F�O�X�V�W�H�U���I�R�U�P�D�W�L�R�Q���Z�L�O�O���P�D�L�Q�O�\���V�X�E�V�W�L�W�X�W�H��

�W�K�H���D�S�L�F�D�O���F�D�W�L�R�Q�V���D�Q�G���U�D�U�H�O�\���W�K�H���F�R�U�H���P�H�W�D�O���L�R�Q�V�����:�H���W�K�H�Q���H�[�D�P�L�Q�H���W�K�H���F�O�X�V�W�H�U���F�O�X�V�W�H�U��

�H�T�X�L�O�L�E�U�L�D���E�H�W�Z�H�H�Q���&�G�������&�G�������D�Q�G���&�G�������D�Q�G���H�V�W�D�E�O�L�V�K�H�G���W�K�H�L�U���U�H�O�D�W�L�R�Q�V�K�L�S�����7�K�U�R�X�J�K���W�K�L�V��

�N�Q�R�Z�O�H�G�J�H���D�Q�G���I�U�R�P���W�K�H���Z�R�U�N�V���L�Q���F�K�D�S�W�H�U���������Z�H���Z�H�U�H���D�E�O�H���W�R���G�H�Y�H�O�R�S���D���P�H�W�K�R�G���W�R���H�L�W�K�H�U��

�G�R�S�H���S�U�L�P�D�U�L�O�\���D�W���W�K�H���³�V�X�U�I�D�F�H�´���R�U���³�V�X�U�I�D�F�H���D�Q�G���F�R�U�H�´���V�L�W�H�V�����&�K�D�S�W�H�U�������G�H�P�R�Q�V�W�U�D�W�H�G���W�K�D�W��

�W�K�H���S�U�H�V�H�Q�F�H���R�I���H�[�F�H�V�V���G�R�S�D�Q�W���F�D�Q���U�D�L�V�H���W�K�H���F�K�H�P�L�F�D�O���S�R�W�H�Q�W�L�D�O���W�R���F�R�Q�Y�H�U�W���&�G�������W�R���&�G�����D�Q�G��

�W�K�H�Q���I�L�Q�D�O�O�\���W�R���&�G�������F�O�X�V�W�H�U�����'�R�S�L�Q�J���L�V���P�R�V�W���O�L�N�H�O�\���W�R���K�D�Y�H���R�F�F�X�U�U�H�G���L�Q���&�G�������Z�K�L�F�K���W�K�H�Q��

�U�H�D�V�V�H�P�E�O�H�V���L�Q�W�R���&�G���������&�K�D�S�W�H�U�������G�H�P�R�Q�V�W�U�D�W�H�G���W�K�H���H�I�I�H�F�W���R�I���W�K�D�W���F�R�U�H���D�Q�L�R�Q�V���D�Q�G��

�W�U�D�Q�V�L�W�L�R�Q���P�H�W�D�O���L�R�Q�V���G�L�I�I�H�U�H�Q�W���I�U�R�P���W�K�H���K�R�V�W���F�D�W�L�R�Q���R�Q���W�K�H���F�O�X�V�W�H�U���J�U�R�Z�W�K���S�U�R�F�H�V�V�����G�R�S�L�Q�J��

�H�I�I�L�F�L�H�Q�F�\�����D�Q�G���V�W�D�E�L�O�L�W�\�����7�K�H���P�R�V�W���L�P�S�R�U�W�D�Q�W���I�L�Q�G�L�Q�J���I�U�R�P���W�K�H�V�H���V�W�X�G�L�H�V���L�V���W�K�D�W���G�R�S�D�Q�W���L�R�Q�V��

�F�D�Q���X�Q�G�H�U�J�R���F�D�W�L�R�Q���H�[�F�K�D�Q�J�H���D�Q�G���L�Q�G�X�F�H���F�O�X�V�W�H�U���J�U�R�Z�W�K�����D�Q�G���X�Q�O�H�V�V���W�K�H���G�R�S�D�Q�W��

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q���L�V���N�H�S�W���O�R�Z���W�K�H�V�H���S�U�R�F�H�V�V�H�V���D�U�H���O�L�N�H�O�\���L�Q�V�H�S�D�U�D�E�O�H�����0�D�M�R�U�L�W�\���R�I���W�K�L�V���Z�R�U�N��

�I�R�F�X�V�H�G���R�Q���W�K�H���G�R�S�L�Q�J���R�I���0�Q�������D�Q�G���L�W�V���H�I�I�H�F�W���R�Q���F�O�X�V�W�H�U���F�O�X�V�W�H�U���H�T�X�L�O�L�E�U�L�D�����)�X�W�X�U�H���Z�R�U�N��

�Z�L�O�O���E�H���I�R�F�X�V�H�G���P�R�U�H���R�Q���G�R�S�H�G���&�R�������D�Q�G���L�W�V���U�H�O�D�W�L�R�Q�V�K�L�S���Z�L�W�K���W�K�H���F�O�X�V�W�H�U���D�Q�G���X�W�L�O�L�]�L�Q�J��

�G�R�S�H�G���F�O�X�V�W�H�U���D�V���H�I�I�H�F�W�L�Y�H���S�U�H�F�X�U�V�R�U���I�R�U���G�R�S�H�G���4�'���V�\�Q�W�K�H�V�L�V�����,�W���K�D�V���D�O�Z�D�\�V���E�H�H�Q���W�K�H��

�L�Q�W�H�U�H�V�W���L�Q���W�K�H���I�L�H�O�G���R�I���G�R�S�H�G���V�H�P�L�F�R�Q�G�X�F�W�R�U���Q�D�Q�R�F�U�\�V�W�D�O�V���W�R���G�H�Y�H�O�R�S���D���P�H�W�K�R�G���W�R���G�R�S�H��

�F�U�L�W�L�F�D�O���Q�X�F�O�H�L���R�U���D�W���W�K�H���F�R�U�H�����,�Q���W�K�H���I�X�W�X�U�H���Z�R�U�N�����Z�H���Z�L�O�O���X�W�L�O�L�]�H���W�K�H���F�O�X�V�W�H�U���U�H�S�R�U�W�H�G���L�Q���W�K�L�V��

�Z�R�U�N���D�V���Z�H�O�O���D�V���F�O�X�V�W�H�U�V���W�K�D�W���Z�L�O�O���E�H���G�H�Y�H�O�R�S�H�G���L�Q���W�K�H���I�X�W�X�U�H���D�V���D���S�U�H�F�X�U�V�R�U���W�R���D�F�K�L�H�Y�H���W�K�L�V��

�R�E�M�H�F�W�L�Y�H�� 
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���������0�L�[�H�G���0�H�W�D�O���&�O�X�V�W�H�U���6�\�Q�W�K�H�V�L�V�����3�U�H�O�L�P�L�Q�D�U�\���Z�R�U�N���K�D�V���E�H�H�Q���G�R�Q�H���W�R���V�H�H���L�I���K�L�J�K��

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���&�R���������O�L�N�H���0�Q���������F�D�Q���S�U�R�P�S�W���F�O�X�V�W�H�U���W�R���J�U�R�Z���O�D�U�J�H�U���G�X�U�L�Q�J���V�\�Q�W�K�H�V�L�V����

�6�K�R�Z�Q���E�H�O�R�Z���L�Q���)�L�J�X�U�H�������������L�V���W�K�H���F�O�X�V�W�H�U���W�K�D�W���Z�D�V���L�V�R�O�D�W�H�G���D�I�W�H�U�������������P�P�R�O���R�I���&�G�������D�Q�G��
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Figure 6.1. Mass spectrum of 27% Co2+-doped Cd17 acquired immediately after isolation. 
The spectrum was collected at a cone voltage of ��10V in CH3CN. 
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Figure 6.2. Mass spectra of Co2+-doped Cd10 with dopant concentration ranging from 10 
�± 50%. The spectra were collected at a cone voltage of ��10V in CH3CN. 
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APPENDIX A 

SUPPLEMENTARY INFORM ATION TO CHAPTER 2  

 

 

Figure S2.1. Absorption spectra of Co2+ doped CdS10 (left) and CdSe10 (right) collected 
over a period of 3 days in CH3CN 

A
bs

or
ba

nc
e 

(a
.u

.)

2.6 2.4 2.2 2.0 1.8 1.6
Energy (eV)

 0 min
 1 hr
 24 hr
 48 hr
 72 hr

(Cd1-xCox)10Se



 

113 

Table S2.1. Detected anionic fragments and their relative peak intensities as a function of 
cone voltage from Cd10 and (Cd0.95Co0.05)10S clusters.  

Fragments m/z 
(calc.) 

m/z  
(exp.) [NC4H12]2[Cd9S4(SPh)13]�í 2708 2708 

[NC4H12]2[Cd8CoS4(SPh)13]�í 2654 2654 
[NC4H12][Cd9S4(SPh)12]�í 2524 2524 
[NC4H12][Cd8CoS4(SPh)12]�í 2471 2471 
[NC4H12][Cd7Co2S4(SPh)12]�í 2417 2417 
[Cd9S4(SPh)11]�í 2341 2341 
[Cd8CoS4(SPh)11]�í 2287 2287 
[Cd7Co2S4(SPh)11]�í 2234 2234 
[NC4H12][Cd8S4(SPh)10]�í 2193 2193 
[NC4H12][Cd7CoS4(SPh)10]�í 2134 2134 
[NC4H12][Cd6Co2S4(SPh)10]�í 2087 2087 
[Cd8S4(SPh)9]�í 2010 2010 
[Cd7CoS4(SPh)9]�í 1957 1957 
[Cd6Co2S4(SPh)9]�í 1903 1903 
[NC4H12][Cd7S4(SPh)8]�í 1863 1863 
[NC4H12][Cd6CoS4(SPh)8] �í 1809 1809 
[NC4H12][Cd5Co2S4(SPh)8]�í 1756 1756 
[Cd7S3(SPh)9]�í 1866 1865 
[Cd6CoS3(SPh)9]�í 1812 1812 
[Cd7S4(SPh)7]�í 1679 1679 
[Cd6CoS4(SPh)7]�í 1626 1626 
[Cd5Co2S4(SPh)7]�í 1572 1572 
[NC4H12]2[Cd10S4(SPh)16] ���í 1574 1574 
[Cd6S3(SPh)7]�í 1535 1535 
[Cd5CoS4(SPh)7]�í 1481 1481 
[NC4H12][Cd6S4(SPh)6]�í 1532 1532 
[NC4H12][Cd10S4(SPh)15]���í 1482 1482 
[NC4H12][Cd6CoS4(SPh)6] �í 1478 1478 
[Cd10S4(SPh)14]���í 1390 1390 
[Cd6S4(SPh)5]�í 1349 1349 
[NC4H12][Cd9S4(SPh)13]���í 1317 1317 
[Cd9S4(SPh)12]���í 1225 1225 
[Cd5S3(SPh)5]�í 1204 1204 
[Cd4CoS3(SPh)5]�í 1151 1151 
[Cd8S4(SPh)10]���í 1060 1060 
[Cd4S2(SPh)5]�í 1060 1060 
[Cd5S4(SPh)3]�í 1018 1018 
[Cd10S4(SPh)15]���í 963 963 
[Cd3S(SPh)5]�í 915 915 
[Cd2CoS(SPh)5]�í 862 862 
[Cd4S3(SPh)3]�í 873 873 
[Cd3CoS3(SPh)3]�í 820 820 
[Cd9S4(SPh)13]���í 853 853 
[Cd2(SPh)5]�í 771 771 
[Cd10S4(SPh)16]���í 750 750 
[Cd3S2(SPh)3]�í 729 729 
[Cd4S4(SPh)]�í 687 687 
[Cd2S(SPh)3]�í 584 584 
[Cd3S3(SPh)]�í 543 543 
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�J�U�R�X�Q�G�� �V�W�D�W�H�� �D�Q�G�� �H�[�F�L�W�H�G�� �V�W�D�W�H�� �Z�D�V�� �F�D�O�F�X�O�D�W�H�G�� �X�V�L�Q�J�� �W�K�H���7�D�Q�D�E�H���6�X�J�D�Q�R�� �H�Q�H�U�J�\�� �P�D�W�U�L�F�H�V��
���V�H�H�����<�����7�D�Q�D�E�H�����6�����6�X�J�D�Q�R�����2�Q���W�K�H���$�E�V�R�U�S�W�L�R�Q���6�S�H�F�W�U�D���R�I���&�R�P�S�O�H�[���,�R�Q�V�����,�����-�����3�K�\�V�����6�R�F����
�-�S�Q�������������������������������������� 
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�G�L�V�V�R�O�Y�H�G���L�Q���G�H�J�D�V�V�H�G���D�F�H�W�R�Q�L�W�U�L�O�H�� 

 

�)�L�J�X�U�H�� �6�����������5�R�R�P���W�H�P�S�H�U�D�W�X�U�H���� �V�W�H�D�G�\���V�W�D�W�H�� �3�/�� �V�S�H�F�W�U�D�� �R�I�� �W�K�H���V�\�Q�W�K�H�V�L�]�H�G�� �F�O�X�V�W�H�U�V��
�G�L�V�V�R�O�Y�H�G���L�Q���G�H�J�D�V�V�H�G���D�F�H�W�R�Q�L�W�U�L�O�H�����6�D�P�S�O�H�V���Z�H�U�H���H�[�F�L�W�H�G���D�W�����������Q�P�� 
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�L�P�P�H�G�L�D�W�H�O�\�� �D�I�W�H�U���W�K�H���F�O�X�V�W�H�U���Z�D�V���G�L�V�V�R�O�Y�H�G�� �L�Q���G�H�J�D�V�V�H�G���D�F�H�W�R�Q�L�W�U�L�O�H�����U�H�G���� �D�Q�G���W�Z�R�� �K�R�X�U�V��
�O�D�W�H�U�����\�H�O�O�R�Z���� 
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�D�V���D���I�X�Q�F�W�L�R�Q���R�I���G�H�W�H�F�W�R�U���V�H�Q�V�L�W�L�Y�L�W�\�����3�0�7���K�L�J�K���Y�R�O�W�D�J�H���������5�L�J�K�W���S�D�Q�H�O�����7�K�H���L�Q�W�H�Q�V�L�W�\���I�R�O�O�R�Z�V��
�D���S�R�Z�H�U���O�D�Z���G�H�S�H�Q�G�H�Q�F�H�����J�U�D�\���O�L�Q�H���L�V���W�K�H���I�L�W���W�R���W�K�H���H�T�X�D�W�L�R�Q�����a�������u���H�Q�K�D�Q�F�H�P�H�Q�W���L�Q���V�L�J�Q�D�O��
�L�Q�W�H�Q�V�L�W�\���X�S�R�Q���L�Q�F�U�H�D�V�L�Q�J���W�K�H���3�0�7���+�9���I�U�R�P�����������9���W�R�������������9�����7�K�L�V���V�F�D�O�L�Q�J���I�D�F�W�R�U���K�D�V���E�H�H�Q��
�D�F�F�R�X�Q�W�H�G���I�R�U���Z�K�H�Q���Q�R�U�P�D�O�L�]�L�Q�J���W�K�H���V�S�H�F�W�U�X�P���R�I���W�K�H���I�U�H�V�K���0�Q���&�G�����������V�K�R�Z�Q���L�Q���)�L�J�X�U�H����������
�R�I���W�K�H���P�D�Q�X�V�F�U�L�S�W�� 
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Table S3.1. Anionic species observed in the mass spectra of clusters prepared by 
Mn:Cd10-1 or Mn:Cd10-2. The cone voltage w�D�V���V�H�W���W�R���í�����9�� 
 

�)�U�D�J�P�H�Q�W�V �P���]��
���F�D�O�F���� 

�P���]��
���H�[�S���� �>�1�&���+�����@�>�&�G���6�����6�3�K�������@�í �������� �������� 

�>�1�&���+�����@�>�&�G���0�Q�6�����6�3�K�������@�í �������� �������� 
�>�1�&���+�����@�>�&�G���0�Q���6�����6�3�K�������@�í �������� �������� 
�>�&�G�����6�����6�3�K�������@���í �������� �������� 
�>�&�G���0�Q�6�����6�3�K�������@���í �������� �������� 
�>�&�G�����6�����6�3�K�������������+���@���í �������� �������� 
�>�&�G���0�Q�6�����6�3�K�������������+���@���í �������� �������� 
�>�&�G�����6�����6�3�K�������@���í �������� �������� 
�>�&�G���0�Q�6�����6�3�K�������@���í �������� �������� 
�>�&�G���0�Q���6�����6�3�K�������@���í �������� �������� 
�>�&�G���0�Q���6�����6�3�K�������@���í �������� �������� 
�>�&�G���6���6�3�K�������@���í �������� �������� 
�>�&�G���0�Q�6���6�3�K�������@���í �������� �������� 
�>�&�G���0�Q���6���6�3�K�������@���í �������� �������� 
�>�&�G���6���6�3�K�������@���í �������� �������� 
�>�&�G���0�Q�6���6�3�K�������@���í �������� �������� 
�>�&�G���0�Q���6���6�3�K�������@���í �������� �������� 
�>�1�&���+�����@�>�&�G���6�����6�3�K�������@���í �������� �������� 
�>�1�&���+�����@�>�&�G���0�Q�6�����6�3�K�������@���í �������� �������� 
�>�&�G���6�����6�3�K�������@���í �������� �������� 
�>�&�G���0�Q�6�����6�3�K�������@���í �������� �������� 
�>�&�G���0�Q���6�����6�3�K�������@���í �������� �������� 
�>�&�G���0�Q���6�����6�3�K�������@���í �������� �������� 
�>�&�G���6���6�3�K�������@���í �������� �������� 
�>�&�G���0�Q�6���6�3�K�������@���í �������� �������� 
�>�&�G���6�����6�3�K�������@���í �������� �������� 
�>�&�G���0�Q�6���6�3�K�������@���í �������� �������� 
�>�&�G�����6�����6�3�K�������@���í �������� �������� 
�>�&�G���0�Q�6�����6�3�K�������@���í �������� �������� 
�>�&�G�����6�����6�3�K�������@���í ������ ������ 
�>�&�G���0�Q�6�����6�3�K�������@���í ������ ������ 
�>�&�G���0�Q���6�����6�3�K�������@���í ������ ������ 
�>�&�G���0�Q���6�����6�3�K�������@���í ������ ������ 
�>�&�G���6���6�3�K�������@���í ������ ������ 
�>�&�G���0�Q�6���6�3�K�������@���í ������ ������ 
�>�&�G���0�Q���6���6�3�K�������@���í ������ ������ 
�>�&�G�����6�����6�3�K�������@���í ������ ������ 
�>�&�G���0�Q�6�����6�3�K�������@���í ������ ������ 
�>�&�G���0�Q���6�����6�3�K�������@���í ������ ������ 
�>�&�G���0�Q���6�����6�3�K�������@���í ������ ������ 
�>�&�G���6���6�3�K�������@���í ������ ������ 
�>�&�G���0�Q�6���6�3�K�������@���í ������ ������ 
�>�&�G���0�Q���6���6�3�K�������@���í ������ ������ 
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Figure S3.12. ESI mass spectrum of cluster prepared from Mn:Cd10-2. The sample was 
dissolved in degassed acetonitrile for two hours before the spectrum was collected at a 
�F�R�Q�H���Y�R�O�W�D�J�H���R�I���í�����9�� 
 
�7�D�E�O�H���6�����������&�R�P�S�D�U�L�V�R�Q���R�I���P�H�D�V�X�U�H�G���0�Q���D�Q�G���=�Q���F�R�Q�W�H�Q�W�V���I�R�U���F�O�X�V�W�H�U�V���S�U�H�S�D�U�H�G���E�\���P�H�W�K�R�G��
�����D�Q�G������ 

�(�O�H�P�H�Q�W�V �0�Q���&�G�������� �0�Q���&�G�������� 

�0�Q ����������  ����������  

�=�Q ����  ����  
 
 
Table S3.3. Results from the double-exponential fit of the PL decay shown in Figure 4b 
using eq 1. Units are given next to the parameter.  

�3�D�U�D�P�H�W�H�U�V �0�Q���&�G�������� �0�Q���&�G�������� 

�D�������D���X���� �������������“������������ �������������“������������ 

�W�������P�V�� �������������“������������ �������������“������������ 

�D�������D���X���� �������������“������������ �������������“������������ 

�W�������P�V�� �������������“������������ �������������“������������ 

�¢�W�²�����P�V�� 0.66 ������ 
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APPENDIX C 

SUPPLEMENTARY INFORM ATION TO CHAPTER 4  

 
Figure S4.1.���$�O�O�� �V�S�H�F�W�U�D�� �Z�H�U�H�� �F�R�O�O�H�F�W�H�G�� �D�W�� �D�� �F�R�Q�H�� �Y�R�O�W�D�J�H�� �R�I�� �í������ �9���� �0�D�V�V���V�S�H�F�W�U�D�� �Z�H�U�H��
collected after sequential addition of the following to a solution containing 5.20 mmol of 
PhS�í: Mass spectra were collected after sequential addition of the following to a solution 
containing 5.20 mmol of PhS�í: (a) 2.40 mmol of Cd(NO3)2, (b) 0.240 mmol of Na2S, (c) 
0.480 mmol of Na2S, (d) 0.720 mmol of Na2S, (e) 0.860 mmol of Cd(NO3)2, (f) 1.20 mmol 
of Na2S, (g) 0.600 mmol of excess Na2S. 
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Figure S4.2. Negative ion mode ESI-MS of the aliquots collected after the addition of 50% 
excess S2�� (a) or SPh�� (b). Both spectra were obtained immediately after the aliquots were 
diluted in N2-purged CH3CN at a cone voltage of ��10V.  
 

 
Figure S4.3. Mass spectra of the crystal (left) and supernatant (right) collected after the 
synthesis and isolation of pure Cd17. Both spectra obtained by dissolving the samples in 
N2-purged CH3CN at a cone voltage of ��10V. 
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Figure S4.4. Full spectra of clusters prepared from nominal Mn2+ concentration (x) of 
0.83 (top), 0.84 (middle), and 0.85 (bottom). All the spectra were collected immediately 
after their dissolution in CH3CN and at a cone voltage of -10V. 
 

 
Figure S4.5. Negative ion mode variable cone voltage study of pure Cd17 (left) and 
Mn:Cd17 (right) dissolved in N2-purged CH3CN. Mass spectra were collected at a cone 
voltage of 150 (black), 200 (purple), 250 (blue), 300 V (green).  
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Figure S4.6. Negative ion mode mass spectra collected at 200 V from pure Cd17 (purple) 
and Mn:Cd17 (blue) focused on [Cd�����í�[S4(SPh)�����í���[] �± (x = 0 �± 3). Simulated spectra are 
shown below in gray. 
 
 

 
Figure S4.7. Positive ion mode variable cone voltage study of pure Cd17 (left) and 
Mn:Cd17 (right) dissolved in N2-purged CH3CN. Mass spectra were collected at a cone 
voltage of 150 (black), 200 (purple), 250 (blue), 300 V (green). 
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Table S4.1. Positive ion species detected from the ESI-MS of pure [Cd17S4(SC6H5)28]2-. 
 
  Relative Peak Intensity (%) 

Fragment m/z 150 V 200 V 250 V 300 V 
�>�&�G�����6�����6�3�K�������@���� �������� ���� ���� �� �� 
�>�&�G�����6�����6�3�K�������@���� �������� �� ���� �� �� 
�>�&�G�����6�����6�3�K�������@���� �������� �� ���� ���� �� 
�>�&�G�����6�����6�3�K�������@���� �������� �� �� ���� �� 
�>�&�G�����6�����6�3�K�������@���� �������� �� ���� ���� ���� 
�>�&�G�����6�����6�3�K�������@���� �������� �� �� ���� �� 
�>�&�G�����6�����6�3�K�������@���� �������� �� �� ���� ���� 
�>�&�G�����6�����6�3�K�������@���� �������� �� �� ���� ���� 
�>�&�G���6�����6�3�K�����@���� �������� �� �� �� ���� 
�>�&�G���6�����6�3�K�����@���� ������ �� �� �� ���� 
�>�&�G���6�����6�3�K�����@���� ������ �� �� �� �� 
�>�&�G�����6�����6�3�K�������@�� �������� �� �� �� �� 
�>�&�G�����6�����6�3�K�������@�� �������� �� �� �� �� 
�>�&�G�����6�����6�3�K�������@�� �������� �� �� �� �� 
�>�&�G�����6�����6�3�K�������@�� �������� �� �� �� �� 
�>�&�G�����6�����6�3�K�������@���� �������� ������ ������ ���� ����  
�>�&�G���6�����6�3�K�����@���� �������� ���� �� ���� ���� 
�>�&�G���6�����6�3�K�����@���� �������� �� �� ������ ���� 
�>�&�G���6�����6�3�K�����@������ �������� �� �� ���� ������ 
�>�&�G���6�����6�3�K�����@���������� �������� �� �� ���� ���� 
�>�&�G���6�����6�3�K���@���������� ������ �� �� �� ���� 
�>�&�G�����6�����6�3�K�������@������ �������� ���� ���� ���� �� 
�>�&�G���6�����6�3�K�������@������ �������� �� �� ���� �� 
�>�&�G���6�����6�3�K�����@������ �������� �� �� ���� �� 
�>�&�G���6�����6�3�K�����@������ �������� �� �� ���� ���� 
�>�&�G���6�����6�3�K�����@������ �������� �� �� �� ���� 
�>�&�G���6�����6�3�K�����@������ ������ �� �� �� ���� 
�>�&�G���6�����6�3�K���@������ ������ �� �� �� ���� 
�>�&�G���6�����6�3�K�������@�� �������� �� ���� �� �� 
�>�&�G���6�����6�3�K�����@�� �������� �� �� ���� �� 
�>�&�G���6�����6�3�K�����@�� 1503 �� �� ���� �� 
�>�&�G���6�����6�3�K�����@������ 1172 �� �� ���� ���� 
�>�&�G���6�����6�3�K�����@������ 841 �� �� �� ���� 
�>�&�G���6���6�3�K�������@������ 2350 �� �� �� �� 
�>�&�G���6���6�3�K�������@������ 2020 �� �� �� �� 
�>�&�G���6���6�3�K�����@������ 1689 ���� �� ���� �� 
�>�&�G���6���6�3�K�����@������ 1358 �� �� �� �� 
�>�&�G���6���6�3�K�����@������ 1027 �� �� �� �� 
�>�&�G���6���6�3�K�����@������ 699 �� �� �� �� 
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Table S4.2. Positive ion species detected from the ESI-MS of [Cd17-xMnxS4(SC6H5)28]2-. 

  Relative Peak Intensity (%) 
Fragment m/z 150 V 200 V 250 V 300 V 

[Cd17S4(SPh)24]2+ 2329 9 4 0 0 
[Cd16MnS4(SPh)24]2+ 2301 6 2 0 0 
[Cd16S4(SPh)22] 2+ 2164 1 2 0 0 
[Cd15MnS4(SPh)22]2+ 2135 0 2 0 0 
[Cd15S4(SPh)20]2+ 1999 0 4 4 0 
[Cd14MnS4(SPh)20]2+ 1970 0 3 3 0 
[Cd14S4(SPh)18]2+ 1834 0 1 2 0 
[Cd13MnS4(SPh)18]2+ 1805 0 0 1 0 
[Cd13S4(SPh)16]2+ 1668 0 2 12 3 
[Cd12MnS14(SPh)16]2+ 1639 0 1 8 2 
[Cd12S4(SPh)14]2+ 1503 0 0 3 1 
[Cd11MnS4(SPh)14]2+ 1474 0 0 2 0 
[Cd11S4(SPh)12]2+ 1337 0 0 4 3 
[Cd10MnS4(SPh)12]2+ 1309 0 0 2 2 
[Cd10S4(SPh)10]2+ 1172 0 0 3 3 
[Cd9MnS4(SPh)10]2+ 1143 0 0 1 2 
[Cd9S4(SPh)8]2+ 1007 0 0 2 5 
[Cd8MnS4(SPh)8] + 978 0 0 1 3 
[Cd8S4(SPh)6]2+ 841 0 0 1 5 
[Cd7MnS4(SPh)6]2+ 812 0 0 0 3 
[Cd10S4(SPh)11]+  2453 100 100 85 11 
[Cd9MnS4(SPh)11]+ 2396 8 6 5 0 
[Cd9S4(SPh)9]+   2123 12 6 69 15 
[Cd8MnS4(SPh)9]+ 2065 1 0 4 2 
[Cd8S4(SPh)7]+   1792 2 1 100 50 
[Cd7MnS4(SPh)7]+ 1734 0 0 5 3 
[Cd7S4(SPh)5]+  1461 0 0 31 98 
[Cd6MnS4(SPh)5]+ 1404 0 0 2 4 
[Cd6S4(SPh)3]+     1130 0 0 13 100 
[Cd5MnS4(SPh)3]+ 1073 0 0 1 4 
[Cd5S4(SPh)]+     799 0 0 3 44 
[Cd4MnS4(SPh)]+ 742 0 0 0 2 
[Cd10S3(SPh)13]+   2639 16 14 18 4 
[Cd9S3(SPh)11]+   2309 4 2 8 2 
[Cd8S3(SPh)9]+   1978 2 0 13 4 
[Cd7S3(SPh)7]+   1647 0 0 27 17 
[Cd6S3(SPh)5]+   1317 0 0 6 26 
[Cd5S3(SPh)3]+   986 0 0 5 39 
[Cd4S3(SPh)]+   655 0 0 2 22 
[Cd10S2(SPh)15]+ 2825 0 0 2 3 
[Cd9S2(SPh)13]+ 2495 0 0 3 2 
[Cd8S2(SPh)11]+ 2165 0 6 2 2 
[Cd7S2(SPh)9]+ 1833 0 2 2 4 
[Cd6S2(SPh)7]+ 1503 0 0 5 7 
[Cd5S2(SPh)5]+   1172 0 0 4 11 
[Cd4S2(SPh)3]+   841 0 0 5 12 
[Cd8S(SPh)13]+   2350 4 7 2 0 
[Cd7S(SPh)11]+   2020 3 5 2 0 
[Cd6S(SPh)9]+  1689 23 16 30 19 
[Cd5S(SPh)7]+   1358 0 0 7 6 
[Cd4S(SPh)5]+   1027 0 0 19 23 
[Cd3S(SPh)3]+   699 0 0 14 26 
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Figure S4.8. PL excitation spectra collected from the Mn2+ PL detected from Mn:Cd10 and 
Mn:Cd17 in N2-purged CH3CN at 293 K. 
 

 
Figure S4.9. Absorption spectra of Mn:Cd17 collected over 24 hr period in N2-purged 
CH3CN at 293 K. 
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Figure S4.10. Mass spectra of Mn:Cd 17 in CH3CN at start (top) and 24 hr (bottom). 
Spectra were collected in negative ion mode at a cone voltage of -10 V. 
 
 
Table S4.3. Results from the double-exponential fit of the PL decay shown in Figure 6b 
using eq 2. Units are given next to the parameter.  
 
 Parameters 
Time (hr) �D1 (a.u.) �W1 (ms) �D2 (a.u.) �W2 (ms) �¢�W�² (ms) 

0 0.110�r0.029 0.155�r0.088 0.875�r0.011 4.861�r0.137 4.34 
1 0.194�r0.021 0.300�r0.066 0.799�r0.011 4.562�r0.121 3.73 
2 0.124�r0.020 0.085�r0.036 0.873�r0.007 4.463�r0.077 3.92 
4 0.267�r0.018 0.139�r0.021 0.719�r0.007 4.258�r0.085 3.14 
24 0.426�r0.013 0.248�r0.015 0.565�r0.007 3.982�r0.083 2.38 
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APPENDIX D 

SUPPLEMENTARY INFORM ATION TO CHAPTER 5  

 
Figure S5.1. Mass spectra of the aliquots collected from a solution of CdS10 dissolved in 
CH3CN at a cone voltage of ��10V. The spectra were collected immediately after 
suspension (top) and 24 hr after stirring (bottom) under anaerobic conditions. 
 

 

 
Figure S5.2. Mass spectrum of the aliquot collected from a solution of CdS10 dissolved in 
DMF at a cone voltage of ��10V. The spectrum was collected after 24 hr stirring (bottom) 
under anaerobic conditions. 

 
 



 

131 

 
Figure S5.3. Mass spectra of the aliquots collected over 2 days period after addition of 
5%Cd2+ to a solution of CdS10 dissolved in anaerobic CH3CN. The spectra were all 
collected at a cone voltage of ��10V. 
 

 

 
Figure S5.4. Mass spectra of the aliquots collected over 2 days period after addition of 
5%Cd2+ to a solution of CdSe10 dissolved in anaerobic CH3CN. The spectra were all 
collected at a cone voltage of ��10V. 
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Figure S5.5. Mass spectra of the aliquots collected over 2 days period after addition of 
5%Zn2+ to a solution of CdS10 dissolved in anaerobic CH3CN. The spectra were all 
collected at a cone voltage of ��10V. 
 

 
Figure S5.6. Mass spectra of the aliquots collected over 2 days period after addition of 
5%Zn2+ to a solution of CdSe10 dissolved in anaerobic CH3CN. The spectra were all 
collected at a cone voltage of ��10V. 
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Figure S5.7. Mass spectra of the aliquots collected over 2 days period after addition of 
5%Co2+ to a solution of CdS10 dissolved in anaerobic CH3CN. The spectra were all 
collected at a cone voltage of ��10V. 
 

 
Figure S5.8. Mass spectra of the aliquots collected over 2 days period after addition of 
10%Co2+ to a solution of CdS10 dissolved in anaerobic CH3CN. The spectra were all 
collected at a cone voltage of ��10V. 
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Figure S5.9. Room temperature absorption spectra of aliquots collected from 10%Co2+ 
doped CdS10 over the period of 2 days. 

 

 
 

Figure S5.10. Mass spectra of the aliquots collected over 2 days period after addition of 
5%Co2+ to a solution of CdSe10 dissolved in anaerobic CH3CN. The spectra were all 
collected at a cone voltage of ��10V. 
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