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ABSTRACT 

 
Layered materials belong to a class of compounds in which individual, 2-dimensional units 

are stacked upon each other and held together by weak intermolecular forces. The layered nature 

of these materials render them ideal for techniques like intercalation, exfoliation, alloying, among 

others in order to tune their properties. Here, single-source precursors (SSP) from the lanthanides, 

transition metals, and main group metals will be synthesized and utilized to yield different classes 

of layered compounds: LnX2, CuCrX2, and Bi2X3, respectively.  

First, we describe the synthesis of a series of novel lanthanide SSPs, 

[Ln(Se2PPh2)3(MeCN)x], which were thermolyzed to yield LnSe2-x, an understudied class of 2D 

layered materials. In a group known for work with rare earth materials, particularly EuS, it was 

exciting to have discovered a mild route to other lanthanide chalcogenide materials. We explore 

the synthetic versatility of these precursors through synthesizing alloys of LnSe2-x as well 

understanding the growth mechanisms in order to yield single- or few- layered sheets. Next, we 

describe the synthesis of layered ternary transition metal chalcogenides, CuCrX2 and CuCr2X4 

which form as hexagonal nanoplates. We utilized SSPs of Cr(III) and Cu(I)/(II) to understand the 

role of oxidation state, as well as precursor ratio and reaction temperatures, in order to gain phase 

control and avoid secondary phases. Lastly, we briefly discuss SSPs for synthesizing layered main 

group chalcogenide nanomaterials, Bi2X3. Bismuth based materials are in interesting comparison 

to lanthanides due to their similarity in size and charge but lack of f-block valence electrons. Here, 

we demonstrate the clear advantage of utilizing a SSP through affording defect-free phase-pure 

material as clear hexagonal nanoplates (compared to separate Bi(III) and Se reagents).  
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Chapter 1: Introduction 
 
 
1.1 2D Layered Nanomaterials 

 
 In 2004, a single layer of graphite, termed graphene, was isolated and generated a spark in 

the study of 2-dimensional layered materials. Graphene is a single layer of carbon atoms thick and 

is hundreds of times more strong than steel by weight- it also has high thermal and electrical 

conducting.1 The discovery of this 2D material won the Nobel Prize in physics in 2010- inspiring 

attention to other graphene-derived and graphene-like layered materials. The range of layered 

materials includes TMDCs, black phosphorous, and hexagonal- boron nitride, among others which 

all have their unique properties and advantages and can be isolated as atomically thin 2D 

materials.2  

Layered materials belong to a class of compounds in which individual, 2-dimensional units 

are stacked upon each other and held together by weak intermolecular forces; atomically thin 2D 

materials can be considered a subclass of layered materials. These materials are synthetically 

versatile because their layered nature renders them ideal for techniques like intercalation, 

exfoliation, alloying, and topochemical conversion, among others.3,4  The tunability of these 

materials is attractive because it allows for their properties to be tuned as well.  

Atomically thin 2D materials are confined to the nanoscale (<100nm) in one dimension.5 

Nanomaterials are defined as materials which are within <100nm in one dimension. Particles 

which are within <100nm in all dimensions are termed 0D nanoparticles. 1D nanoparticles, one 

dimension is outside the range (>100nm) and includes nanotubes, nanorods, and nanowires. 2D 

nanomaterials are greater than 100nm in two dimensions and the last dimension is a single- or few- 

atomic layers thick like nanosheets or nanoplates. Lastly, particles which are not within the nano-
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range in any dimension are considered “bulk” materials. Figure 1.1 shows the dimensional 

differences between the different types of nanoparticles and a bulk material.6 

 

 

Figure 1.1 Schematic representing dimensional nanoparticles vs bulk material. Reprinted 
with permission from Reference 6. 

 
Condensing the size in any dimension to the nanoscale can affect how the material behaves 

regarding electrical, mechanical, and optical properties due to quantum confinement effects.7 For 

example, TMDCs, like MoS2 or MoSe2,are semiconductors with indirect bandgaps in the bulk; 

however, monolayers of MoS2 or MoSe2 have direct bandgaps in the visible region which render 

them attractive for applications in optoelectronics.8 Although we do not report atomically thin 2D 

materials or observe the effects of quantum confinement in this thesis, it is important to note that 

adjusting synthetic conditions could allow one to inhibit growth in the z-direction to yield 

monolayer 2D particles. 
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1.1.1 Properties 

 The study of nanomaterials in of itself is attractive because nanomaterials have outstanding 

chemical and physical properties compared to their bulk counterparts. Layered materials tend to 

have strong intralayer covalent bonding and relatively weaker interlayer bonding (Van der Waals 

interactions or coulombic interactions) which results in excellent chemical and physical properties. 

Van der Waals materials are well known to provide sources for electrodes, thermoelectric, and 

optoelectronics. On the other hand, ionic layered materials have only recently been investigated, 

but provide promising uses in electrochemistry and as superconductors.9 

Through removing Van der Waals interactions (in a monolayer), the materials appear to 

become much stronger. For example, graphite is a material composed of carbon layers held 

together by VdW forces which allow us to have tools like pencils; however, a monolayer of 

graphite, graphene, only has the covalent bonds that are responsible for the intralayer bonding in 

graphite, so it is very strong- in fact, graphene is 100 times stronger than steel.10 Furthermore, 2D 

nanomaterials are the thinnest materials known, which means they have the largest specific surface 

area making them more reactive than the bulk and valuable for applications requiring high surface 

area on a small scale (e.g. sensors).11 If a layered material is sufficiently thin, quantum confinement 

effects can also greatly influence the band structure, and therefore the optical properties compared 

to the bulk. For example, a change from indirect to direct bandgap structure can allow for high 

conductivity (like in graphene) and fluorescence (like in MoS2).12  

 Some properties of layered materials also have been found to be thickness-dependent, so it 

is important to understand how to tune thickness in order to tune properties. For example, 

phosphorene (a single layer of black phosphorous) is a direct bandgap semiconductor, but the 
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bandgap can be tuned through the visible region by stacking layers on top of another.13 Similarly, 

MoS2 utilized for transistor applications was found to change behavior upon changes in thickness.14 

 
1.1.2 Synthetic Approaches and Challenges 

Not every material can be exfoliated or grown to be a few atomic layers thick, especially 

if the material has 3D chemical bonds (e.g tetrahedral geometry of carbon bonds in diamond). 

Materials that inherently have strong chemical bonds along planes within the bulk materials are 

good candidates to synthesize and study as 2D layered materials. Oftentimes, these planes of 

chemically bonded atoms are held together in the bulk material through weak interactions and can 

be separated more easily. 

Layered materials can be obtained in both top-down and bottom-up synthetic approaches, 

however each type of approach has its benefits and drawbacks.15 Top down approaches include 

mechanical or chemical exfoliation of bulk materials. The “scotch tape method” is an example of 

mechanical exfoliation which operates by using an adhesive to exfoliate a single or few layer of 

the material and transferring it to a substrate. It produces good quality monolayers, but in very low 

yields, therefore is not scalable. Chemical exfoliation methods involve sonicating the layered 

material in a solvent in order to force layers apart. Although this method is scalable, the monolayers 

afforded via this approach tend to have defects.  

Bottom up approaches include layer-by-layer growth via Chemical Vapor Deposition or 

growth through solution phase.15 CVD involves transporting gaseous precursors over a substrate 

to controllably grow the layered material. This process yields excellent films and is scalable, 

however it is quite costly. Lastly, solution-based synthesis, which is what we explore in this thesis, 

is the idea of reacting precursors in solvent at high temperatures to promote monomer driven 
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growth. This method is low cost and versatile, so it is ideal for large scaling, but it is important to 

note that lateral size of the 2D particles is harder to control.  

One of the largest existing challenges within the fabrication, and subsequent studies of 2D 

materials is in controlling the single-crystalline nature of the nanoparticles. Solution-based 

synthesis of 2D materials adds the challenge of also controlling morphology, aspect ratio, and size 

dispersion.16  

 
1.1.3 Applications 

Although these materials (except graphene) have yet to be scaled to commercial 

applications, they do have the potential to aid in industries like electronics, optoelectronics, 

sensors, photovoltaics, and even medicine with applications like drug delivery and imaging, among 

others.  2D layered materials are excellent candidates for several applications. First, due to the 

mechanical flexibility associated with a “sheet” morphology, 2D materials can be used to create 

flexible circuits.17 One of the most promising applications of 2D materials is in transistors and 

sensors. There are reports of TMDCs which can sense a variety of chemicals, like triethylamine, 

ammonia, and nitrogen dioxide, in the ppm range by measuring changes in conductivity.1819 

Another application of 2D materials is as topological insulators, which are materials that act like 

insulators, but conduct electrons on the surface which can be useful for spintronic devices.20  

 
1.2 Single Source Precursors for Nanomaterial Synthesis  

1.2.1 Colloidal Nanoparticle Synthesis 

A subset of colloidal nanoparticles includes inorganic nanoparticles coated with organic 

ligand molecules. These are an attractive class of nanoparticles because they provide an 

outstanding level of versatility- physical properties (optoelectronic or magnetic) can be tuned via 
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the inorganic particle while chemical properties, like stability and solubility, can be controlled by 

the capping ligand.21   A general route to obtaining colloidal nanoparticles include hot-injection of 

relevant precursors into a high boiling capping ligand; the precursors form monomers which serve 

as nuclei for growth (according to La Mer’s model22 shown in Figure 1.2) and the final particles 

are passivated by the capping ligand. This model states that first monomers of the material are 

generated and increase in concentration until they reach a critical concentration. At this 

concentration, the monomers self-nucleate and continue to grow via diffusion of other nuclei and 

monomers until the growth is halted by lowering the reaction temperature.  

 

Figure 1.2 La Mer’s model for the nucleation and growth of colloidal nanoparticles. 
Reprinted with permission from Reference 22. 

 

The standard colloidal nanoparticle synthesis operates on 5 key variables: reaction 

temperature, reaction time, capping ligand identity, precursor(s) identity, and solution 
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concentration.23 Reaction temperature can affect the quantity of nuclei which are generated upon 

hot-injection which leads in the final size of the nanoparticles. Reaction time also plays a role in 

the size of the particle where longer reaction times typically lead to larger particles as diffusion-

driven growth occurs. The capping ligand can play a role in the morphology of the material through 

preferentially binding to specific faces of a crystal as well as steric effects. Lastly, precursor 

features, like structure and redox chemistry, can dictate the phase afforded by the synthesis 

depending on the decomposition pathway of the precursor in solution. 

 
1.2.2 Single Source Precursors  

Understanding the role of precursors in regard to final phase of a nanoparticle synthesis is 

challenging in that the phase cannot simply be predicted based upon the choice of the precursor. 

However, we can systematically narrow down the choice of precursors to include only those which 

contain the elements in the desired oxidation state of the material and choose to hot-inject the 

precursors in the desired stoichiometric ratio of the targeted material. Even so, the redox chemistry 

of the precursor and capping ligand, or the lack of thermodynamic/kinetic stability of the targeted 

material can yield an unanticipated, alternative phase. We can further our control over the final 

phase by employing “single source precursors” (SSP), which are complexes that have the bond 

between the elements of interest established prior to hot-injection.24 For example, a SSP for a II-

VI semiconductor could have a Cd-S or Zn-Se bond built within a molecular complex.  

 Originally, SSPs were of interest as precursors for CVD applications for the growth of thin-

films but have since been proved to be promising precursors for colloidal nanoparticle syntheses. 

SSPs are advantageous over separate sources of elements because only one molecule needs to be 

employed (compared to two or more reagents), the bonds of interest are formed prior to thermolysis 

in solvent, decomposition occurs at significantly lower temperatures (<350°C compared to 
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~1000°C required for CVD), and limits the possibility of side reactions occurring in solution due 

to a lack of a counterion.25 Even the synthesis of a SSP is advantageous because it can avoid the 

use of pyrophoric or volatile reagents (e.g. CSe2 or H2S). 

 
1.2.3 Ligand Chemistry for Metal Chalcogenide SSPs 

 Controlling the reactivity of the ligands utilized in a SSP can provide control during 

nanoparticle growth as well. Groups like that of Owen have demonstrated control over the size of 

nanoparticle by tuning the structure of substituted thio- and seleno- ureas to tune the decomposition 

rates of the precursors.26,27 Similarly, groups like that of Macdonald have shown that the nature of 

the -R groups can affect the rate of decomposition through work on disulfides.28 

Typically, SSPs utilized for the synthesis of metal chalcogenide nanomaterials are 

monomeric complex with a central metal atom coordinated by the chalcogen-containing ligand. 

The choice of ligand can significantly influence the chemistry of the thermolysis pathway, and the 

final phase afforded by the nanoparticle synthesis. For example, our group extensively studied the 

diethyldithiocarbamate ligand (-S2CNEt2 or DTC)  as a route to EuS nanoparticles.29 Through 

isolating the SSP, [Eu(S2CNEt2)3(phen)], which stabilizes an Eu3+ cation, and subsequently 

thermolyzing it in capping ligand, we learned that the ligand possessed enough reducing power to 

reduce Eu(III) to Eu(II) and yield EuS. Moreover, the same DTC ligand did not have enough 

reducing power to match the redox potentials of other lanthanides, so it formed trivalent-metal 

containing chalcogenide phases like Ln2S3.  

 One of the overarching goals in our research group is to study the redox active lanthanides 

(Eu, Yb, Sm, and Tm). This work was inspired by seeking out alternative ligands to act as sufficient 

chalcogen sources for stabilizing metal chalcogenide nanomaterials, where the chalcogen is 

selenium or tellurium. Naturally, one would consider diethyldiselenocarbamate (-Se2CNEt2) as a 
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selenium source, however, the synthesis of this ligand requires CSe2 which is highly toxic and 

odorous.30 Dialkyldiselenophosphinate ligands (-Se2PR2) provides a reactive selenium source due 

to the relatively weaker Se-P bond, and it could also have sufficient redox potential. Moreover, the 

sulfur analog of this ligand (-S2PR2) would also provide a more reactive sulfur source compared 

to DTC. Similarly, the tellurium analog (-Te2PR2) of this ligand would provide a very reactive 

chalcogen with the most redox potential.  

 
1.3 Thesis Statement 

In this thesis, we synthesize and thermolyze single source precursors from 3 different 

blocks of the periodic table- the f-block lanthanides, the d-block transition metals, and p-block 

main group metals which yield layered nanomaterials- LnX2, CuCrX2, and Bi2X3, respectively. 

First, we discuss the synthesis of a series of novel lanthanide SSPs, [Ln(Se2PPh2)3(MeCN)x], which 

were thermolyzed to yield LnSe2-x, an understudied class of 2D layered materials. In a group known 

for work with rare earth materials, particularly EuS, it was exciting to have discovered a mild route 

to other lanthanide chalcogenide materials. We explore the synthetic versatility of these precursors 

through synthesizing alloys of LnSe2-x as well understanding the growth mechanisms in order to 

yield single- or few- layered sheets. Next, we discuss the synthesis of layered ternary transition 

metal chalcogenides, CuCrX2 and CuCr2X4 which form as hexagonal nanoplates. We utilized SSPs 

of Cr(III) and Cu(I)/(II) to understand the role of oxidation state, as well as precursor ratio and 

reaction temperatures, in order to gain phase control and avoid secondary phases. Lastly, we briefly 

discuss single source precursors used to synthesize layered main group chalcogenide 

nanomaterials, Bi2X3. Bismuth based materials are in interesting comparison to lanthanides due to 

their similarity in size and charge but lack of f-block valence electrons. Here, we demonstrate the 
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clear advantage of utilizing a SSP through affording defect-free phase-pure material as clear 

hexagonal nanoplates (compared to separate Bi(III) and Se reagents).  
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Chapter 2: Lanthanide Chalcogenides 
 
 

2.1 Introduction 
 

Generally, it is more challenging to synthesize lanthanide chalcogenide nanomaterials 

compared to transition metal or main group chalcogenides. Based on Hard Soft Acid Base (HSAB) 

theory, the chemistry of “hard” trivalent lanthanides disfavors attraction towards “soft” 

chalcogenides. This does not appear to be a challenge for main group and transition metals because 

there are many options for precursors, like metal halides or metal carboxylates. However, the 

lanthanide derivatives of these precursors do not prove to be useful because lanthanide halide salts 

are insoluble in typical nanoparticle solvents while lanthanide carboxylates tend to lead to oxidized 

products. Nonetheless, some sets of ligands like dithiocarbamates and dichalcogenophosphinates 

have been identified as successful precursors for lanthanide chalcogenide nanomaterials. 

We hypothesize that, generally, lanthanide chalcogenide phases can be predicted primarily 

based on the oxidation state of the starting material. The chemistry of the lanthanides is dictated 

by the trivalent state, so it is expected that trivalent lanthanides will form phases like Ln2X3 or 

LnX2. Some lanthanides have lower reduction potentials, so they can more easily access the 

divalent state; these divalent lanthanides are predicted to form phases like LnX or (mixed valent) 

Ln3X4.  It is important to note that predicting phases solely upon oxidation states can become 

convoluted, so it important to consider other factors like reagent reactivities and ratios. For 

example, LnX can be formed for all lanthanides, however, for all but the redox active metals, the 

phase contains a trivalent metal where one electron is delocalized as Ln3+(e-)X2- . Similarly, it is 

not obvious that LnX2 is a trivalent metal material, but upon closer inspection of the structure we 

realize that it contains Se1- layers as [Ln3+Se2-]Se1-.  Of these phases, LnX2 materials are the least 

studied due being metastable and requiring extreme conditions to form.3132,33,34 
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The lanthanide dichalcogenides (LnX2 where X=S, Se, or Te), form an underexplored class 

of rare-earth analogs to the transition metal dichalcogenides (TMX2).  Both TMX2 and LnX2 

materials are inherently anisotropic and layered in their structures with sheets of metal 

chalcogenide.35 The difference in structure between the two classes of materials is that TMX2 have 

neutral layers of [TM4+(X2-)2] sheets separated by Van der Waals interactions36 while LnX2 is 

composed of alternating layers of [Ln3+X2-]+ and [Xn]- that are held together by charged interlayer 

interactions as shown in Figure 2.1.37 Nonetheless, the properties of both classes of materials are 

quite similar in regards to electronic38 and magnetic39 properties as well as exhibiting 

superconductivity40 and charge density waves.41  

 

 

Figure 2.1 The crystal structure of LnX2 (left) vs TMX2 (right). The black atoms represent the 
metal and the yellow atoms represent the chalcogen. 
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Stabilizing the LnSe2 phase through thermolyzing single source precursors, 

[Ln(Se2PPh2)3(CH3CN)x], was an unexpected, surprising result. One of the reasons the LnSe2 

materials were unexpected is that the Ln2Se3 materials have been shown to form preferentially for 

the non-redox active lanthanide chalcogenides by thermolysis of precursors.  Here, we report a 

series of single source precursors, [Ln(Se2PPh2)3(CH3CN)x] (Ln=La-Lu, x=1,2), which decompose 

to form phase pure LnSe2-x as nanosheets, along with some exceptions. We demonstrate the 

versatility of these precursors through synthesizing in-plane alloys in solution. We demonstrate 

the size tunability of these 2D, layered nanosheets through understanding their growth mechanisms 

and we also explore options to stabilize divalent lanthanide chalcogenide materials.  

 
2.2 Experimental 

2.2.1 Materials  

Oleylamine (>70%, Sigma), lanthanide(III) triflate [Ln(OTF)3, where Ln = La, Ce, Sm, 

Eu, Dy, or Yb; 98%, Alfa Aesar], lanthanide(III) triflate [Ln(OTF)3, where Ln = Pr, Nd Gd, Tb, 

Ho, Er, or Lu; 98%, Sigma], diethylamine (>99%, Sigma), diphenylphosphine (98%, Sigma), 

acetonitrile (>99%), absolute ethanol (>99.7%), and hexanes (>99.5%) were used as received. 

Quartz tubes were purchased from ChemGlass.  

2.2.2 Characterization  

Elemental analysis (C, H, N) was performed on a PerkinElmer 2400 microanalyzer using 

acetanilide as a standard. FTIR measurements were recorded in the range of 400−4000 cm−1, from 

pressed pellets in KBr on a PerkinElmer FTIR instrument. X-ray powder diffraction patterns were 

obtained using a Rigaku Ultima IV X-ray powder diffractometer with Cu Kα radiation at 40 kV 

and 30 mA and a D/teX silicon strip detector. Samples were prepared for TEM measurements by 
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drop casting dilute nanomaterial solutions on carbon-coated copper TEM grids. High-resolution 

TEM (HRTEM) and energy dispersive X-ray spectroscopy (EDS) analyses were performed on a 

JEOL JEM-2100F FEG TEM instrument operated at 200 kV at the Advanced Imaging and 

Microscopy Lab at the University of Maryland. Scanning electron microscopy (SEM) images were 

taken with a Zeiss SUPRA 55-VP scanning electron microscope, at an acceleration voltage of 20 

kV with an in-lens detector. Raman spectroscopy was performed with a Horiba Raman microscope 

equipped with a 532 nm laser and an 1800 line/mm grating and calibrated against a diamond 

standard. The instrument was interfaced with an Olympus BH2-UMA optical microscope, and a 

magnification factor of 100× was typically used. Spectra were recorded in extended scan mode 

from 100 to 3200 cm−1 and analyzed using the WiRE 2.0 software package. The surface 

topography was acquired with an NTEGRA scanning probe microscope (NT-MDT) operated in 

semicontact/tapping mode. The probe is made from single-crystal silicon with a nominal cantilever 

spring constant of ∼12 N/m.  

2.2.3 X-ray Crystallography  

Intensity data were collected on a Bruker D8 Quest CMOS diffractometer using Mo Kα 

radiation (λ = 0.71073 Å). The data were integrated using the SAINT suite of software, and 

absorption corrections were calculated using SADABS. Crystal structures were determined and 

refined using the SHELX-2013 and -2016 packages, with the assistance of X-Seed. The structures 

were determined using direct methods and refined by full-matrix least- squares methods with 

anisotropic thermal parameters for all non- hydrogen atoms. Hydrogen atoms were located in 

calculated positions and refined isotropically.  
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2.2.4 Synthesis of the Ligand [Et2NH2][Se2PPh2] (DSP salt) (1)  

In an air-free atmosphere, selenium (7.894 g, 0.10 mol) was mixed with anhydrous ethanol 

(40 mL, 0.66 mol). Diphenyl- phosphine (8.7 mL, 0.05 mol) was added to the slurry. Excess 

diethylamine (5.3 mL, 0.051 mol) was injected into the reaction mixture, and it was lowered into 

a water bath at 60 °C and stirred for 60 min. The solution turned from black to a rust-red color 

over the course of the reaction. The reaction mixture was cooled to room temperature and then 

placed in a −30 °C freezer. A white precipitate formed and was vacuum filtered and washed with 

ethanol and diethyl ether to isolate the product in 58% yield. FTIR (cm−1): 2990 (w), 2769 (w), 

1539 (w), 1435 (w), 1088 (w), 750 (m), 694 (m), 537 (m), 512 (m), 470 (w), 449 (w). Anal. Cald. 

for C[Et2NH2]- [Se2PPh2]: C, 46.05; H, 5.33; N, 3.36. Found: C, 46.09; H, 5.30; N, 3.35.  

2.2.5 Synthesis of the Complex [Ln(Se2PPh2)3(MeCN)x] (2-15)  

In an air-free atmosphere, [Et2NH2]- [Se2PPh2] (1) (1.252 g, 3.0 mmol) was dissolved in 

acetonitrile (25 mL, 0.48 mol). Ln(OTF)3 (1.0 mmol) was added directly to the ligand solution. 

The solution started to form a precipitate upon addition of the triflate salt and was stirred for 30 

min. The product was isolated via gravity filtration and washed with acetonitrile.  

Ln=La, x=2 (2) 0.586g (1 mmol) of La(OTf)3 was used. The pale-yellow product was 

isolated with a 79% yield. FT-IR (cm-1) 3057 (w), 2299 (w), 2270 (w), 1616 (w), 1481 (m), 

1435 (m), 1325 (w), 1307 (w), 1181 (w), 1160 (w), 1092 (m), 1068 (w), 1027 (w), 999 (w), 

744 (m), 690 (s), 620 (w), 545 (m), 514 (s), 468 (s), 447 (m), 421 (m). Anal. Cald for 

LaSe6P3C40H36N2: C, 38.42; H, 2.91; N, 2.24. Found: C, 37.87; H, 2.93; N, 2.36 (%). 
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Ln=Ce, x=2 (3) 0.587g (1 mmol) of Ce(OTf)3 was used. The yellow product was isolated 

via gravity filtration with a 77% yield. FT-IR (cm-1) 3046 (w), 2299 (w), 2270 (w), 1732 

(w), 1481 (m), 1435 (m), 1326 (w), 1307 (w), 1180 (w), 1161 (w), 1092 (m), 1067 (w), 

1026 (w), 999 (w), 744 (m), 690 (s), 620 (w), 546 (m), 514 (s), 476 (s), 447 (m), 420 (m). 

Anal. Cald for CeSe6P3C40H36N2: C, 38.38; H, 2.91; N, 2.24. Found: C, 38.49; H, 2.94; N, 

2.26 (%). 

 

Ln=Pr, x=2 (4) 0.588g (1 mmol) of Pr(OTf)3 was used. The mint green product was 

isolated via gravity filtration with a 91% yield. FT-IR (cm-1) 3050 (w), 2297 (w), 2269 (w), 

1734 (w), 1481 (m), 1436 (m), 1326 (w), 1307 (w), 1179 (w), 1160 (w), 1092 (m), 1067 

(w), 1026 (w), 1000 (w), 744 (m), 691 (s), 620 (w), 547 (m), 513 (s), 476 (s), 448 (m), 442 

(m). Anal. Cald for PrSe6P3C40H36N2: C, 38.36; H, 2.90; N, 2.24. Found: C, 38.31; H, 2.90; 

N, 2.23 (%). 

 

Ln=Nd, x=2 (5) 0.591g (1 mmol) of Nd(OTf)3 was used. The pale blue product was 

isolated via gravity filtration with an 89% yield. FT-IR (cm-1) 3047 (w), 2296 (w), 2271 

(w), 1478 (w), 1435 (m), 1325 (w) 1307 (w), 1181 (w), 1161 (w), 1092 (m), 19066 (w), 

1028 (w), 999 (w) 744 (m), 691 (s), 620 (w), 548 (m), 513 (s), 476 (s), 449 (w), 421 (w). 

Anal. Cald for NdSe6P3C40H36N2: C, 38.26; H, 2.90; N, 2.23. Found: C, 38.29; H, 2.88; N, 

2.67 (%). 
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Ln=Sm, x=2 (6) 0.598g (1 mmol) of Sm(OTf)3 was used. The yellow product was isolated 

via gravity filtration and washed with acetonitrile with a 90% yield. FT-IR (cm-1) 3047 (w), 

2296 (w), 2268 (w), 1478 (w), 1436 (m), 1324 (w), 1307 (w), 1179 (w), 1160 (w), 1090 

(m), 1064 (w), 1028 (w), 998 (w) 744 (m), 691 (s), 620 (w), 547 (m), 513 (s), 476 (s), 468 

(w), 449 (w). Anal. Cald for SmSe6P3C40H36N2: C, 38.07; H, 2.88; N, 2.22. Found: C, 38.11; 

H, 2.83; N, 2.21 (%). 

 

Ln=Eu, x=2 (7) 0.599g (1 mmol) of Eu(OTf)3 was used. The deep purple product was 

isolated via gravity filtration with a 79% yield. FT-IR (cm-1) 3047 (w), 2296 (w), 2266 (w), 

1480 (w), 1435 (m), 1323 (w), 1307 (w), 1178 (w), 1160 (w), 1092 (m), 1063 (w), 1025 

(w), 998 (w) 744 (m), 690 (s), 620 (w), 548 (m), 514 (s), 476 (s), 447 (w), 421 (w). Anal. 

Cald for EuSe6P3C40H36N2: C, 38.02; H, 2.88; N, 2.22. Found: C, 37.97; H, 2.88; N, 2.21 

(%). 

 

Ln=Gd, x=2 (8) 0.604g (1 mmol) of Gd(OTf)3 was used. The white product was isolated 

via gravity filtration with an 80% yield. FT-IR (cm-1) 3050 (w), 2299 (w), 2270 (w), 1480 

(w), 1435 (m), 1325 (w), 1307 (w.), 1178 (w), 1161 (w), 1090 (m), 1062 (w), 1027 (w), 

999 (w) 744 (m), 690 (s), 620 (w), 549 (m), 514 (s), 477 (s), 466 (w), 420 (w). Anal. Cald 

for GdSe6P3C40H36N2: C, 37.87; H, 2.87; N, 2.21. Found: C, 37.90; H, 2.88; N, 2.26 (%).  
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Ln=Tb, x=2 (9) 0.606g (1 mmol) of Tb(OTf)3 was used. The white product was isolated 

via gravity filtration with a 72% yield. FT-IR (cm-1) 3048 (w), 2300 (w), 2267 (w), 1478 

(w), 1435 (m), 1325 (w), 1307 (w), 1178 (w), 1160 (w), 1093 (m), 1060 (w) 1027 (w), 999 

(w) 744 (m), 691 (s), 620 (w), 550 (m), 514 (s), 477 (s), 448 (w), 421 (w). Anal. Cald for 

TbSe6P3C40H36N2: C, 37.82; H, 2.86; N, 2.21. Found: C, 37.89; H, 2.86; N, 2.16 (%). 

 

Ln=Dy, x=2 (10) 0.610g (1 mmol) of Dy(OTf)3 was used. The white product was isolated 

via gravity filtration with a 68% yield. FT-IR (cm-1) 3048 (w), 2300 (w), 2272 (w), 1480 

(w), 1435 (m), 1324 (w), 1304 (w), 1181 (w), 1062 (w), 1092 (m), 1061 (w), 1027 (w), 999 

(w) 744 (m), 690 (s), 620 (w), 550 (m), 513 (s), 476 (s), 448 (w), 420 (w). Anal. Cald for 

DySe6P3C40H36N2: C, 37.71; H, 2.85; N, 2.20. Found: C, 37.62; H, 2.86; N, 2.19 (%). 

 

Ln=Ho, x=2 (11) 0.612g (1 mmol) of Ho(OTf)3 was used. The pink product was isolated 

via gravity filtration with a 44% yield. FT-IR (cm-1) 3051 (w), 2295 (w), 2272 (w), 1614 

(m), 1478 (m), 1435 (m), 1324 (w), 1306 (w), 1182 (w), 1159 (w), 1088 (m), 1060 (w), 

1025 (w), 999 (w), 745 (m), 687 (s), 620 (w), 535 (m), 511 (s), 475 (s), 443 (m), 421 (m). 

Anal. Cald for HoSe6P3C40H36N2: C, 37.64; H, 2.85; N, 2.20. Found: C, 37.63; H, 2.86; N, 

2.22 (%). 
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Ln=Er, x=1 (12) 0.614g (1 mmol) of Er(OTf)3 was used. The pale pink product was 

isolated via gravity filtration with a 60% yield. FT-IR (cm-1) 3045(w), 2300 (w), 2274 (w), 

1478 (m), 1434 (m), 1326 (w), 1307 (w), 1182 (w), 1161 (w), 1090 (m), 1061 (w), 1025 

(w), 996 (w), 746 (m), 684 (s), 621 (w), 542 (m), 514 (s), 470 (s), 448 (m), 431 (m). Anal. 

Cald for ErSe6P3C38H33N: C, 35.69; H, 2.61; N, 1.10. Found: C, 35.77; H, 2.58; N, 1.17 

(%).  

 

Ln=Tm, x=1 (13) 0.616g (1 mmol) of Tm(OTf)3 was used. The white-yellow product was 

isolated via gravity filtration with a 36% yield. FT-IR (cm-1) 3045 (w), 2303 (w), 2274 (w), 

1479 (m), 1435 (m), 1322 (w), 1306 (w), 1178 (w), 1157 (w), 1093 (m), 1063 (w), 1027 

(w), 997 (w), 748 (m), 690 (s), 619 (w), 543 (m), 515 (s), 462 (s), 432 (m). Anal. Cald for 

TmSe6P3C38H33N): C, 35.64; H, 2.60; N, 1.09. Found: C, 35.68; H, 2.61; N, 1.11 (%). 

 

Ln=Yb, x=1 (14) 0.620g (1 mmol) of Yb(OTf)3 was used. The orange product was isolated 

via gravity filtration with a 40% yield. FT-IR (cm-1) 3044 (w), 2303 (w), 2276 (w), 1480 

(m), 1434 (m), 1326 (w), 1308 (w), 1182 (w), 1161 (w), 1092 (m), 1060 (w), 1025 (w), 

997 (w), 748 (m), 690 (s), 619 (w), 544 (m), 514 (s), 468 (s), 429 (m).. Anal. Cald for 

YbSe6P3C38H33N: C, 33.53; H, 2.59; N, 1.09. Found: C, 33.38; H, 2.63; N, 1.19 (%). 
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Ln=Lu, x=1 (15) 0.622g (1 mmol) of Lu(OTf)3 was used. The pale-yellow product was 

isolated via gravity filtration with a 24% yield. FT-IR (cm-1) 3044 (w), 2303 (w), 2276 (w), 

1480 (m), 1434 (m), 1326 (w), 1308 (w), 1182 (w), 1162 (w), 1092 (m), 1163 (w), 1025 

(w), 997 (w), 748 (m), 690 (s), 619 (w), 544 (m), 514 (s), 468 (s), 429 (m).  Anal. Cald for 

LuSe6P3C38H33N): C, 35.48; H, 2.59; N, 1.09. Found: C, 35.60; H, 2.60; N, 1.13 (%). 

2.2.6 Solid-State Thermolysis  

The complexes (∼0.20 g) were loaded into 8 in. quartz tubes. The tubes were evacuated 

and then sealed. The sealed tubes were heated in a furnace to 650 °C at a rate of 5 °C/ min, kept at 

that temperature for 1 h, and cooled to 25 °C at a rate of 0.5 °C/min. The thermolysis product was 

collected and stored in a nitrogen glovebox.  

2.2.7 Nanoparticle Synthesis 

Oleylamine (10 mL) was degassed under vacuum at 110 °C for 1 h. The solution was 

switched from under vacuum to nitrogen, and the temperature of the reaction mixture was 

increased to 315−330 °C. The complex [Ln(Se2PPh2)3(CH3CN)x] (x = 1 or 2) (0.2 mmol) was 

dissolved in oleylamine (5 mL) under an inert atmosphere and injected into the hot oleylamine 

solution. A dark brown or black colored precipitate (red for EuSe) formed within 1 min. The 

reaction occurred for 1 h at the set temperature, and then the mixture was cooled to room 

temperature. The precipitate was washed in hexanes and ethanol in four cycles and stored in 

hexanes. 
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2.3 Single Source Precursors [Ln(Se2PPh2)3(CH3CN)x]  

2.3.1 Precursor Structure 

 We synthesized and solved the crystal structure for a new series of lanthanide-based 

complexes, [Ln(Se2PPh2)3(CH3CN)2] for Ln=La-Ho (except Pm) and [Ln(Se2PPh2)3(CH3CN)] for 

Ln=Er-Lu (Figure 2.2).42 The crystallographic details of each complex is provided in Table 2.1 

and Table 2.2. The single source precursors used in this work are relatively straightforward to 

prepare in an inert atmosphere. By taking advantage of the high solubility of Ln(OTf)3 and 

Et2NH2[Se2PPh2] in acetonitrile, we can precipitate the Ln-DSP SSP cleanly while the remaining 

counterions stay solubilized in acetonitrile and can be filtered away from the product. The large 

ionic radii of the lanthanides provide up to 8 points of coordination around the central metal atom. 

The largest lanthanide, Lanthanum, through Holmium require three bi-dentate -Se2PPh2 ligands 

and two monodentate acetonitrile molecules to fully fill the coordination spheres. The later, smaller 

lanthanides, Erbium through Lutetium require only one acetonitrile to complete their coordination 

spheres and yield monomeric complexes.  

 

Figure 2.2  Crystal structure of [Ln(Se2PPh2)3(CH3CN)2] for Ln=La-Ho (left)  and  crystal structure 
of [Ln(Se2PPh2)3(CH3CN)] for Ln=Er-Lu (right). 
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Table 2.1 Crystallographic details for [Ln(Se2PPh2)3(MeCN)2] (Ln=La-Ho, except Pm)  
La Ce Pr Nd Sm Eu Gd Tb Dy Ho 

CSD# reported 1918513 1918512 1918511 1866356 1866357 1918517 1918516 1918518 1918515 

Formula LaSe6P3
C40H36N2 

CeSe6P3
C40H36N2 

PrSe6P3C
40H36N2 

NdSe6P3
C40H36N2 

SmSe6P3
C40H36N2 

EuSe6P3
C40H36N2 

GdSe6P3
C40H36N2 

TbSe6P3
C40H36N2 

DySe6P3
C40H36N2 

HoSe6P3
C40H36N2 

Crystal 
System 

Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic 

Space 
Group p21/c p21/c p21/n p21/n p21/n p21/c p21/c p21/n p21/c p21/c 

a (Å) 13.565 13.556 9.082 9.068 9.055 9.048 13.499 9.028 13.496 13.495 
B (Å) 9.011 8.990 20.735 20.740 20.721 20.703 8.934 20.704 8.931 8.934 
C (Å) 35.576 35.523 23.348 23.332 23.304 24.959 35.470 23.289 35.446 35.394 
α (°) 90.000 90.000 90.000 90.000 90.000 90.000 90.000 90.000 90.000 90.000 
ß (°) 91.945 91.889 90.183 90.126 90.044 111.231 92.033 90.042 92.082 92.116 
γ (°) 90.000 90.000 90.000 90.000 90.000 90.000 90.000 90.000 90.000 90.000 

V (Å3) 4346.00
0 

4327.10
0 

4396.90
0 

4388.20
0 

4372.20
0 

4358.00
0 

4274.80
0 

4353.10
0 

4269.70
0 

4264.30
0 

Z 4 4 4 4 4 4 4 4 4 4 

Table 2.2 Crystallographic details for 
[Ln(Se2PPh2)3(MeCN)] (Ln=Er-Lu)  

Er Tm Yb Lu 

CSD# 1918514 1866358 1866359 1918510 

Formula ErSe6P3

C38H33N 
TmSe6P3

C38H33N 
YbSe6P3

C38H33N 
LuSe6P3

C38H33N 
Crystal System Triclinic Monoclinic Triclinic Monoclinic 

Space Group P-1 p21/c P-1 p21/c 
a (Å) 9.067 9.100 9.073 9.108 
B (Å) 10.967 22.072 10.954 22.085 
C (Å) 21.374 20.943 21.334 20.883 
α (°) 75.931 90.000 75.849 90.000 

ß (°) 85.905 99.919 85.808 100.09
0 

γ (°) 79.979 90.000 80.128 90.000 

V (Å3) 2029.2
00 

4143.9
00 

2025.0
30 

4135.9
00 

Z 2 4 2 4 
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The structure and preparation of [Ln(Se2PPh2)3(MeCN)x] is in contrast to the 

[Ln(S2CNEt2)3(Phen/Bpy)] series of complexes reported from our group years prior. These -DTC 

complexes would catenate without the addition of a planar, bidentate, and neutral ligand like 

phenanthroline or bipyridyl. One proposed reason for this structural difference is that the bite-

angle of the Se-P-Se in the DSP ligand is greater than the bite angle of the S-C-S in the -DTC 

ligand. 

 
2.3.2 Series Trends 

Of the 14 complexes studied in this project, only one, [La(Se2PPh2)3(MeCN)2] was 

previously reported in literature. Additionally, the structure of our complexes is not surprising 

because [Ln(Se2PPh2)3(THF)2] (Ln=La, Ce, and Nd)43 and [Ln(S2PPh2)3(CH3CN)2] (Ln=Gd and 

Dy)44 have also been reported previously. A serious advantage of our series is the completeness 

and consistency in structure- chalcogen, R-group, solvent- which allows us to identify trends 

across the period.   

The most obvious trend we saw was a decrease in Ln-Se bond length (Å) across the period; 

this is expected due to lanthanide contraction. However, we observed a distinct break in the Ln-Se 

bond length between Holmium and Erbium (Figure 2.3). This is interesting because between these 

two metals, a shift in coordination number occurs from 8 to 7.  Generally, the onset temperature 

for decomposition also aligns with this trend where the smaller lanthanides begin decomposing at 

higher temperatures compared to the larger lanthanide SSPs (Figure 2.4). 
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Figure 2.3  Average Ln-Se bond length for each lanthanide single source precursor. The vertical bar 
indicates the range of the bond lengths observed in each complex. The color and shape indicate the phase 
formed under nanoparticle conditions where red squares form LnSe2, blue triangles form LnSe, and green 

circles form Ln2Se3. 
 
 

 

Figure 2.4 Decomposition onset temperature (via TGA) of [Ln(Se2PPh2)3(MeCN)x] series. 
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Upon decomposing these single source precursors via solid state thermolysis and 

nanoparticle syntheses in high boiling capping ligand, we once again observed trends that fit nicely 

with Figure 2.3. For example, the thermolysis product via solid state from Ln=La-Ho (except Eu) 

was LnSe2-x, and at the break for the series, the product shifted to Ln2Se3. There is a close 

relationship between the bonding of the complex, and the thermolysis product as well as the 

nanoparticle synthesis which form the same material.  The break between Ho-Er, reflects a change 

in ionic radii, where the reduction in the coordination number parallels the phase that is formed 

upon thermolysis (whether in solution or not).   

 

2.4 Phase Control  

2.4.1 Solid State Thermolysis of Precursors 

We thermolyzed each single source precursor in a sealed quartz tube for 1 hour at 650°C. 

After slowly cooling the tubes to room temperature, we collected the material in the glovebox and 

collected PXRD. For La-Ho (except Eu), we determined the thermolysis product to be LnSe2.  

Doert reacted elemental lanthanide and selenium under solid-state synthesis conditions in a 1:2 

ratio in order to afford LnSe2.45 Unfortunately, these syntheses required extremely high 

temperatures (~2,000°C) and pressures (~8 GPa), and even so, the product proved to be 

metastable- further decomposing to Ln2Se3 + Se rapidly. The diselenide was not stabilized beyond 

Holmium, so we presume that this is because the thermodynamic stability of Ln2Se3 is greater than 

that of LnSe2 for Erbium through Lutetium; we again note the distinct break in product between 

Ho and Er.  

In our solid-state syntheses, the thermolysis product from the 7-coordinate SSPs (Ln=Er-

Lu) indicated that we had isolated the sesquiselenide via PXRD (Figure 2.5). This leads us to an 
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interesting discussion on the redox potentials for some of the lanthanides. Europium has the lowest 

redox potential ( II/III -0.34 eV), followed by Ytterbium, Samarium, and then Thulium.46 The -

DSP ligand containing SSP was reducing enough to meet the requirements to reduce Eu(III) in the 

SSP to Eu(II) in the final EuSe product. On the other hand, the same ligand was not reducing 

enough to reach the redox potential of Sm(III)/(II) because we isolated SmSe2, which is a trivalent 

samarium product. Following this logic, we can confidently say that Thulium was also not reduced 

to its divalent state which explains why Tm2Se3 was stabilized. This leaves slight confusion in the 

oxidation state of Ytterbium in the thermolysis product because its redox potential is between Eu 

and Sm. On one hand, it could have been reduced to Yb(II) and formed YbSe (see Figure 2.5) or, 

on the other hand, it could have stayed as Yb(III) and formed Yb2Se3. The PXRD patterns for each 

of these patterns is quite similar, despite small shifts, so it is difficult to conclude based on this 

alone what phase/oxidation state of ytterbium selenide we stabilized without doing further studies 

to determine the oxidation state of the metal like XAS.  
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Figure 2.5 PXRD of solid-state thermolysis products of [Ln(Se2PPh2)3(MeCN)] Ln=Er-Lu 
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Oftentimes, solid state thermolysis of starting materials can inform one of what could be 

expected in a solvent-based thermolysis; however, due to factors like solubility and differences in 

decomposition pathways in solvent, it is not always true that solid state and nanoparticle 

thermolysis products will be identical. For example, when  [Eu(Se2PPh2)3(MeCN)2] is decomposed 

in a sealed tube at 850°C, Eu2P2Se6 is stabilized (RA257) whereas in oleylamine, EuSe is yielded 

(RA267) as seen in the PXRD patterns presented in Figure 2.6.  

 

Figure 2.6 Solid state thermolysis product of [Eu(Se2PPh2)3(MeCN)2], RA257 (left) and 
nanoparticle product of the same precursor, RA267 (right). 

 

2.4.2 Nanoparticle Syntheses via Precursors 

Upon hot-injecting the single source precursors in OLA for 1 hour at 330°C, LnSe2-x was 

observed via PXRD for a wide range of lanthanides (La-Ho, except Eu). Product formation is quite 

rapid and is indicated by a color change from transparent orange and red to opaque black-brown 

solution. The Eu-SSP was reduced due to Europium’s low redox potential and formed EuSe 

(Figure 2.6). It is interesting that we did not stabilize EuSe2 (which is also a divalent Eu material), 

but it is entirely possible that EuSe2 could be a kinetic product which is formed at much shorter 
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reaction times. The Ce-SSP formed a mixture of CeSe2, CeP5O14, and Ce7O12 (RA287) (Figure 2.7), 

and we believe these other phases were accessed due to the ability of cerium to be able to oxidize 

and access the tetravalent state. Lastly, the four smallest lanthanides, Er-Lu, were identified as 

Ln2Se3, however, the PXRD patterns for each had very broad peaks. Broad peaks could be 

indicative of less crystalline material or very small, nano-scale particles.  

 

Figure 2.7 PXRD pattern of the nanoparticle thermolysis product of [Ce(Se2PPh2)3(MeCN)2] 
(RA287). 
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 It was surprising that the SSP decomposed and formed LnSe2 because, firstly, it has been 

shown to be a difficult phase to stabilize and, secondly, we were expecting Ln2Se3 to form across 

the series based on the thermolysis results of the [Ln(S2CNEt2)3(Phen/Bpy)] series. The -DTC 

precursors decomposed to form Ln2S3 for the larger lanthanides and formed oxysulfides for the 

smaller lanthanides as they are more oxophilic.  We interpret that the selenium-rich phase, LnSe2, 

was formed for Ln=La-Ho because of the increased reactivity of selenium, compared to sulfur.47  

Phase control has been linked to ligand reactivity in kinetically controlled systems previously.48,49   

We observed a peculiar difference between the PXRD patterns collected for LnSe2-x where 

Ln=La-Nd (Figure 2.8) compared to Ln=Sm-Ho (Figure 2.9). These differences were found to 

arise from a slight difference in stoichiometry where “x” is varied in “LnSe2-x”. An increase in the 

value of “x” consequently lowers the symmetry of an otherwise tetragonal crystal system. We see 

this manifest in the PXRD patterns by closely examining the set of peaks between 30-35° 2-theta. 

For LnSe1.9, there appear to be 2 peaks in the PXRD pattern while for LnSe1.8(5)  there appears to 

be 3 well-resolved peaks. Nonstoichiometry is explained through a mismatch between the rigid 

[LnSe]+ layers which cannot accommodate the square lattice of Se- layers in between, especially 

has the lanthanide radii decreases. The symmetry of the selenium layers is reduced when vacancies 

cause the bonding within the selenium layer to alter from tetragonal layers (LnSe2) to square nets 

of herringbone patterns (LnSe1.9)50 to nets with single Se2- anions (LnSe1.8).51 
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Figure 2.8 PXRD pattern of LnSe2-x where Ln=La (RA355), Pr (RA358), and Nd (RA359). 
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Figure 2.9 PXRD pattern of LnSe2-x where Ln= Sm (RA351), Gd (RA363), Tb (RA277), Dy 
(RA360), and Ho (RA361). 
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The single source precursor is key for the synthesis of phase pure LnSe2-x. Prior to this 

work, there was only one publication regarding nanoscale synthesis of LnSe2-x which utilized 

separate sources for lanthanide (Ln(acac)3) and selenium (SeO2). Although they stabilized LnSe2-x 

for the larger lanthanides (Ln=La-Eu), it was not pure-phase because an oxygenated phase, 

Ln4O4Se3, also was stabilized, presumably due to the high concentration of SeO2 employed in the 

reactions.  The smaller lanthanides studied in that work (Ln=Sm-Ho) exclusively formed 

Ln4O4Se3. Forming the Ln-Se bond in the SSP prior to thermolyzing has proven to be important to 

maintaining the bond during crystal growth, especially to overcome the oxophilic nature of smaller 

lanthanides. 

 
2.4.3 Synthetic Versatility through Alloying 

Previously, in most cases reported in literature, transition metal dichalcogenide alloys were 

formed through CVD or exfoliation from single crystals,52 so solution grown alloys are not 

commonplace. To demonstrate the synthetic versatility of the single source precursors in 

controlling phase, we targeted Sm-Gd alloys because of their similar ionic radii and tendency to 

form the same nonstoichiometric product, LnSe1.8. During the nanoparticle synthesis, SSPs were 

hot-injected in a 4:1 Sm:Gd ratio and allowed to react for 1 hour (RA329). Through PXRD analysis 

via GSAS refinement and elemental mapping via EDS, we confirmed successful alloying of Sm 

and Gd in the LnSe2-x lattice in a similar 4:1 ratio. Figure 2.10 shows a narrow range of the PXRD 

pattern generated from phase pure SmSe2-x, phase pure GdSe2-x, and the alloy. Through observing 

that the peak of the allow lies between that of the two extremities and applying Vegard’s Law 

during GSAS refinement (Table 2.3), we can calculate that the cell constant shifts to 139Å3 while 

the cell constant of pure SmSe2-x is 141Å3 and GdSe2-x is 133Å3. This corresponds to 18% of alloy 

being Gd3+ and 82% being Sm3+.  
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Figure 2.10 PXRD pattern overlay of phase SmSe2-x, GdSe2-x, and the alloy (RA329). 

 

Table 2.3 GSAS refinement for calculating (SmGd)Se2 alloy 
 SmSe2-x Sm1-yGdySe2-x GdSe2-x 

V (Å3) 141.036 139.560 133.049 
wR (%) 11.474 
Gd:Sm 0.18:0.82 (Sm0.82Gd0.18Se2-x) 

 

 We still wonder if perhaps we stabilized two separate phases of SmSe2-x and GdSe2-x. 

Through PXRD, we cannot discern the two phases apart because the patterns are identical, albeit 

slightly shifted. To confirm we had alloys of homogeneous distribution of both metals, we imaged 

the particles on a TEM and did elemental mapping through EDS (Figure 2.11). A line scan across 

a single particle reveals that not only Gd, Sm, and Se are all present in the same particle, but that 

the ratio of signals also indicates that Gd is less detected than Sm; this is consistent with our GSAS 

results.  
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Figure 2.11 EDS line scan results on the Gd-Sm-Se2 alloy (RA329).  

 Upon successfully incorporating Sm3+  and Gd3+ in the same lattice, we sought to explore 

the idea of combining precursors which form different phases and stabilize different oxidation 

states- i.e. a Sm-Eu alloy. We were primarily interested in understanding if the oxidation state of 

a metal will be affected if alloyed with a material of a different oxidation state. For example, will 

Sm(III) reduce to Sm(II) if alloyed in the EuSe lattice, or will Eu remain in a trivalent state if 

alloyed in the SmSe2-x lattice?  

 In a nanoparticle synthesis, we hot-injected both the Eu- and Sm-DSP precursor in a 3:1 

ratio (RA336). The PXRD detected a single, crystalline phase which we matched with EuSe, 

however, it was slightly shifted towards the PDF pattern of SmSe. When imaged and elementally 

analyzed via EDS, we observed two distinct morphologies (Figure 2.12). One morphology was 
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cubes which were determined to be purely EuSe because no Sm was detected via EDS on the SEM 

instrument. Interestingly, the EDS attachment on the TEM instrument is much more accurate, and 

it did, in fact, detect Sm on a single cubic nanoparticle in the 1:3 ratio we originally used in the 

reaction. The other morphology was clearly amorphous (consistent with no crystalline LnSe2-x 

detected from PXRD) but did hold a general sheet morphology (Figure 2.12, right). Through 

elemental analysis, it’s difficult to conclude what the composition of that amorphous material is, 

but we speculate it could be an amorphous alloy of the monochalcogenide or some intermediate 

material (Table 2.4). It is important to consider the margin of instrument error on the SEM 

instrument- ±5%- when interpreting these results; the margin of error on the TEM instrument is 

significantly lower. Regardless, it is not clear cut what the oxidation state of Sm is in this sample. 

 

 

Figure 2.12 SEM image of RA336 (left) and TEM image (right). Both show a clear cube morphology 
and an amorphous-type particle present. 
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Table 2.4 EDS results for (EuSm)Se2 alloy. (RA336) 
 At. Wt% (Cube) SEM At. Wt% (Cube) TEM At. Wt% (sheet) 
Eu 44.07 38.10 26.82 
Sm 0.00 11.16 16.96 
Se 55.93 50.74 56.22 
Phase EuSe (Eu0.75Sm0.25)Se (EuxSmy)Se? 

 

 In another nanoparticle synthesis, we hot-injected both the Eu- and Sm-DSP precursor in 

a 1:3 ratio (RA335). In this variation, we attained a PXRD pattern which matched SmSe2, but was 

slightly shifted. We could not compare this PXRD pattern to that of EuSe2 because the crystal 

structure of EuSe2 is not identical to rest of the LnSe2 series. Upon imaging, we only observed 

nanosheets, and no cubic particles. Line scanning revealed homogenous distribution of Eu, Sm, 

and Se across nanosheets which strongly indicate successful alloying (Figure 2.13). Through 

calculating the results of EDS analysis (Table 2.5), we determined that Eu successfully alloyed 

with Sm in the LnSe2 structure in the same ratio we injected the precursors. It’s not clear what the 

oxidation state of Eu is in this alloy without techniques like XAS.  

 

Figure 2.13 Line scan EDS from TEM instrument on a nanosheet of RA335. 
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Table 2.5 EDS results for (SmEu)Se2 alloy. (RA335) 
 At. Wt% 1 At. Wt% 2 At. Wt% 3 Avg. At.Wt% 
Eu 8.70 10.61 9.55 9.62 
Sm 28.43 28.06 25.16 27.22 
Se 62.86 61.33 65.19 63.13 
Phase (Eu0.25Sm0.75)Se2-x 

 

2.5 SmSe2 Growth 

2.5.1 Temperature Effects on SmSe2 Morphology 

 The standard conditions for nanoparticles syntheses using [Ln(Se2PPh2)3(MeCN)x] were 

330°C, 1 hour, by reacting 0.2mmol of SSP in a total of 15mL of oleylamine. We observed that 

all of the LnSe2-x materials grew as 2D nanosheets (Figure 2.14). This anisotropic morphology is 

consistent with the anisotropy observed in the crystal structure for LnSe2-x. We observe that despite 

having identical reaction times, the sheets generally grow larger under the same time constraints 

as we move across the period. LaSe2-x forms sheets ~50nm in length whereas the DySe2-x and 

HoSe2-x form sheets closer to 500nm in length. This observation can be telling of the precursor 

reactivities across the period, indicating that the earlier lanthanide SSPs are more reactive than the 

later lanthanide SSPs. More reactive precursors tend to more nuclei upon hot-injection to act as 

sites of sheet growth. 
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Figure 2.14 TEM of the LnSe2-x nanosheets for (a) Lanthanum (b) Cerium (c) Praseodymium (d) 
Neodymium (e) Samarium (f) Gadolinium (g) Terbium (h) Dysprosium and (i) Holmium. 

 

2D nanomaterials formed from solution are known to grow in accordance with three 

different mechanisms: growth driven by screw dislocations, oriented attachment, and surfactant 

guided growth. Our nanosheets show evidence for growing under the first two mentioned 

mechanisms under different temperatures. For example, using lower reaction temperatures 

(<315°C), we demonstrated growth driven by screw dislocations for select nanosheets as seen in 

Figure 2.15 (RA367, RA363, RA361, RA360). Screw dislocation growth most commonly occurs 

under low supersaturation conditions, which can be achieved by lower temperatures.53 
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Figure 2.15 SEM evidence of growth driven by screw dislocation for nanosheets grown at 315°C. 
RA360-Dy (A), RA361-Ho (B), RA365-Tb (C), RA367-Sm (D) 

 

At higher temperatures (>330°C), we observed evidence for oriented attachment for the 

nanosheets. The self -assembly of nanosheets with a common crystallographic orientation is in line 

with oriented attachment (Figure 2.16).54  
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Figure 2.16 SEM images of nanosheets grown at 330°C which are individual particles (left) that can 

undergo oriented attachment along the c-axis to form stacks of sheets (right). 
 

High Resolution TEM was used to demonstrate the cubic symmetry of the sheet faces 

(found 4.8Å and a=4.1Å) and the side-view of the sheets were confirmed to be a view along the c-

axis of the material via Fourier transform (close to c=0.80Å) (Figure 2.17). Lastly, in Figure 2.17c, 

we observe two sheets (from an edge-view) coalescing to one another along the c-axis. It is likely 

that the high temperature supplemented with the ionic nature of the layers is what drives oriented 

attachment here. 
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Figure 2.17  TEM image of evidence of sheet coalescence and oriented attachment. 
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2.5.2 Temporal Studies on SmSe2 Growth 

 Upon varying reaction time under standard nanoparticle conditions (330°C, 0.2mmol SSP, 

15mL OLA), we found that the average size of the SmSe2-x nanosheets changed with time (Table 

2.6).  

Table 2.6 Average side length (nm) of SmSe2 nanosheets versus time. 
Sample Time (min) Average Side (nm) Std Dev (nm) 
RA352 5 142 28 
RA424 15 164 32 
RA425 30 194 55 
RA443 45 126 27 
RA351 60 185 49 
RA429 90 128 27 
RA364 120 133 30 
RA430 150 161 35 
RA434 180 240 50 
RA431 240 197 38 

In Figure 2.18,  we can visualize a growth in average size when reaction time is varied 

between 5 minutes to 30 minutes- consistent with growth driven by coalescence, or aggregation, 

where monomers come together. Interestingly, the average size of the particles decreases at 45 

minutes from 194nm (at 30 min) to 140nm. This could be attributed to a digestive ripening event. 

Upon generating a histogram to understand the size distribution of nanoparticles in this sample, 

we see a Gaussian distribution with narrower dispersity compared to other samples (Figure 2.19). 

At reaction times beyond 60 minutes, we see once again that the average nanoparticle size 

decreases/increases with no clear trend. 
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Figure 2.18 Average length of SmSe2-x nanosheets over different reaction times ranging from 5 
minutes to 3 hours. Error bars indicate the variance in size for the corresponding sample.  

 
Figure 2.19 Histogram of SmSe2-x nanosheet side length when reacted for 45 minutes (RA443).  
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According to the digestive ripening hypothesis, nanoparticles have the possibility of 

decreasing in size and dispersity at longer reaction times because the interaction between capping 

ligand and nanoparticle surface is dynamic and can allow for polydispersed nanoparticles to reach 

a “middle value” by etching larger particles and growing smaller particles.55 One key factor in this 

hypothesis is that digestive ripening will occur when the nanocrystals are heated at a “coalescence 

threshold temperature.” When nanoparticles are treated at a temperature above this threshold, they 

can continue to grow due, however, below the threshold, particles will decrease in overall size and 

reach monodispersity.  

 In our effort to identify the specific coalescence threshold temperature for SmSe2-x 

nanosheets in OLA, we tested a series of different temperatures and performed TEM size analysis 

on the resulting particles. In Figure 2.20, we see that by heating a sample at 60°C, no change occurs 

in average size or distribution- indicating that there was not enough thermal energy to overcome 

interactions and induce digestive ripening. On the other hand, when we treated the nanoparticles 

at 170°C, we observed a slight decrease in average size, but the distribution remained wide. We 

believe that the coalescence threshold temperature for SmSe2-x exists at, or around, 100°C because 

both size and dispersion decrease dramatically when heating the particles for 75 minutes (Figure 

2.21). TEM imaging reveals that the treated sample exhibits a high degree of oriented attachment 

of sheets. There could be a link between oriented attachment and dispersity of particle sizes as 

faces of similar sizes will readily attach to one another because of the match (for example, it would 

be more difficult for a large sheet to coalesce with a very small sheet).  
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Figure 2.20 Digestive ripening experiments to identify coalescence threshold temperature for 
SmSe2-x nanoparticles. 

 
Figure 2.21 Original sample (RA425) synthesized at 330°C with average nanoparticles 195±55nm 
(left) sample after heating at 100°C for 75 minutes (RA444) with average nanoparticles 119±24nm 

(right). 
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2.5.3 Nanosheet Thickness 

 A major motivation for this project stemmed from the tunability of sheet thickness because 

properties can be tuned, or altered, as we approach quantum confinement. One of the reasons there 

have been few reports of solution-phase synthesis of transition metal dichalcogenides is because 

controlling synthetic conditions to form single-layer 2D sheets is much more challenging that other 

methods (like CVD) or mechanical exfoliation. Prior to this work, however, Schaack reported 

SnSe nanosheets with thickness as low as 8nm which was achieved through careful control of the 

precursor’s reactivity.56 Here, we detected sheets as thin as 4nm via AFM (Figure 2.22). 

 

Figure 2.22 AFM on single SmSe2-x nanosheets indicating the presence of sheets as thin as 4nm. 

 

 

 



 48 

 We also assessed nanosheet thickness via TEM analysis and found that time does not play 

a role in tuning nanosheet thickness. Generally, the thickness of sheets was stable around 8nm, 

while the side length increased as a function of time as shown in Figure 2.23. 

 

Figure 2.23 Average thickness of SmSe2 (nm) versus time. 

Alternate approaches to tuning nanosheet thickness include chemical exfoliation through 

intercalation or deintercalation, and growing sheets from dilute solutions. We hypothesized that 

intercalating ions, like Li, between the layers would destabilize the layers and “push” them apart, 

or exfoliate, to result in single-layer nanosheets; however, due to LnX2 being held together by 

charged layers, this route would prove unfavorable.57 Next, we hypothesized that by 

deintercalating the Se- layers, we could exfoliate the sheets. We heated a sample of SmSe2-x sheets 

in 12mL of trioctylphosphine at 280°C for 2 hours, similarly to a procedure reported in 

literature,58in order to remove the Se layers from SmSe2-x in order to yield [SmSe]+ (RA343). 

Through PXRD, we still detected SmSe2-x, albeit slightly shifted. Interestingly, EDS on the 
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resulting nanosheets revealed an element ratio which is in line with a successful extraction of 

selenium- 45.68% Sm and 54.32% Se. Taking into account a margin of error up to 5% on the SEM 

instrument, this could mean we have nanosheets without the additional selenium layers. Further 

TEM size analysis would need to be performed in order to determine the sheet thickness but would 

be difficult due to the high level of preferred orientation for the sheets on the c-axis. The last 

approach to tuning sheet thickness is by directly growing single-layer sheets from dilute solutions. 

We decreased the SSP amount to half that we normally use, however, this concentration was not 

sufficient to reach critical monomer concentration required to precipitate nanoparticles (RA353).  

 
2.6 Redox Active Samarium 

 The -Se2PPh2 ligand successfully reduces Eu(III) to form EuSe in OLA. The ligand’s redox 

potential doesn’t quite match the redox potential for Sm(III) (-1.55 eV), so we isolate a trivalent 

phase- SmSe2-x. We sought to isolate a divalent samarium chalcogenide phase through a few 

methods like creating an isostructural Sm(II) SSP, reducing [Sm(Se2PPh2)3(MeCN)2] with an 

external reducing agent, and through starting with a divalent samarium reagent.   

 
2.6.1 Divalent SSP [Sm(Se2PPh2)2(DME)] 

 A bis-Se2PPh2 single source precursor, stabilizing divalent europium ion was reported.59 

We hypothesized that we could adapt the synthesis reported by Burin to synthesize an isostructural 

complex for Sm(II) as pictured in Figure 2.24. The synthesis requires reacting LnI2 and K[Se2PPh2] 

in 1:2 ratios in THF for 3 hours in inert conditions. The counterions precipitate as potassium iodide 

(KI)  in the THF which is removed, and the complex is precipitated afterwards by adding an 
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equimolar amount of dimethoxyethane (DME) and concentrating the solution. The complex is very 

unstable in air and must be stored in the glovebox.  

 

Figure 2.24 Structure of [Sm(Se2PPh2)2(DME)2]. 

 Although the synthesis reported by Burin appeared very straightforward for europium, 

synthesizing the samarium(II) analog proves to be very challenging. Although we were unable to 

obtain single crystals at this time, we did learn several points which can be key to being able to 

isolate it at a later time. First, color change is the most important indicator for a failed reaction- 

Sm(II) tends to be very dark in solution, forming hues like navy blue and dark green whereas 

Sm(III) tends to take on warmer colors like yellow and orange. Oftentimes in our trials for isolating 

the complex, we observed this distinct color change occur when reacting the reagents for long 

times (>2 hours), leaving the solution overnight- even in the glovebox, removing the reaction for 

any reason from the glovebox (like to centrifuge KI). It seems necessary to limit reaction times 

and to avoid any manipulations outside of the glovebox. We were able to prevent oxidation to the 

complex during one trial (RA228) and the precipitate formed as a dark green powder; upon 

dispersing it in OLA, the dark green precipitate turned yellow- indicating that it had oxidized 

perhaps because the OLA was not completely free of air or moisture (RA229). The resulting 

material was consistent with SmSe2-x.  
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We opted to approach the synthesis with an alternative ligand to replace DME by using 

phenanthroline and expanding our solvent medium to include acetonitrile and DME. We observed 

that through using phen to fill the coordination sphere for Sm(II), a light purple precipitate was 

formed RA239). Although we could not grow good quality single crystals for x-ray diffraction, we 

were able to yield enough powder to thermolyze in hexadecylamine (RA241) which lead to an 

amorphous material we could not identify via PXRD. We avoided the use of OLA due to the 

possibility of air or moisture dissolved in the solvent.  

 

2.6.2 Reducing Sm(III) with External Reducing Agent, Sodium Anthracenide 

 Sodium anthracenide is a common reducing agent which can be employed to possibly 

reduce Sm(III) to Sm(II) (Figure 2.25). The synthesis is relatively straightforward and involves 

dissolving anthracene in THF and directly adding sodium metal; upon adding, we observe a color 

change where the final product is a dark blue/green color. We did not observe any divalent 

samarium stabilized phase when collecting PXRD data, indicating that this method was not ideal 

in isolating divalent materials.  

 

Figure 2.25 Structure of Sodium Anthracenide. 
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2.6.3 Starting with Divalent Metal, SmX2 (X=Cl,Br,I) 

 The redox active lanthanides are generally available for purchase as divalent halides (LnX2 

where Ln=Eu, Sm, Yb and X=Cl, Br, I). By employing in our nanoparticle syntheses, a divalent 

samarium halide as a starting reagent, we can observe which other phases we can access through 

solution-phase methods. We conducted a typical nanoparticle synthesis by using SmI2 with 

Et2NH2[Se2PPh2] in OLA at 330°C for 1 hour which resulted in a yellow-green product that not 

identifiable via PXRD or elemental analysis (RA237).  

We sought to utilize an alternative selenium source which was known to be more reactive, 

and therefore aid in preventing the cation from oxidizing in solution. Bis(trimethylsilyl) selenide 

would be an ideal candidate due to its high reactivity, however, the compound is very volatile, 

odorous, and widely unavailable- not to mention, costly. The sulfur analog (TMS), on the other 

hand, is more obtainable. We conducted a series of experiments through varying the halide while 

holding reactions (OLA, 0.5mL TMS, 1 hour) which are presented in Table 2.7. We observed that 

we stabilize SmS2-x when utilizing SmCl2 with TMS, indicating that this sulfur-rich phase is indeed 

achievable but requires a more reactive sulfur source than -S2PPh2 (PG1.37). It is important to note 

that SmS1.9 also stabilizes trivalent samarium, so our samarium source oxidized during the 

nanoparticle synthesis to become more stable. When employing larger halide salts like SmBr2 and 

SmI2, we yield Sm3S4. This result is very exciting because Sm2S4 is a mixed-valent material with 

both Sm(II)/(III), and there are no reports of Sm3S4 nanoparticles in literature. The divalent halides 

appear as a promising route to explore synthesizing divalent lanthanide chalcogenides.  
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Table 2.7 Reactions of SmX2 with 0.5mL TMS in OLA for 1 1 hour.  
Phase determined via PXRD. 
Sample ID Halide (X) Temperature (°C) Phase 
PG 1.37 Cl 300 SmS1.9 

PG 1.62 Br 150 Sm3S4 

RA326 I 200 Sm3S4 

 We were also interested in learning how analogous reactions employing EuX2 would 

behave in comparison with SmX2. We have determined that all ligands thus far have been 

successful in reducing Eu(III) to Eu(II), so were primarily interested in if a highly reactive 

chalcogen source would allow us to access different, chalcogen-rich, phases like EuS2 and Eu3S4, 

We conducted a series of experiments through varying the halide while holding reactions (OLA, 

0.5mL TMS, 1 hour) which are presented in Table 2.8. Unsurprisingly, the reaction between EuCl2 

and TMS resulted in EuS. We discovered more surprising results when employing the larger 

europium dihalides, EuBr2 and EuI2, which yielded Eu3S4 along with EuS or an impurity. Again, 

for the first, we have stabilized mixed valence lanthanide chalcogenide as nanoparticles. It is 

interesting that despite reacting with one of the most reactive sulfur sources commercially 

available, that Eu(II) partially oxidized in solution whereas this was not observed when using less 

reactive sulfur sources, like -S2CNEt2.  

Table 2.8 Reactions of EuX2 with 0.5mL TMS in OLA for 1 1 hour.  
Phase determined via PXRD. 
Sample ID Halide (X) Temperature (°C) Phase 
RA322 Cl 200 EuS 
PG 1.58 Br 200 Eu3S4 + imp. 
PG 1.75 I 150 EuS + Eu3S4 

 

We were intrigued to observe a mixed phase of EuS and Eu3S4 when reacting EuI2 and 

TMS. Through varying reaction time, we learned that Eu3S4 is a kinetic product in these reactions 
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where reaction times <60min stabilized phase-pure EuS (PG1.71-1.74) and reaction times >60min 

yielded phase-pure Eu3S4 (RA323). This was also visually indicated during nanoparticle synthesis 

where a purple colored precipitate (EuS) would appear at first and over time turn brown (Eu3S4).  

 Briefly, we explored the potential of using TMS and YbI2 to stabilize divalent-ytterbium 

chalcogenide materials, namely, YbS and Yb3S4. In a standard nanoparticle synthesis, we 

decomposed YbI2 and TMS in OLA at 200°C (RA459) and isolated material which we believe via 

PXRD to be YbS (albeit slightly shifted). Through elemental analysis via EDS, we detected an 

Yb:S ratio of 1:7, which is not consistent with YbS, but could be indicative of a large sulfur 

background due to lingering TMS. Further analysis will be needed to confirm the phase and the 

oxidation state of the Yb cation, like XPS or even SQUID magnetism.  

 
2.7 Isostructural Chalcogen Precursors 

 We were interested in synthesizing other isostructural single source precursors in order to 

determine the role of the chalcogen during phase formation. We hypothesize that an analogous 

sulfur SSP, [Ln(S2PPh2)3(MeCN)2], would thermolyze under the right conditions to form Ln2S3 as 

we observed with the [Ln(S2CNEt2)3(Phen/Bpy)] series due to it being less reactive compared to 

selenium. Consequently, we hypothesize that the analogous tellurium SSP, 

[Ln(Te2PPh2)3(MeCN)x], would thermolyze to form Ln2Te3 due to tellurium being a much more 

reactive chalcogen than selenium.  
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2.7.1 Sulfur, [Ln(S2PPh2)3(MeCN)x] 

The synthesis for Et2NH2[S2PPh2] is straightforward and analogous to the synthesis of 

Et2NH2[Se2PPh2]. The syntheses for the complexes, therefore, is also identical and yields product 

in high percentages. These complexes have not been reported in literature as of yet. Our primary 

target for this study was the redox active lanthanides, and secondarily, the remaining lanthanides. 

We synthesized and solved the structures for five lanthanides which are presented in Table 2.9. 

Table 2.9 Details for select [Ln(S2PPh2)3(MeCN)x] crystal structures. (RA288) 

Project No. (Bruker D8) Ln Formula Complex color 

B18259 Pr [Pr(S2PPh2)3(MeCN)2] Light blue-purple 

B18248 Sm [Sm(S2PPh2)3(MeCN)2] Pale yellow 

B18247 Eu [Eu(S2PPh2)3(MeCN)2] Bright red-orange 

B18257 Tm [Tm(S2PPh2)3(MeCN)] White 

B18253 Yb [Yb(S2PPh2)3(MeCN)] Bright Yellow 

 

Upon thermolyzing the redox active complexes under solid-state conditions, we were 

surprised to see that most did not decompose to yield crystalline products at 650°C. Of the four 

lanthanides, the ytterbium SSP yielded a PXRD pattern with discernible peaks which we identified 

as YbP and europium formed EuPS3 (analogously to the Eu-DSP SSP). These results are telling of 

the role chalcogen  plays during SSP decomposition.  

Similarly, thermolyzing the complexes under standard nanoparticle conditions in 

oleylamine also did not yield crystalline products, except Eu. The europium SSP decomposed to 

form crystalline EuS nanoparticles which were imaged via TEM to reveal irregularly shaped 

particles (RA319) (Figure 2.26). This reaction was relatively slow where the indicative color 
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change did not occur for over 10-15 minutes which signals the kinetics of this reaction are slow.  

This is in contrast to EuSe which decomposed within a minute to form nanocubes. These SSPs 

were not pursued further due to a lack of substantial results.  

 

Figure 2.26 TEM image of EuS nanoparticles via [Eu(S2PPh2)3(MeCN)2]. (RA319) 

 

2.7.2 Tellurium, [Ln(Te2PPh2)3(X)] 

 Prior to this work, our group did not utilize a tellurium ligand. We sought to synthesize the 

tellurium analog to the ligand used in this project, Et2NH2[Te2PPh2], which has not been reported 

in literature. Ditelluride complexes are very challenging to stabilize due to the large size of the 

tellurium atom, so oftentimes, tellurium ligands are monodentate. We were able to successfully 

synthesize and solve the crystal structure for this bidentate tellurium ligand through adapting the 

same synthesis used for our other ligands, however, it required careful handling (especially during 

crystal growth) due to the high reactivity of tellurium. We observed that most of the Te had not 
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dissolved or reacted with the counterion/ligand when we heated it at 75°C in ethanol; we removed 

the flask from the heat and brought the reaction vessel into the glovebox to place in the freezer to 

induce crystal growth; we isolated the product from this reaction 4 weeks later. We observed two 

distinct products in the Schlenk flask- a clear precipitate and a dark orange precipitate. The crystal 

structure of the orange product is shown in Figure 2.27 and the crystallographic details are 

provided in Table 2.10. The clear product was determined to be the monodentate ligand. This 

molecule is very unstable and quickly decomposes to elemental tellurium in atmospheric 

conditions. We stored the orange colored product in the glovebox freezer and found that over time, 

it decomposes to form the “clear” precipitate, Et2NH2[TePPh2]. 

 

Figure 2.27 Crystal structure for Et2NH2[Te2PPh2]. (RA324). 
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Table 2.10 Crystallographic details for Et2NH2[Te2PPh2] ligand. 
Project. No. (D8) B18379 

CSD# Not deposited yet 
Formula Te2PC16H20N 

Crystal System Orthorhombic 
Space Group Pna21 

a (Å) 14.7925 
b (Å) 9.3003 
c (Å) 13.1635 
α (°) 90.000 
β (°) 90.000 
γ (°) 90.000 

V (Å3) 1811.08 
Z - 
R unrefined 

Nonetheless, we attempted to synthesize the analogous single source precursors using this 

ligand. Starting with samarium, we added the ligand and the triflate salt of the lanthanide in a 3:1 

ratio in acetonitrile and observed that ligand decomposes immediately to form Te in solution which 

is a black color (RA337). We cooled the acetonitrile prior to adding the ligand, and placed the 

reaction into the glovebox freezer immediately, which also did not prevent the ligand from 

decomposing. We hypothesize that Te is too unstable on the ligand due to a very weak Te-P bond. 

We speculate that we could strengthen the Te-P bond through adding an electron donating group, 

like -CH3 which could prevent the ligand from decomposing so quickly.  
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2.8 Conclusions 

 Through synthesizing an isostructural series of lanthanide single source precursors, 

[Ln(Se2PPh2)3(MeCN)z] we were able to open the doors to an understudied class of rare earth 

materials- LnSe2-x through solid state and solvent-phase thermolysis. For Ln=La-Ho, except Eu, 

the SSPs thermolyzed to form LnSe2-x nanosheets in OLA while the remaining Ln (Er-Lu) yielded 

the sesquiselenide, Ln2Se3 nanoparticles. The nanosheets were assessed to be as thin as 4nm and 

provided evidence to growth via oriented attachment as well as screw dislocations. These 

nanosheets were also amenable to digestive ripening, which can provide a promising route to 

yielding monodispersed nanoparticles. We demonstrated the synthetic versatility of these 

precursors by forming in-plane alloys of samarium with gadolinium as well as europium which 

raised interesting questions about oxidation states. We explored the redox active metals further by 

attempting to form divalent-samarium materials through stabilizing a divalent SSP, reducing 

Sm(III) using an external reducing agent, and by using a divalent samarium reagent, SmX2 

(X=Cl,Br,I). Of these methods, the divalent halides provided the most promising route by 

stabilizing a mixed-valent material, Sm3S4. We also sought to explore the phases stabilized by other 

chalcogens through synthesizing isostructural SSPs, [Ln(S2PPh2)3(MeCN)x] and 

[Ln(Te2PPh2)3(MeCN)x]. The sulfur analogs did not thermolyze to yield crystalline materials under 

the nanoparticle conditions we conducted experiments at, and the tellurium ligand was too reactive 

to stabilize any SSP for us to study. Having identified a synthetically mild route towards LnSe2 

materials through single source precursors will allow us to further investigate this currently 

underexplored set of materials.  
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2.8.1 Nuggets and Outlook 

The LnX2 effort is rich with interesting results and access to an understudied material. We 

published the discovery of the single source precursors as well as the LnSe2 nanosheets that 

resulted from thermolysis of the SSPs in capping ligand. Since that publication, we have made 

strides in other directions that seem to hold great promise and have yet to be published.   

 We believe that understanding the digestive ripening mechanism during nanoparticle 

growth could unearth interesting findings about the materials. We realized that in order for 

digestive ripening to occur, a material/solvent-specific coalescence threshold temperature has to 

be identified, and the reaction has to be maintained just below it. In the case of SmSe2 in OLA, the 

threshold temperature appears to be 100°C. We believe that conducting further timed experiments 

at this temperature is a promising endeavor to yield monodisperse nanosheets and potentially 

control sheet size. 

 Although our publication touched upon the ability to form alloys within the sheets with the 

example of (SmxGdy)Se2, we have yet to go deeper in understanding the material and the ability to 

tune properties. It would be of high interest to determine the oxidation state of Sm and Eu in the 

respective alloys as well.  

 Lastly, it would behoove us develop the [Ln(S2PPh2)3(MeCN)x] and -Te2PPh2 chemistry. It 

is not often that one comes across the opportunity to study isostructural materials across a period, 

or down a group, and it could potentially lead to interesting observations. Through adjusting the 

conditions of a nanoparticle synthesis to yield nanoparticles of lanthanide sulfides using the -

S2PPh2 based SSPs, we will have a direct comparison of ligand and complex effects on 

nanomaterial formation with the [Ln(Se2PPh2)3(MeCN)x] chemistry. Similarly, through 

strengthening the Te-P bond in the tellurium ligand, we could have the opportunity to form 
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isostructural lanthanide tellurium SSPs and study the effects of chalcogen reactivity on phase 

formation.  
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Chapter 3: Copper Chromium Chalcogenides 
 
 
3.1 Introduction 
 

Layered, first row, magnetic transition metal (e.g. Cr, Mn, Fe) chalcogenide materials are 

not nearly as studied as other layered, transition metal materials (e.g. MoS2 or WS2). In addition, 

ternary materials are challenging to synthesis at the nanoscale due to careful considerations when 

identifying appropriate precursors for each metal. In this case, for example, CuCrS2 is challenging 

to stabilize because of the stark differences between the thiophilicity of copper (I) and chromium 

(III). In many cases, if the binary phase is just as, or more, stable than the ternary, then it will 

present itself in the final product. In this particular case, Cu2-xX is a stable binary by-product that 

can potentially crystallize. Furthermore, adding in a third element can further complicate the 

synthesis because in addition to CuCrX2, the spinel CuCr2X4 can also be stabilized depending on 

the synthetic conditions.  

ACrX2 (where A=monovalent cation like Cu, Ag, Li, or Na) compounds are layered 

materials that have a hexagonal crystal structure. In this thesis, we primarily study CuCrX2 which 

is composed of mobile monovalent copper (Cu) layers sandwiched between covalently-bonded 

chromium chalcogenide layers (Figure 3.1). The copper ions being mobile lends the material ideal 

for applications like batteries.60 CuCrS2 is an antiferromagnetic (TN = 39 K), semiconducting (Eg 

= 2.48eV) material. It is also observed to display superionic conductivity at higher temperatures 

(>675K). CuCrSe2 is also an antiferromagnetic (TN=55 K), semiconducting (Eg= 0.157eV) 

material; it also displays superionic conductivity at temperatures above 773K.61  
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Figure 3.1 Crystal structure of ACrX2 (A=Cu, Ag, Li, or Na).  

CuCrX2 materials are excellent candidates for deintercalation studies because of the mobile 

Cu layers62 which can ultimately be completely removed to yield CrX2.636465 CrX2 are another class 

of layered materials which host a variety of magnetic, optical, electrical, and catalytic properties.66 

These materials have not been reported to be synthesized directly from the elements. The only 

known route is via synthesizing ACrX2 and consequently deintercalating A- while simultaneously 

oxidizing Cr(III) to Cr(IV) to afford CrX2. Even so, this phase is highly unstable and easily 

decomposes to form CrX3 and X due to the instability of Cr(IV) cation.   

In this thesis, we explore the solution synthesis of phase pure CuCrX2 via single source 

precursors. We utilized and drew comparisons of the final products between dithiocarbamate-

based (-S2CNPyr where Pyr=pyrrolidine) and dichalcagenophosphinate-based (-X2PPh2, where 
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X=S,Se and Ph=phenyl) SSPs and attempted to understand what factors do, or do not, contribute 

to stabilizing the ferromagnetic spinel, CuCr2X4. Dithiocarbamates are a popular class of ligands 

that have been shown to act as great sulfur donors. On the other hand, diselenocarbamates are not 

as common due to their synthesis which requires CSe2, a toxic reagent with extremely unpleasant 

odor. Dichalcogenophosphinate ligands are an attractive class of ligands to use in nanomaterial 

syntheses as they provide a more reactive chalcogen source compared to carbamate-based ligands. 

Both elemental sulfur and selenium can easily be reacted in stoichiometric amounts with a 

secondary phosphine to yield isostructural ligands; this is useful for delineating the role of 

chalcogen in similar syntheses. Dithiophosphinate and dithiocarbamate can then be used to 

compare the effect of ligand structure in the synthesis of nanomaterials. We conducted our studies 

using DSP, DTP, and pyrDTC (Figure 3.2) to understand the role of precursor reactivity  in ternary 

nanomaterial formation.  

 

Figure 3.2 Ligand structures used to synthesize SSPs in this work. Pyrrolidine dithiocarbamate (left). 
Diphenyl dithiophosphinate (center). Diphenyl diselenophosphinate (right). 
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CuCrX2 has yet to be studied as an intentional material at the nanoscale because up until 

now, it has been reported as an impurity phase for ferromagnetic spinel materials, CuCr2X4, or as 

a single crystal or bulk material. 67
686970 

  It is important to credit Dr. Haydee Dalafu, an alumnus 

from our group, on the early work of this project and the results reported here regarding the -

dithiocarbamate SSP work.  

 
3.2 Experimental 

3.2.1 Materials 

Copper (I) chloride, chromium (III) chloride, sulfur powder, selenium powder, 

diphenylphosphine, ammonium pyrrolidinedithiocarbamate, acetonitrile, oleic acid (OA), 

triphenylphosphine (TPP), dibenzylamine (DBA), and oleylamine (OLA, 70%) were purchased 

from Sigma-Aldrich.  Hexanes and ethanol were purchased from Fisher Scientific.  All reagents 

were used as received.   

 
3.2.2 Characterization 

Elemental analysis (C, H, N) was performed on a PerkinElmer 2400 microanalyzer using 

acetanilide as a standard.  FTIR measurements were recorded in the range 4,000-400 cm-1, from 

pressed pellets in KBr on a Perkin Elmer FTIR.  X-ray powder diffraction (PXRD) patterns were 

obtained using a Rigaku Ultima IV x-ray powder diffractometer with CuKa radiation and a DTex 

detector and refined used GSAS II.  Scanning Electron Microscopy images were taken with a Zeiss 

SUPRA 55-VP Scanning Electron Microscope at an acceleration voltage of 9-20 kV with an in-

lens detector.  High-resolution Transmission Electron Microscopy was performed with a JEOL 

JEM 2100F Field Emission Gun Transmission Electron Microscope at 200 kV at the University 

of Maryland Nanoscale Imaging Spectroscopy and Imaging Laboratory.  TLow field magnetic 
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susceptibility measurements were obtained from 5-20 K on a Quantum Design MPMS 3 SQUID 

Magnetometer at the University of South Carolina and at Georgetown University 

 
3.2.3 Synthesis of the Ligands (1-2) 

[Et2NH2][Se2PPh2] (DSP salt) (1) Adapted from the literature,71 in an air-free atmosphere, 

selenium (7.894 g, 0.10 mol) was mixed with anhydrous ethanol (40 mL, 0.66 mol). 

Diphenylphosphine (8.7 mL, 0.05 mol) was added to the slurry.  Excess diethylamine (5.3 

mL, 0.051 mol) was injected into the reaction and lowered into a water bath at 70°C and 

stirred for 60 minutes. The solution turned from black to a rust-red color to clear over the 

course of the reaction. The reaction was cooled to room temperature and then transferred 

to a freezer at  -30° C. A white precipitate formed and was vacuum filtered and washed 

with ethanol and diethyl ether to isolate the product with 70% yield. FT-IR (cm-1) 2990 

(w.), 2769 (w.), 1539 (w.), 1435 (w.), 1088 (w.), 750 (m.), 694 (m.), 537 (m.), 512 (m.), 

470 (w.), 449 (w.). Anal. Cald. for Se2PC16H21N: C, 46.05; H, 5.33; N, 3.36. Found: C, 

46.09; H, 5.30; N, 3.35 (%).  

 
[Et2NH2][S2PPh2] (DTP salt) (2) Adapted from the literature,72 in an air-free atmosphere, 

sulfur (3.207 g, 0.10 mol) was mixed with anhydrous ethanol (40 mL, 0.66 mol). 

Diphenylphosphine (8.7 mL, 0.05 mol) was added to the slurry.  Excess diethylamine (5.3 

mL, 0.051 mol) was injected into the reaction and lowered into a water bath at 70°C and 

stirred for 60 minutes. The solution turned from yellow to clear over the course of the 

reaction. The reaction was cooled to room temperature and then transferred to a freezer at  

-30° C. A white precipitate formed and was vacuum filtered and washed with ethanol and 

diethyl ether to isolate the product with 70% yield. FT-IR (cm-1) 2990 (w.), 2769 (w.), 1539 
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(w.), 1435 (w.), 1088 (w.), 750 (m.), 694 (m.), 537 (m.), 512 (m.), 470 (w.), 449 (w.). Anal. 

Cald. for S2PC16H21N: C, 59.59; H, 6.58; N, 4.34. Found: C, 59.59; H, 6.75; N, 4.39 (%).  

 
3.2.4 Synthesis of the Complexes (3-9) 

[Cu4(S2PPh2)4] (Cu4DTP4) (3) In a round bottom flask, CuCl (1 mmol, 99 mg) and DTP 

(2) (1 mmol, 322 mg) were added to acetonitrile (30 mL).  The mixture was stirred in 

acetonitrile for 30 mins., and an off-white precipitate formed. The product was gravity 

filtered and washed with acetonitrile and anhydrous ethanol three times, dried, and stored 

in the glove box with a 60% yield. FT-IR (cm-1) 2991 (w.), 2770 (w.), 1733 (w.), 1481 (w.), 

1433 (m.), 1377 (w.), 1302 (w.), 1161 (w.), 1157 (w.), 1095 (s.), 998 (w.). 997 (w.), 704 

(s.), 682 (s.), 630 (s.), 629 (s.), 607 (s.), 533 (s.), 485 (s.), 443 (m.), 441 (m.). Anal. Cald. 

for Cu4S8P4C48H40: C, 46.06; H, 3.23; N, 0.00. Found: C, 46.03; H, 3.23; N, 0.00 (%). 

CCDC# 1980477. 

 
[Cr(S2PPh2)3] (Cr(DTP)3) (4) In a round bottom flask, CrCl3 (1 mmol, 158 mg) and DTP 

(2) (3 mmol, 966 mg) were added to acetonitrile (30 mL).  The mixture was stirred in 

acetonitrile for 30 mins., and a dark purple precipitate formed. The product was gravity 

filtered and washed with acetonitrile and anhydrous ethanol three times, dried, and stored 

in the glove box with a 85% yield. FT-IR (cm-1) 3050 (w.), 1731 (w.), 1574 (w.), 1474 (w.), 

1436 (m.), 1307 (w.), 1182 (w.), 1109 (w.), 1098 (s.), 1068 (w.), 1000 (w.), 998 (w.), 1731 

(w.), 923(w.), 847 (w.), 741 (m.), 706 (s.), 685 (s.), 635 (m.), 607 (m.), 563 (s.), 485(s.), 

447 (m.). Anal. Cald. for CrS6P3C36H30: C, 54.05; H, 3.79; N, 0.00. Found: C, 54.27; H, 

3.61; N, 0.00 (%). 
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[Cu4(Se2PPh2)4] (Cu4DSP4) (5) In a round bottom flask, CuCl (1 mmol, 99 mg) and DSP 

(1) (1 mmol, 425 mg) were added to acetonitrile (30 mL).  The mixture was stirred in 

acetonitrile for 30 mins., and an off-white precipitate formed. The product was gravity 

filtered and washed with acetonitrile and anhydrous ethanol three times, dried, and stored 

in the glove box with a 65% yield. FT-IR (cm-1) 2992 (w.), 2773 (w.), 1732 (w.), 1480 (w.), 

1434 (m.), 1376 (w.), 1303 (w.), 1160 (w.), 1158 (w.), 1094 (s.), 999 (w.). 997 (w.), 704 

(s.), 682 (s.), 631 (s.), 628 (s.), 607 (s.), 533 (s.), 486 (s.), 443 (m.), 439 (m.). Anal. Cald. 

for Cu4Se8P4C48H40: C, 35.44; H, 2.48; N, 0.00. Found: C, 35.60; H, 2.55; N, 0.00 (%). 

 
[Cr(Se2PPh2)3] (Cr(DSP)3) (6) In a round bottom flask, CrCl3 (1 mmol, 158 mg) and DSP 

(2) (3 mmol, 1275 mg) were added to acetonitrile (30 mL).  The mixture was stirred in 

acetonitrile for 30 mins., and an dark green precipitate formed. The product was gravity 

filtered and washed with acetonitrile and anhydrous ethanol three times, dried, and stored 

in the glove box with a 70% yield. . FT-IR (cm-1) 3051 (w.), 1730 (w.), 1573 (w.), 1475 

(w.), 1435 (m.), 1309 (w.), 118` (w.), 1110 (w.), 1099 (s.), 1067 (w.), 999 (w.), 998 (w.), 

1731 (w.), 923(w.), 847 (w.), 741 (m.), 706 (s.), 686 (s.), 635 (m.), 607 (m.), 563 (s.), 484 

(s.), 447 (m.). Anal. Cald. for CrSe6P3C36H30: C, 39.98; H, 2.80; N, 0.00. Found: C, 40.06; 

H, 2.59; N, 0.00 (%). 

 
[Cu(S2CNPyr)2] (Cu(pyrDTC)2) (7) CuCl2·2H2O (1 mmol, 170mg) was dissolved in  

acetonitrile (10mL) forming a lime green solution. In a separate flask, ammonium 

pyrrolidinedithiocarbamate (2 mmol, 329mg) was dissolved in acetonitrile (10mL) forming 

a clear solution. While stirring, the dithiocarbamate salt solution was added dropwise into 

the CuCl2 solution. The mixture, which instantly turned a light brown color, was stirred for 
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30 minutes at room temperature before filtering and washing with water. The collected 

product was dark brown and dried under vacuum with a 70% yield. FTIR (cm-1) 3510 (w.), 

3425 (w.), 3338 (w.), 2963 (w.), 2685 (w.), 1942 (w.), 1798 (w.), 1490 (s.), 1446 (s.), 1441 

(s.), 1332 (s.), 1248 (m.), 1184 (m.), 1164 (m.), 1101 (w.), 1004 (m.), 951 (m.), 947 (m.), 

909 (m.), 829 (m.), 820 (m.), 790 (m.), 701 (s.), 527 (m.), 506 (m.), 417 (m.). Anal. Cald. 

for CuS4C10H16N2 : C, 33.72; H, 4.54; N, 7.87. Found: C, 31.29; H, 4.72; N, 8.06 (%). 

 
[Cr(S2CNPyr)3] (Cr(pyrDTC)3) (8) The synthesis of this complex was adapted from 

literature with the following modifications.73 CrCl3 (1.7 mmol, 268mg) was dissolved in 

hot water (10mL) forming a dark green solution. In a separate flask, ammonium 

pyrrolidinedithiocarbamate (5 mmol, 822mg) was dissolved in hot deionized water (10mL) 

forming a pale-yellow solution. While stirring, the dithiocarbamate salt solution was added 

dropwise into the CrCl3 solution. The mixture, which instantly turned blue, was stirred for 

another 20 minutes at room temperature before filtering and washing with water. The 

collected product was dried under vacuum with a 73% yield. FTIR(cm-1) 1476(s.), 

940(m.), 697(w.). Anal. Cald. for CrS6C15H24N3: C, 36.71; H, 4.94; N, 8.56. Found: C, 

36.64; H, 4.90; N, 8.60(%). 

[Cr(S2PPh)2(MeCH3)] (Cr(DTP)2(MeCN) (9) In a completely air and moisture free 

environment, CrCl2 (1mmol, 1.23g) was added to a solution of (2) (2mmol 0.647g) 

dissolved in acetonitrile (30mL). Upon adding the metal, the solution turned a mint blue 

color and after 10 minutes of stirring became a lime (neon) green color. The solution was 

stirred for a total of 3 hours and placed in the freezer. The product was separated from 
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solution through decanting in the glovebox. Single crystals were isolated directly from the 

solution. 

 
3.2.5 Nanoparticle Synthesis 

A slurry of metal precursors is prepared in a glovebox by combining Cu(L) (where L=DTP, 

DSP, or pyrDTC) and CrL3 (where L=DTP, DSP, or pyrDTC) in oleylamine, OLA (5 mL) in the 

desired metal ratio (normally Cu:Cr 1:1 or 1:2).  In a 3-neck round bottom flask fitted with a 

condenser and connected to a Schlenk line, 10 mL of oleylamine is degassed by heating to 110°C 

under vacuum.  After 45 minutes the flask is placed under N2 atmosphere and heated to the desired 

reaction temperature (typically 300°C or 355°C). If a synthesis was done at the higher temperature, 

the glass set-up was insulated with a thick layer of glass-wool and wrapped with aluminum foil.  

At the desired temperature, the slurry of metal precursors is injected into the hot capping ligand.  

Upon injection, the solution immediately turns black, and the temperature drops momentarily.  

Once the temperature returns to the set number, the reaction is held for the desired experiment time 

(15 mins-3 hours).  After the reaction, the mixture is cooled to room temperature.  The 

nanoparticles are dispersed in hexanes (5 mL) by sonication, precipitated in 35 mL of ethanol, and 

isolated by centrifugation.  The nanoparticles are washed at least 4 times before being stored in a 

suspension of hexanes.  

 
3.3 Single Source Precursors 

 For all ligands (L) shown in Figure 3.2, the corresponding chromium (III) SSP, CrL3 has 

been reported. 747576  These SSPs are all tris- compounds with the bidentate ligands filling the 

coordination sphere of one chromium(III) atom.   
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Among the copper SSPs used in this project, only the dithiocarbamate complex has been 

reported,  [Cu(S2CNPyr)2].77 The crystal structure of the -DTP complex was solved via x-ray 

crystallography and is shown below in Figure 3.3 (RA387). Table 3.1 contains the crystallographic 

data for the structure. It is a tetrameric molecule with a 1:1 ratio of copper and ligand, where one 

sulfur atom in each ligand bridges two copper atoms. Although we were unable to prepare single 

crystals of the copper diphenyldiselenophosphinate complex (-DSP), we hypothesize, based off 

CHN-EA results, that the Cu:DSP complex is also 1:1, so we believe that the DSP-based precursor 

is isostructural to the DTP-based SSP, [Cu4(DTP)4], .and exists as a tetramer.  Paul O’Brien 

previously reported a copper(I) diisopropyl diselenophosphinate complex which also formed as a 

tetramer, further solidifying our hypothesis.   

 

 

Figure 3.3 Crystal structure of [Cu4(S2PPh2)4] (Cu4DTP4). 
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Table 3.1 Crystallographic details for [Cu4(S2PPh2)4] 
CSD# 1980477 

Formula Cu4S8P4C48H40 

Crystal System Tetragonal 
Space Group p-42(1)c 

a (Å) 14.1636 
b (Å) 14.1636 
c (Å) 12.3440 
α (°) 90.000 
β (°) 90.000 
γ (°) 90.000 

V (Å3) 2476.3 
Z 2 
R 0.0371 

 

The most obvious difference between the -DXP and -DTC SSPs structure for copper is that 

the -DXP forms a tetramer while -DTC is a monomer. This difference could likely have arisen 

from the different oxidation states of the copper in the complex. -DXP stabilizes Cu(I) (despite 

starting with a Cu(I) or Cu(II) chloride salt) while -DTC stabilizes Cu(II). The size of the ligand 

could also have played a role in whether a tetramer or monomer was yielded. Between -DXP and 

-DTC, the phosphorous-chalcogen bond is weaker than the carbon-chalcogen bond thus rendering 

the dichalcagenophosphinate SSP more reactive than the dithiocarbamate SSPs. Between -DSP 

and -DTP, the selenium-based SSP is more reactive because of the longer, weaker P-Se bond 

compared to P-S. 

 In addition to using [Cr(S2PPh2)3], we also were able to stabilize and solve the crystal 

structure for [Cr(S2PPh2)2(MeCN)] (Figure 3.4), a divalent chromium complex (RA395). This was 

an interesting achievement because divalent chromium species are less stable, therefore much 

more challenging to isolate, than trivalent and hexavalent chromium compounds. We discuss the 

use of this complex later in Section 3.6. Despite synthesizing [Cr(DTP)2(MeCN)] in the glovebox 
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and storing it at -30°C in an inert atmosphere, the lime green chromium(II) complex still oxidized 

over time to the distinct dark purple color corresponding to the chromium(III) complex. In fact, 

this complex is so air-sensitive that when we initially attempted to isolate the product through 

gravity filtration inside of the glovebox, the material oxidized immediately upon touching the filter 

paper. This could also indicate the presence of water or oxygen within the pores of the paper 

despite being brought into the glovebox in an overnight vacuum and being stored for several weeks 

in the box.  

 

Figure 3.4 Crystal structure of [Cr(S2PPh2)2(MeCN)]. (RA395) yet to be refined.  

 

3.4 Delafossite CuCrX2 

3.4.1 Phase Control 

Table 3.2 outlines the primary results when comparing the products (as determined from 

PXRD) afforded at different ratios and temperatures in a standard nanoparticle synthesis in OLA 

at 1 hour when utilizing the dichalcogenophosphinate single source precursors. We chose to show 
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the variance of phase through comparing ratios (of SSP reacted) and temperature because these 

factors had the most influence in the final product.  

 
Table 3.2 A comparison of phases identified via PXRD when -DXP single source 
precursor ratio and temperature were varied for each chalcogen. All reactions were run 
for 1 hour. 

[Cu4(DXP)4] : [Cr(DXP)3] 
(metal ratio) 

 300°C 360°C 

X=Se 

1:1 CuCrSe2 CuCrSe2  

1:2 CuCr2Se4 CuCr2Se4 

X=S 

1:1 CuCrS2  CuCrS2 

1:2 CuCrS2 CuCrS2 

 

 The DSP-based SSPs had the most differences in phase depending on ratio and temperature 

compared to the DTP-based SSPs. When a 1:1 ratio of Cu:Cr DSP SSP was used at either low or 

high temperature, 300°C (RA408) and 360°C (RA382) respectively, CuCrSe2 was formed along 

with a Cu2-xSe impurity phase. GSAS refinement revealed that the average size of these 

nanoparticles was 14nm. The impurity phase can easily be washed away by using pyridine which 

coordinates strongly with copper and dissolves it into solution, thus leaving phase pure CuCrSe2 

(Figure 3.5). On the other hand, when targeting the spinel, which inherently has a Cu:Cr ratio of 

1:2, by using a 1:2 SSP ratio, we yielded pure CuCr2Se4 (Figure 3.6) at both 300°C (RA407) and 
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360°C (RA381). GSAS refinement calculated the average size of these nanoparticles to be 23nm. 

This result is surprising because we expected spinel to form only at higher temperatures. 300°C is 

the lowest temperature CuCr2Se4 has been formed; other literature reports needing higher 

temperatures to stabilize the spinel.  

 

Figure 3.5 PXRD pattern of CuCrSe2. 
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Figure 3.6 PXRD pattern of CuCr2Se4. 

 

 The DTP-based SSPs only yielded CuCrS2, however, purity was affected by ratio of Cu:Cr 

and temperature. When 1:1 ratio Cu:Cr was employed at 300°C (RA385) and 360°C (RA411), we 

consistently saw a Cu2-xS impurity, indicating that the reactivity of [Cu4(DTP)4] and [Cr(DTP)3] is 

not matched, and that the reactivity of the chromium precursor is slower than the copper tetramer. 

The impurity was easily avoided when chromium was in excess in the 1:2 ratio experiments 

regardless of temperature (RA390 and RA391), where phase pure CuCrS2 was identified via 

PXRD (Figure 3.7). This is not to say that there could not be an amorphous Cr-S phase among the 

crystalline nanoparticles since PXRD only detects crystalline phases. Interestingly, we also yielded 

phase pure CuCrS2 when conducting the synthesis at the higher temperature, 360°C (RA411). This 

could mean that at elevated temperatures, the reactivity between the two single source precursors 
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is better matched to form the ternary product. This could also just mean that Cu2-xS is not 

thermodynamically stable at higher temperatures.  

 

Figure 3.7 PXRD pattern of CuCrS2 

 

The binary copper chalcogenide impurity phases detected via PXRD can be easily be 

removed from the product by doing a wash of the nanomaterial with 1mL of pyridine. Copper 

coordinates very strongly to pyridine and can be pulled into solution and washed away this way. 

When using the -DTC SSPs under identical nanoparticle conditions (HAD136), CuCrS2 

was also only afforded albeit with different sizes and morphology when compared to the 

corresponding -DTP syntheses (HAD137). Both sulfur-based SSPs yield the same nanomaterial 

phase regardless of precursor ratio, temperature, solvent, and time, however, that is not to say that 

these factors do not affect the size and growth of CuCrS2 nanoparticles.  
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We refined and calculated the size of the nanomaterials using their respective PXRD 

patterns using GSAS II. Unsurprisingly, the  hexagonal nanoplates synthesized from the -DTP 

SSPs were found to be, on average, 19nm in width and 10nm in thickness while the nanoparticles 

synthesized from the -DTC SSPs  were larger and calculated to be, on average, 48nm and more 

isotropic (and irregular) in morphology (Figure 3.8, left) compared to the nanoparticles formed 

from -DTP which more hexagonal in shape (Figure 3.8, right). This is evident in the PXRD patterns 

(Figure 3.9) where the peaks of the -DTP product are broader compared to the sharper peaks of 

the -DTC, indicative of smaller nanoparticles via the Scherrer equation in which wider peak width 

at half max correlates to smaller nanoparticle size.  The P-S bond is weaker, and more reactive, 

compared to the C-S bond so it is likely that during the nucleation event in nanoparticle synthesis, 

that more nuclei were formed in the -DTP reaction which contributed to the overall smaller size. 

Further studying that the factors that affect growth of CuCrS2 is valuable due to the layered nature 

of the material since properties can tuned according to the thickness.   
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Figure 3.8 SEM images of CuCrS2 nanoparticles formed from -DTC (left) and -DTP (right). 
HAD136 and HAD137, respectively. 

 

 

Figure 3.9 PXRD overlay of CuCrS2 via S2CNPyr and -S2PPh2 SSP. 
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3.4.2 CuCrS2 Growth with Time 

 We determined previously that the Cu2-xS impurity phase can be avoided either by 

increasing the concentration of [Cr(DTP)3] or increasing temperature. When conducting timed 

studies, we learned that time also plays a role in the formation of the binary phase. When reactions 

were held for shorter than 30 minutes, the impurity phase was not crystallized, but did form after 

30 minutes. This indicates that the growth of Cu2-xS is slower than that of the delafossite.  

 In an attempt to uncover the growth mechanism of colloidal CuCrS2. temporal studies 

ranging from 15 minutes to 3 hours were conducted which revealed an interesting effect on the 

overall size and distribution of the CuCrS2 nanoparticles. Figure 3.10a-d shows the histograms of 

nanoparticle size generated from sampling over 150 particles imaged using TEM from reactions 

conducted at 15 minutes (Figure 3.10a, RA377), 30 minutes (Figure 3.10b, RA384), 1 hour (Figure 

3.10c, RA385), and 3 hours (Figure 3.10d, RA389). Unsurprisingly, the average size of the 

nanoparticles grows from  8.0±1.5 nm at 15 minutes to 37.8±9.7 nm at 1 hour. The growth 

mechanism during this time is most likely to be aggregation, or coalescence, of monomers. By 

studying the progress from Figure 3.10a, through Figure 3.10b to Figure 3.10c, we can clearly see 

a polydispersion event where the size distribution range of the particles widens.   Interestingly, the 

average size of the nanoparticles decreases from 1 hour to 13.7±3.7 nm at 3 hours. This is likely 

due to digestive ripening where larger particles will re-dissolve in solution to allow smaller 

particles to grow.78 We see further evidence of digestive ripening as the nanoparticle size becomes 

more monodispersed once the larger particles have re-dissolved- a common trait of this growth 

mechanism.79 
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Figure 3.10 CuCrS2 300°C A) 15 min (RA377), B) 30 min (RA384), C) 60 min (RA385), D) 3 hours 
(RA389). 

 
 

 We tested our digestive ripening hypothesis further by intentionally re-dispersing the large, 

polydispersed sample formed at 1-hour reaction in OLA (RA385). We hypothesized that further 

heating the sample in the same solvent and temperature for an additional 2 hours should allow for 

the particles to shrink and become more monodispersed so that the histogram of the “ripened” 

product would match that of the 3-hour reaction (RA423). Figure 3.11 compares the before and 

after histograms of the 1-hour sample heated for an additional 2 hours. It is clear that nanoparticle 

size becomes smaller and that the monodispersity increased. The new average size of the particles 

is 29nm±5nm, which corresponds to an approximately 25% reduction in average size and a 
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reduction in dispersity by a factor of 2. We further treated the sample by heating the nanoparticles 

for an additional 2 hours at 100°C, below the presumed coalescence threshold temperature, and 

analyzed the particles to be 11nm±2nm. The new particles are approximately 25 percent the size 

of the original sample (38nm) and are more monodispersed by a factor of 5.  

 

 
 
 
 
 
 
 
 

 
 

 

 
 

 
 

Figure 3.11 Histogram of nanoparticle size of original sample quenched at various times. 1-hour 
reaction time, RA385 (top), the same sample after additional heating at 300°C for 2 hours, RA423 

(middle), and the same sample after additional heating at 100°C for 2 hours RA463 (bottom). 
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3.4.3 CuCrS2 Growth as a Function of Temperature 

Although hexagonal nanoplates of CuCrS2 were stabilized at both 360°C and 300°C, we 

observed a dramatic shift in how the hexagonal nanoparticles grew on a macro-level at each 

temperature. At the lower temperature, 300°C, the hexagonal plates were isolated as well-spaced 

out, individual nanoplates (RA376) (Figure 3.12). 

 

 
 

Figure 3.12 TEM image representing well isolated hexagonal plates of CuCrS2 formed at 300°C. 
(RA376) 

 

 Alternatively, at higher temperatures, we consistently observed oriented attachment (OA) 

along the c-axis of the nanoplates via TEM as the nanoplates appeared to be stacked upon each 

other and macroscopically seemed to grow as 1D mesocrystals (Figure 3.13) (RA411). It is not 

uncommon to observe oriented attachment of nanoparticles, especially at higher temperatures.8081 

It is has been proposed that the driving force of OA at high temperatures is a decrease in coulombic 

interaction between ligand and nanocrystals, therefore the energy barrier of OA growth is reduced 

and OA can occur.8283 In this case, at higher temperatures, the interaction between the coordinating 

amine group of OLA and surface metals is reduced, so more exposed surfaces of nanoparticle 
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plates can interact with each other. The anisotropy of the material perhaps also provides a favorable 

condition for OA as the face of each plate has significantly more surface area, and therefore 

potential, for interacting with another particle to promote attachment along the c-axis.  

 

Figure 3.13 TEM images of oriented attachment growth of CuCrS2 nanoplates at 360°C. 
(RA411) 

 
3.5 Spinel CuCr2X4 

One of the most significant findings in this project was being able to stabilize the CuCr2Se4 

spinel phase at a low temperature like 300°C (RA407). In previous literature reports of this 

material, temperatures as high as 400°C were reported for the synthesis.84 Gupta reports a colloidal 

synthesis of CuCr2Se4 using metal acetylacetonate precursors at 350°C in OLA,85 and later reports 

a synthesis in trioctylamine requiring temperatures up to 320°C to synthesis CuCr2Se4.86 Our result 

sheds light, once again, on the advantages of using a SSP over separate precursors as SSPs are 

known to decompose at lower temperatures compared to their elemental counterparts.87 The 

decomposition pathway in OLA at 300°C here in this case was sufficient to form the spinel.  
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 On the other hand, one of the most mysterious aspects of this project regards being unable 

to stabilize the sulfur spinel, CuCr2S4. Gupta emphasizes that temperatures above 350°C need to 

be maintained in order to stabilize CuCr2S4, otherwise CuCrS2 forms as well,88 however we were 

unable to form spinel despite reaching temperatures as high as 360°C. We hypothesized that our 

inability to form spinel could be due to a lower precursor reactivity of the -DTP compared to the -

DSP; P-Se is a weaker bond compared to P-S bond. To test this idea, we supplemented our reaction 

with one of the most reactive sulfur sources available, bis(trimethylsilyl)sulfide (TMS), to promote 

formation of CuCr2S4, but to no avail (RA393).  

 A key difference between delafossite and spinel is the copper oxidation state, where 

CuCrX2 contains Cu(I) while CuCr2X4 contains Cu(II). [Cu4(DTP)4] and the corresponding DSP 

precursor stabilize monovalent copper cations, so in order to form the spinel, oxidation is required 

to occur during the reaction. For forming CuCr2Se4, Cu(I) is able to oxidize to Cu(II), however, the 

same does not happen when attempting to form CuCr2S4. Understanding why copper oxidizes in 

the presence of selenium and not sulfur could be critical in stabilizing the sulfur spinel, but for 

now it confounds us. An alternate route to having Cu(II) in solution during the synthesis is by 

employing a Cu(II) precursor to begin with- [Cu(PyrDTC)2]. When we thermolyze the -DTC SSPs 

at high temperature, in a 1:2 ratio, we once again stabilize delafossite, CuCrS2 (MW31). Lastly, 

we hypothesized that decomposing the Cu(II) SSP while maintaining an oxidizing environment, 

via the addition of tetraethylthiuram as well doing the reaction below the reduction threshold 

temperature of OLA, would yield the spinel phase. However, once again, we identified the product 

as CuCrS2. 
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3.6. Cr(II) and Cr(IV) Materials  

 Divalent chromium complexes are few and far between. To our knowledge, a divalent 

chromium containing sulfur complex has not been reported. We hypothesized that utilizing a Cr(II) 

SSP could potentially lead to interesting results in a nanoparticle synthesis, like the direct 

formation of CrS. Upon using this SSP in a standard nanoparticle synthesis with OLA (RA396), 

we isolated a mixed-phase of oxidized chromium phases (Figure 3.14) like CrO3, Cr2(SO4)3, and 

Cr3S4; out of these phases, Cr3S4 is a mixed valent phase which contains both Cr(II) and Cr(III), 

and the oxygen containing phases suggest the set-up invited air. We attempted the synthesis doing 

a sealed, heat up method at 300°C (RA397) and 330°C (RA398), however these lead to an 

amorphous product which we could not identify.  

 

Figure 3.14 PXRD of the hot injection thermolysis of [Cr(S2PPh2)2(MeCN)]. (RA396) which yielded 
mix phase of Cr3S4 (red PDF), Cr2(SO4)3 (green PDF), and CrO3 (blue PDF). 
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Deintercalation studies can lead us to forming the very ephemeral CrX2 phase. We targeted 

KCrSe2 to form CrSe2 because KCrS2 does not successfully oxidize to form CrS2, but rather can 

lead to HCrS2.66  Reports thus far discuss methods to form KCrSe2 via solid state methods, so we 

informed our synthesis of KCrSe2 based on our synthesis of CuCrSe2.  

By using [Cr(DSP)3] and [K(DSP)] as sources for each metal and selenium, in conditions 

identical used to form CuCrSe2, we stabilized an amorphous phase we could not confidently 

identify (RA428). It is important to note that the library of PDF phases we use (ICSD) does not 

contain a KCrSe2 option, but does contain KCrS2, so identifying the peaks is based on an 

assumption that the two materials are isostructural therefore the PXRD pattern will be identical, 

but slightly shifted. Through concentrating the reaction and increasing the temperature to afford a 

more crystalline phase (RA339), we once again yielded an amorphous material which is 

unidentifiable. Lastly, different capping ligands can coordinate to different faces of a crystal and 

stabilize different phase. Through identical syntheses at high temperatures and concentrations, but 

employing solvents with different functional end groups like phosphines (trioctylphosphine, TOP), 

acid (oleic acid, OA), and alkane (octadecene, ODE), we were able to uncover that although each 

solvent yields a different product, the products cannot be matched to KCrX2.  

 

3.7 Conclusions 

One of the largest obstacles in the nanosyntheses of ternary materials is identifying 

precursors with similar reactivities for both metals. Additionally, there exists the possibility that 

an impurity phase, like binary Cu2-xX or another ternary like CuCr2X4, could form. We have found 

that the ratio of Cu:Cr SSP is most critical for controlling the phase of the material to preferentially 

yield the delafossite or spinel phase. We were easily able to attain CuCr2Se4 by simply adjusting 
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the ratio of Cu:Cr SSP but attempts at forming CuCr2S4 were very challenging. Further studies on 

the growth mechanism of CuCrS2 nanoparticles suggest that precursor reactivity and time play a 

key role in the size of the product where the -DTP SSPs form smaller, better formed hexagonal 

plates compared to -DTC SSPs.  
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Chapter 4: Bismuth Chalcogenides 
 
 

4.1 Introduction 
 
4.1.1  Bismuth Chalcogenides 

Bismuth (III) chalcogenide  materials are classified as V-VI semiconductors and can be 

applied in solar cells, photolithography, optical memory devices, as well as photoelectric and 

thermoelectric conductors.89 Bismuth (III) sulfide is a semiconducting material with a direct 

bandgap between 1.3eV and 1.7eV which is close to the optimal band gap required for solar cell 

energy conversions and as such is applied in photovoltaic materials and photodiode arrays.90,91 

Bismuth (III) selenide is most commonly known as a topological insulator material with a narrow 

band gap of 0.3eV in the bulk.92 Topological insulators are materials that behave as insulators in 

the interior, however, the surfaces contains conducting states so electrons can move around the 

surface of the material.93 

Doping Bi2Se3 with a magnetic ion can produce an internal magnetic field, and this was 

demonstrated by doping chromium into bulk Bi2Se3.94 It is of interest to dope rare earth elements 

into topological insulators, like Bi2Se3, due to their large magnetic moments, similarities in ionic 

radii, and strong spin-orbit coupling.95 Evidence also shows that rare earth doping results in higher 

electron mobility (1500-12000 cm2/Vs) compared to transition metal doping (10-700 cm2/Vs). For 

example, samarium doped Bi2Se3 (or (SmxBi1-x)2Se3) gives rise to ferromagnetic ordering at TC 

<52K with a coercive field of <500Oe.96 It is important to note that there must be a sufficient level 

of doping to give rise to the ferromagnetism; low levels of doping will manifest as weak 

paramagnetism.  
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4.1.2 Single Source Precursors 

Bismuth with chalcogen can combine in a number of stoichiometries, and Bi2X3 is a more 

popularly studied material among the others. In our experience, we quickly realized that Bi2S3 can 

cleanly form with or without a single source precursors. On the other hand, Impurity phases can 

form near the 2:3 stoichiometry when using separate sources of bismuth and selenium, and the 

syntheses require careful control to ensure clean ratio. The use of a SSP proves to be quite useful 

in obtaining phase pure Bi2Se3 .  

To the best of our knowledge, there are no reports of single source precursors using a 

bismuth dichalcogenophosphinate  (-X2PRR’) complex, utilized to form nanomaterials under 

coordinating solvents. On the other hand, single source precursors of bismuth (III) with 

dithiocarbamate ligands (-S2CNRR’) have been reported,97,98,99 and the subsequent nanoparticles 

have been characterized and studied fairly in depth. Dithiocarbamate ligands can be synthesized 

to possess symmetric, asymmetric, or heterocyclic alkyl groups on the nitrogen atom.  

When any of the above-mentioned bismuth(III) dithiocarbamate single source precursors 

are thermolyzed, bismuthinite (Bi2S3) is formed. There are examples of elemental bismuth that is 

formed in addition to Bi2S3, however, this impurity phase is attributed to the solvent, such as 

trioctylphosphine oxide (TOPO),100 or the reducing solvent oleylamine at higher reaction 

temperatures (>250°C).101 There is no evidence that suggests ligand structure affects precursor 

thermolysis and the phase that results.  
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4.2 Experimental 

4.2.1 Materials  

Oleylamine (>70%, Sigma), oleic acid (Sigma), bismuth (III) chloride (>99%, Alfa Aesar), 

bismuth (III) acetate (>99% Alfa Aesar), diethylamine (>99%, Sigma), diphenylphosphine (98%, 

Sigma), isopropanol (>99%), acetonitrile (>99%), absolute ethanol (>99.7%), and hexanes 

(>99.5%) were used as received.  

4.2.2 Characterization 

Elemental analysis (C, H, N) was performed on a PerkinElmer 2400 microanalyzer using 

acetanilide as a standard. FTIR measurements were recorded in the range of 400−4000 cm−1, from 

pressed pellets in KBr on a PerkinElmer FTIR instrument. X-ray powder diffraction patterns were 

obtained using a Rigaku Ultima IV X-ray powder diffractometer with Cu Kα radiation at 40 kV 

and 30 mA and a D/teX silicon strip detector. Samples were prepared for TEM measurements by 

drop casting dilute nanomaterial solutions on carbon-coated copper TEM grids. High-resolution 

TEM (HRTEM) and energy dispersive X-ray spectroscopy (EDS) analyses were performed on a 

JEOL JEM-2100F FEG TEM instrument operated at 200 kV at the Advanced Imaging and 

Microscopy Lab at the University of Maryland. Scanning electron microscopy (SEM) images were 

taken with a Zeiss SUPRA 55-VP scanning electron microscope, at an acceleration voltage of 20 

kV with an in-lens detector.  

4.2.3 X-ray Crystallography 

Intensity data were collected on a Bruker D8 Quest CMOS diffractometer using Mo Kα 

radiation (λ = 0.71073 Å). The data were integrated using the SAINT suite of software, and 

absorption corrections were calculated using SADABS. Crystal structures were determined and 
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refined using the SHELX-2013 and -2016 packages, with the assistance of X-Seed. The structures 

were determined using direct methods and refined by full-matrix least- squares methods with 

anisotropic thermal parameters for all non- hydrogen atoms. Hydrogen atoms were located in 

calculated positions and refined isotropically.  

 

4.2.4 Synthesis of the Ligands (1-2) 

[Et2NH2][Se2PPh2] (DSP salt) (1) Adapted from the literature,102 in an air-free atmosphere, 

selenium (7.894 g, 0.10 mol) was mixed with anhydrous ethanol (40 mL, 0.66 mol). 

Diphenylphosphine (8.7 mL, 0.05 mol) was added to the slurry.  Excess diethylamine (5.3 

mL, 0.051 mol) was injected into the reaction and lowered into a water bath at 70°C and 

stirred for 60 minutes. The solution turned from black to a rust-red color to clear over the 

course of the reaction. The reaction was cooled to room temperature and then transferred 

to a freezer at  -30° C. A white precipitate formed and was vacuum filtered and washed 

with ethanol and diethyl ether to isolate the product with 70% yield. FT-IR (cm-1) 2990 

(w.), 2769 (w.), 1539 (w.), 1435 (w.), 1088 (w.), 750 (m.), 694 (m.), 537 (m.), 512 (m.), 

470 (w.), 449 (w.). Anal. Cald. for Se2PC16H21N: C, 46.05; H, 5.33; N, 3.36. Found: C, 

46.09; H, 5.30; N, 3.35 (%).  

 
[Et2NH2][S2PPh2] (DTP salt) (2) Adapted from the literature,103 in an air-free atmosphere, 

sulfur (3.207 g, 0.10 mol) was mixed with anhydrous ethanol (40 mL, 0.66 mol). 

Diphenylphosphine (8.7 mL, 0.05 mol) was added to the slurry.  Excess diethylamine (5.3 

mL, 0.051 mol) was injected into the reaction and lowered into a water bath at 70°C and 

stirred for 60 minutes. The solution turned from yellow to clear over the course of the 

reaction. The reaction was cooled to room temperature and then transferred to a freezer at  
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-30° C. A white precipitate formed and was vacuum filtered and washed with ethanol and 

diethyl ether to isolate the product with 70% yield. FT-IR (cm-1) 2990 (w.), 2769 (w.), 1539 

(w.), 1435 (w.), 1088 (w.), 750 (m.), 694 (m.), 537 (m.), 512 (m.), 470 (w.), 449 (w.). Anal. 

Cald. for S2PC16H21N: C, 59.59; H, 6.58; N, 4.34. Found: C, 59.59; H, 6.75; N, 4.39 (%).  

 

4.2.5 Synthesis of the Complexes (3-4) 

[Bi(S2PPh2)3] (Bi(DTP)3) (3) In a round bottom flask, BiCl3 (1 mmol, 315 mg) and DTP 

(2) (3 mmol, 966 mg) were added to acetonitrile (30 mL).  The mixture was stirred in 

acetonitrile for 30 minutes and a yellow precipitate formed. The product was gravity 

filtered and washed with acetonitrile dried and stored in in a vial with a 85% yield. Single 

crystals of the product were grown from slow evaporation of the solvent from the 

supernatant.  

 
[Bi(Se2PPh2)3] (Bi(DSP)3) (4) In a round bottom flask, BiCl3 (1 mmol, 315 mg) and DSP 

(1) (3 mmol, 1275 mg) were added to a mixture of acetonitrile (20 mL) and isopropanol 

(10 mL).  The mixture was stirred for 30 minutes and a bright orange precipitate formed 

immediately. The product was gravity filtered and washed with acetonitrile, dried, and 

stored in in a vial with a 54% yield. Single crystals of the product were grown via vapor 

diffusion where toluene was the solvent and hexanes was the anti-solvent.   

 
4.2.6 Nanoparticle Synthesis 

A slurry of metal precursor is prepared in a glovebox by adding the single source precursors 

(3) or (4) in OLA (5 mL). In a 3-neck round bottom flask fitted with a condenser and connected to 

a Schlenk line, 10 mL of the capping ligand (OLA or OA) is degassed by heating to 110°C under 
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vacuum.  After 45 minutes the flask is placed under N2 atmosphere and heated to the desired 

reaction temperature (typically 250°C). At the desired temperature, the slurry of metal precursor 

is injected into the hot capping ligand.  Upon injection, the solution immediately turns black, and 

the temperature drops momentarily.  Once the temperature returns to the set number, the reaction 

is held for the desired experiment time (15 mins-3 hours).  After the reaction, the mixture is cooled 

to room temperature.  The nanoparticles are dispersed in hexanes (5 mL) by sonication, 

precipitated in 35 mL of ethanol, and isolated by centrifugation.  The nanoparticles are washed at 

least 4 times before being stored in a suspension of hexanes.  

 
4.3 Bismuth Sulfide (Bi2S3) 

Bi2S3 crystallizes in an orthorhombic unit cell with 4 molecules per unit cell (Z=4), The 

structure of Bi2S3 is very anisotropic along the c-axis and each Bi(III) cation coordinates to sulfur 

anions in a distorted octahedral geometry as shown in Figure 4.1.104   

 

Figure 4.1 Crystal structure of Bi2S2 viewed along c-axis. 
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4.3.1 Morphology and Aspect Ratio 

Due to the inherent structural anisotropy of Bi2S3, nanoparticles tend to grow as 1-

dimensional nanorods, or nanowires when thermolyzed either using single source precursors or 

separate reagents. Aspect ratio of the nanoparticles has been reported to be affected under varying 

reaction conditions like solvent, time, and temperature.  

When using bismuth(III) acetate and sulfur powder in OA at 170°C for 30 minutes formed 

Bi2S3 as what appeared to be thin nanorods attached together to form small stacks as shown in 

Figure 4.2 (top). When utilizing separate sources, bismuth(III) acetate and sulfur powder, in OLA 

at 170°C for 30 minutes formed Bi2S3 nanowires as shown in Figure 4.2 (bottom).105  

 

Figure 4.2 TEM image of Bi2S3 nanowires formed via separate sources. Oleic acid (top) and 
oleylamine (bottom).  Figure taken from reference 105 without permission.  
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Interestingly, when employing single source precursors in identical solvent conditions 

results in starkly different morphologies compared to separate reagents. When a dithiocarbamate-

based precursor, bismuth(III) tris(N-methyl-N-phenyldithiocarbamate), was thermolyzed in oleic 

acid, spherical nanoparticles with an average size of 28nm were yielded (Figure 4.3).106  When the  

same single source precursor was thermolyzed in oleylamine, nanorods with an average length of 

128nm and diameter of 46nm (aspect ratio 2.78) were afforded (Figure 4.3).  

 
Figure 4.3 Morphology of Bi2S3 when formed using Bismuth(III) tris(N-methyl-N-

phenyldithiocarbamate). Via oleylamine (left) and oleic acid (right). Reprinted with permission from 
reference 106. 

 
Utilizing a previously reported dithiophosphinate-based complex, [Bi(S2PPh2)3] (Figure 

4.4),107 we were able to thermolyze it as a single source precursor and grow nanoparticles of Bi2S3. 

Regardless of solvent, oleylamine (RA404) or oleic acid (RA417), we yielded the favorable 1-

dimensional morphology (Figure 4.5). The aspect ratio of the nanorods synthesized in oleylamine 

was larger compared to the rods grown in oleic acid- 20 and 12.4, respectively (Figure 4.6 and 

Figure 4.8). The nanorods formed in OLA appeared thinner, although they were comparatively 

shorter than the OA nanorods. This is not surprising as solvent has been shown to affect the aspect 

ratio of nanorods dramatically.  
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Figure 4.4 Crystal structure of single source precursor [Bi(S2PPh2)3] 

 

 

Figure 4.5 TEM image of Bi2S3 nanorods synthesized in oleylamine. (RA404) 
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Figure 4.6 Histograms of Bi2S3 nanorods in OLA. Histograms reveal that average nanorod length is 

833nm±244nm (left) and average width is 40nm±25nm (right). This means that the average aspect ratio 
of the nanorods is 21. 

 
 

The Bi2S3 nanorods grow radially from a center point when formed in oleic acid to create 

an acicular needle-like formation (Figure 4.7). It is possible that the oxygen in oleic acid plays a 

role in nucleating Bi2S3 “seeds” which are used at the origin point for 1-dimensional growth of the 

material in all directions. Radial growth also appears to place a cap on the maximum length 

achieved for each rod grown from the origin point as seen in the histogram. It is important to note 

that these acicular needles are 3D but are imaged as 2D particles-this affects the measurements 

taken for the rods that are out-of-plane because they appear shorter on a 2D image where in reality 

they could be just as long as the in-plane rods. Furthermore, this result is starkly different from 

that of the dithiocarbamate SSP used in similar conditions; we were able to achieve better control 

over morphology when employing the dithiophosphinate SSP.  
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Figure 4.7 TEM of Bi2S3 nanorods synthesized in oleic acid. (RA417) 

 
Figure 4.8 Histograms of Bi2S3 nanorods in OA. Histograms reveal that average nanorod length is 
1340nm±686nm and average width is 107nm±45nm. This means that the average aspect ratio of the 

nanorods is 12.4. 
 

Although other solvents were not tested at this point in this work, we can expect a few 

results based on previous reports in literature. For example, we can expect that utilizing longer 

chain length capping ligands will generally increase the aspect ratio of the resulting nanorods based 

on work by Revaprasadu et al. In general, we can expect that using dodecanethiol (DDT) in small 

amounts in addition to the thermolysis solvent will enhance the morphology and crystallinity of 

the nanomaterials, especially if they seem to grow more isotropic. Decomposition of SSPs at high 

temperatures allows sulfur atoms from DDT to coordinate to bismuth(III) ions, and thus increase, 

and control, the reaction chemical potential of the solution. Higher chemical potentials allow more 

thermodynamically unstable morphologies (i.e. more anisotropic) to be stabilized. 
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4.3.2  Synthetic Conditions 

Nanoparticle syntheses depend on conditions such as temperature, time  concentration and 

solvent.  Although not explored in this thesis, we can predict that higher reaction temperature will 

decrease the aspect ratio of the nanorods based on work by Revaprasadu et al. A possible reason 

aspect ratio decreases with temperature could be because at higher temperatures, more 

thermodynamically stable morphologies (i.e. more isotropic) form due to the dynamic nature of 

coordinating solvents.  

Time can have a more convoluted effect on the growth of nanoparticles, depending on 

many factors, including the precursor/solvent pairing. In one study conducted by Tiekink et al, it 

was demonstrated via Scherrer size analysis that longer reaction times (of -CNPip and -

CNMeCyclohex based SSPs in EG) increased the length of the 1D nanorods, as expected. 

However, when a -CNEt2 based SSP was utilized under identical reaction conditions, the nanorods 

actually decreased in length over time- suggesting that the kinetics of nanorod growth are fast, and 

that the rods can redissolve into the hot EG solvent. There is also general evidence that suggests 

that longer reaction times tend to decrease aspect ratio of 1D nanoparticles, so that they appear 

more isotropic over time.  
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4.4 Bismuth Selenide (Bi2Se3) 

Trivalent bismuth selenide crystallizes in a hexagonal structure of the composition Bi2Se3. 

Structurally, quintuple layers of alternating selenium and bismuth layers stack upon one another, 

held together by weak Van Der Waal forces between selenium layers as seen in Figure 4.9.108  

 

 

Figure 4.9  Crystal structure of Bi2Se3 viewed along c-axis (left) and a-axis (right).  
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It is possible for bilayers of pure bismuth to arbitrarily intercalate between the quintuple 

layers in varying ratios, and ultimately stray from the Bi2Se3 stoichiometry while maintaining the 

hexagonal crystal shape. An infinitely adaptive series of bismuth selenide phases can therefore be 

synthesized and stabilized, like, BiSe, Bi4Se3, Bi8Se9, and Bi3Se4 among others as shown in Figure 

4.10.109 Bismuth(III) is most likely to reduce and intercalate the material in its elemental form when 

synthetic temperatures reach above 220°C. For this reason, our synthesis was performed at 220°C. 

 

 

Figure 4.10 Representation of an infinitely adaptive series of bismuth between Bi2Se3 layers. 
Reprinted with permission from Reference 109. 
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4.4.1 Phase Control 

When a standard nanoparticle synthesis (oleylamine, 220°C, 30 minutes) was performed 

using separate sources for the elements, bismuth (III) acetate and diphenyldiselenophosphinate, 

the final phase appeared to be a mixture of Bi2Se3 and some bismuth-rich phases with the same 

hexagonal crystal structure as Bi4Se3 and BiSe. Figure 4.11 shows that Bi2Se3 PDF matches well, 

but not perfectly, with the sample (RA158). This indicates that there is likely bismuth within the 

crystal lattice which is causing the pattern to be consistently shifted about 1° 2-theta to the left. 

When phases like Bi4Se3, Bi8Se9, Bi2Se2, and Bi3Se4 are overlaid on the pattern along with Bi2Se3, 

the peaks appear to be completely encompassed. This indicates that the pattern produced from 

using separate precursors is likely to be composed of multiple phases of bismuth selenide which 

vary in stoichiometry as shown in Figure 4.12. Although the temperature controller used in this 

synthesis was set to 220°C, it is not uncommon for the device to swing to temperatures as far as 

±30°C. Unsurprisingly, the nanoparticles formed as hexagonal plates as viewed under the SEM 

(Figure 4.13). 
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Figure 4.11 PXRD pattern of Bi2Se3 via separate reagents. The pattern matches but is slightly shifted 
from the PDF. (RA158) 

 

 

Figure 4.12 PXRD fitted to PDF patterns of Bi4Se3, Bi8Se9, Bi2Se2, Bi3Se4, and Bi2Se3. (RA158) 
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Figure 4.13 SEM image of Bi2Se3 hexagonal nanoplate. (RA158) 

 

Due to the nature of the infinitely adaptive series, the similar structures cause the PXRD 

patterns (PDF lines) to be identical, but slightly shifted from one another, which renders it difficult 

to discern each phase without further elemental analysis.  Upon sampling the material using the 

EDS attachment on the SEM (Figure 4.14), it was revealed that the atomic percent of bismuth and 

selenium was 31.64% and 68.36%, respectively. This calculates to be a 3:7 Bi:Se ratio, and 

although not bismuth-rich it could be because the agglomerates are a mixture of several phases 

within the infinitely adaptive series. 

  

Figure 4.14 SEM and EDS spectrum of Bi2Se3. (RA158) 
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On the other hand, when employing the single source precursor, [Bi(Se2PPh2)3] (Figure 4.15), 

under identical nanoparticle synthesis conditions, we were able to yield phase-pure Bi2Se3 

(RA174) formed as hexagonal plates as shown in Figure 4.16 and Figure 4.17. This is a clear 

indicator that having the bismuth-selenium bond pre-formed prior to thermolysis allows for the 

material as Bi2Se3 without any excess bismuth available for intercalating between the layers.  

 

Figure 4.15  Crystal structure of single source precursor [Bi(Se2PPh2)3]. (RA156) 
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Figure 4.16 PXRD of stoichiometric Bi2Se3 formed via [Bi(Se2PPh2)3]. (RA174) 
 

 

Figure 4.17 SEM image of Bi2Se3 hexagonal nanoplate. (RA174) 
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4.4.2 Samarium Doping into Bi2Se3 Lattice 

            Similarly, we identified another advantage of utilizing the single source precursors over 

separate reagents in nanoparticle syntheses regarding doping.  

           When separate sources were used (RA163) we did not detect any Sm when scanning the 

nanomaterial agglomerates using EDS. This indicates that bismuth and selenium readily react with 

each other to form a stable bismuth selenide phase, albeit a bismuth-rich phase. Samarium does 

not readily substitute bismuth in the structure despite having identical charge and similar ionic 

radius.   

           When we used one single source precursor, (Bi(DSP)3), and used the acetate salt for 

samarium we were able to detect samarium via EDS, however, the calculations indicate that the 

phase is not consistent with samarium doped Bi2Se3. We typically expect a 2:3 Bi:Se ratio for pure 

Bi2Se3. This translates to 40% Bi and 60% Se (atomic percentages). We expect that the atomic 

percentages for samarium doped Bi2Se3, or (SmxBi1-x)2Se3, the selenium atomic percentage remains 

60% while the sum of samarium and bismuth equals 40% due to the substituting nature of doping. 

The EDS results for sample RA179 are not consistent so we hypothesize the bismuth and selenium 

have reacted to form a bismuth selenide while the samarium is separately among the material.  

            Lastly, when we used single source precursors only for both metals and the selenium, we 

were able to detect Sm:Bi:Se via EDS in ratios that are consistent with what is expected for Sm 

doped Bi2Se3. Although it is enticing to believe we have successfully doped samarium into the 

crystal lattice due to the EDS calculations and the PXRD pattern which does not show an alternate 

SmSe2 phase (the phase that is formed when [Sm(DSP)3(MeCN)2] is thermolyzed in OLA) , we 

can’t rule out that samarium could be on the surface only. We would have to conduct further studies 

using higher resolution imaging like TEM equipped with EDS to visualize the distribution of 



 109 

samarium atoms within a single hexagonal plate. The EDS results of all doping experiments are 

presented below in Table 4.1. 

 

Table 4.1 EDS results for Sm doping in Bi2Se3 
Sample 
ID 

Bi Source Sm Source Se 
Source 

Sm 
At% 

Bi At% Se At% Phase 

RA163 Bi(OAc)3 Sm(OAc)3 -DSP 0.00 51.79 48.21 BiSe 
RA179 Bi(DSP)3 Sm(OAc)3 Bi(DSP)3 6.46 44.08 49.46 Sm/BiSe 
RA182 Bi(DSP)3 Sm(DSP)3(MeCN)2 SSPs 3.03 38.70 58.27 (SmxBi1-x)2Se3 

 

4.5 Conclusions 

Bismuth chalcogenide materials are more straightforward due to possible phases that can 

be formed. Bismuth sulfide only forms as Bi2S3 and bismuth selenide generally forms as Bi2Se3 

but the possibility of elemental bismuth intercalating between layers renders an infinitely adaptive 

series that can be afforded. In this thesis, we employed two diphenyldichalcogenophosphinate-

based single source precursors- [Bi(Se2PPh2)3] and [Bi(S2PPh2)3]- in common solvents like 

oleylamine and oleic acid and found that using these SSPs proves to be advantageous over other 

precursors. When synthesizing Bi2Se3 from separate reagents, we acquired a mixture of bismuth-

rich phases in addition to Bi2Se3, but were able to avoid that and yield pure Bi2Se3  when using the 

SSP. We also demonstrated that the SSP provides a promising route to doping Bi2Se3 with rare 

earth ions based on some preliminary experiments with Sm3+. The few syntheses that were done 

for Bi2S3 confirm that it is a straightforward material to work with and that the SSP will be 

promising in tuning aspect ratio.  
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