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ABSTRACT 

  

Satisfying the ever-increasing demand for electricity while maintaining 

sustainability and eco-friendliness has become a key challenge for humanity. Around 

70% of energy is rejected as heat from different sectors. Thermoelectric energy 

harvesting has immense potential to convert this heat into electricity in an 

environmentally friendly manner. However, low efficiency and high manufacturing 

costs inhibit the widespread application of thermoelectric devices. In this work, an 

inexpensive solution processing technique and a nanostructuring approach are utilized 

to create thermoelectric materials. Specifically, the solution-state and solid-state 

structure of a lead selenide (PbSe) precursor is characterized by different spectroscopic 

techniques. This precursor has shown promise for preparing thermoelectric lead 

selenide telluride (PbSexTe1-x) thin films. The precursor was prepared by reacting lead 

and diphenyl diselenide in different solvents. The characterization reveals the 

formation of a solvated lead(II) phenylselenolate complex which deepens the 

understanding of the formation of these precursors. Further, using slightly different 

chemistry, a low-temperature tin(II) selenide (SnSe) precursor was synthesized and 

identified as tin(IV) methylselenolate. The low transformation temperature makes it 

compatible with colloidal PbSe nanocrystals. The colloidal PbSe nanocrystals were 

chemically treated with a SnSe precursor and subjected to mild annealing to form 

conductive nanocomposites. Finally, the room temperature thermoelectric 

characterization of solution-processed PbSexTe1-x thin films is presented. This is 

followed by a setup development for temperature-dependent measurements and 

preliminary temperature-dependent measurements on PbSexTe1-x thin films.  
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1 INTRODUCTION AND BACKGROUND 

Thermoelectrics are materials that can generate electricity from the application 

of a temperature gradient, or vice versa by exploiting thermoelectric effect. The 

thermoelectric effect mainly comprises of Seebeck and Peltier effect. In the case of the 

Seebeck effect, an application of heat at the junction of two dissimilar electrical 

conductors results in a generation of voltage across the conductors. In contrast to the 

Seebeck effect, in a Peltier effect, the application of a voltage across the two dissimilar 

electric conductors forming a junction results in heating or cooling at the junction 

depending on the direction of the current.  

 Motivation for Thermoelectric Research 

Thermoelectric energy harvesting is emerging as a source of sustainable 

energy. Satisfying the ever-increasing demand for energy while maintaining 

sustainability and eco-friendliness has become a key challenge for humanity. Despite 

initiatives taken on the global level, significant reductions in carbon dioxide emissions 

have not been achieved and climate change is evident at several places throughout 

the world. As can be seen from Figure 1.1, even the United States, one of the most 

technologically advanced countries, relies heavily on fossil fuels to meet its energy 

demand. The solution to this problem is shifting the reliance on renewable sources of 

energy and to reduce energy demand. Solar, wind, and hydroelectricity have emerged 

as promising sources of renewable energy. One crucial thing to notice from Figure 1.1 

is the enormous amount of energy (around 70%) rejected as heat from different 

sectors. This is where thermoelectric energy harvesting comes into the picture, which 

can convert this heat into electricity. Moreover, it’s a clean source of energy and hence 

environment friendly. Even if we consider a thermoelectric material with 5 % 

efficiency, the estimated rejected energy (mostly in the form of heat) can be converted 
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to 3.4 Quads which is equivalent to 26% of the US energy consumption (12.9 Quads 

– refer Figure 1.1). Hence there exists an immense potential to harvest waste heat 

using thermoelectrics.  

 

Figure 1.1 A energy flow chart (Sankey diagram) depicting the estimated US energy 

consumption in 2018 using different sources of energy (Solar, natural gas, petroleum, 

etc.) for different sectors (Residential, commercial, transportation, etc.). Source: 

Lawrence Livermore National Laboratory and the Department of Energy. 

Industrial waste heat and waste heat from the transportation sector are the 

two major sources of waste heat that can be harnessed using thermoelectrics. It is 

known that 80% of industrial waste heat is released as a heated gas at temperatures 

between 100 °C to 300 °C.1 Moreover, 60% of the energy in the internal combustion 

engine is lost as heat.1 Power generating sector, manufacturing sector, and 

transportation sector are also the ones heavily contributing to greenhouse gas 

emissions with contributions of 37%, 19%, and 17% respectively.2 Successful 
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implementation of thermoelectrics in these sectors will have a two-fold implication of 

producing electricity and indirectly reducing the greenhouse gas emissions.  

Thermoelectric devices offer the advantages of being compact, reliable, and 

silent. The solid-state approach, which involves the transfer of charge carriers enables 

them to have the above benefits. The moving entity, being the charge carriers, enables 

the design of thermoelectric devices without moving parts. This implies no 

maintenance and reliability over a long period. The thermoelectric devices can also be 

easily integrated into an existing system. These devices, therefore, become the 

preferred choice for niche off-grid applications such as space satellites and remote 

pumping stations for oil pipelines. However, for the widescale implementation of 

thermoelectrics for waste recovery applications in the industrial and transportation 

sectors, a significant cost reduction and enhancement in the efficiency is desirable. 

The following section covers the basics of thermoelectric devices.  

 Thermoelectric Devices  

 Physics behind Working of Thermoelectric Devices 

The underlying physics behind their working is the diffusion of charge carriers 

within the material. It is known that degenerate semiconductors are the best 

candidates for thermoelectrics (This is explained later in Section 1.3). Figure 1.2 

elaborates on the case of a n-type semiconductor. Under short-circuit condition, the 

chemical potential is constant through the semiconductor. However, two opposing 

internal diffusion currents exist due to the temperature gradient. The diffusion current 

is stronger from the hot end to the cold end. If we keep the same semiconductor under 

open-circuit condition, we will observe a pile of electrons on the cold end due to the 

diffusion current. This decreases the potential on the cold side of the n-type 

semiconductor and hence a voltage is developed between the two ends of the 
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semiconductor. The chemical potentials or the localized fermi levels now show a 

difference between the hot end and the cold end of the semiconductor. A similar case 

is observed in a p-type semiconductor with the difference of holes as charge carriers 

Figure 1.2 Themodiffusion of charge carriers in a p-type semiconductor.  

Figure 1.3 Thermodiffusion of charge carriers in a n-type semiconductor. 
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(hence increase in potential at the cold end) as illustrated in Figure 1.3. Thus, the 

charge carriers, either electrons or holes always diffuse from the hot end to the cold 

end of the material, giving rise to the development of voltage in response to the 

temperature gradient.  

 Thermoelectric Generator and Cooler.  

To realize a thermoelectric device, the n-type and p-type semiconductors are 

connected electrically in series and thermally in a parallel fashion. Since the 

thermoelectric effect is reversible (Seebeck and Peltier effects), the device can function 

as a generator or cooler. The device geometry can be seen in Figure 1.4 below.  

 The Figure of Merit (zT) and Efficiency 

The performance of thermoelectric material is governed by a dimensionless 

figure of merit, zT which is defined as: 

 𝑧𝑇 =  
𝑆2𝜎

𝜅
 𝑇 =  

𝑆2𝜎

𝜅𝑒 + 𝜅𝑝

 𝑇  (1) 

In the equation above, S stands for Seebeck coefficient, σ for electronic conductivity, 

κe for electron thermal conductivity, κp for phonon thermal conductivity and T for 

Figure 1.4 Schematic of a thermoelectric device as a (a) generator (b) cooler 
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absolute temperature. To maximize zT, the material needs to possess high Seebeck 

coefficient and electronic conductivity and low thermal conductivity.    

The power generation efficiency (ηp) as a function of average zT is given as  

 𝜂𝑝 =
𝑇ℎ − 𝑇𝑐

𝑇ℎ

[
√1 + 𝑧𝑇𝑎𝑣𝑒 − 1

√1 + 𝑧𝑇𝑎𝑣𝑒 +
𝑇𝑐

𝑇ℎ

] (2) 

 where Th and Tc are the temperatures at the hot and the cold end respectively. 

Higher power generation efficiency is achieved with a higher average zT and larger 

temperature difference. Therefore, continuous efforts are made to improve the zT of 

the existing materials. It’s a challenging problem to achieve high zT, due to the 

interplay among electronic conductivity (σ), Seebeck coefficient (S), and thermal 

conductivity (κ). To understand the interplay between S, σ, and κ, their microscopic 

origins need to be individually analyzed. 

 Microscopic Origins  

 Electrical Conductivity 

Electronic conductivity characterizes the flow of the charge carriers and is 

described by the following equation, 

 𝜎 = 𝑛𝑒µ (3) 

 where n is carrier concentration, e is electronic charge and µ represents mobility.  The 

microscopic origins of electronic conductivity can be understood and derived from the 

Boltzmann transport equation.3 The differential electrical conductivity represents the 

energy distribution of mobile charge carriers and its integration with respect to energy 

yields the total electrical conductivity as follows: 

 𝜎 = ∫ 𝜎(𝐸)𝑑𝐸
∞

0

 (4) 
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 𝜎 (𝐸) =  −
𝑒2

3
𝜏𝜈𝑔

2(𝐸)𝐷(𝐸)
  𝜕𝑓 𝑓  

𝜕𝐸
 (5) 

where τ is the carrier relaxation time, νg(E) is the group velocity, D(E) is the electronic 

density of states and ff is the Fermi-Dirac distribution, e is the elementary charge and 

E is energy. The above equation relates electronic conductivity to a more fundamental 

aspect of a material (i.e. electronic band structure). The product of 𝐷(𝐸)
  𝜕𝑓 0  

𝜕𝐸
 makes 

the differential electrical conductivity an asymmetric function with respect to the Fermi 

energy as illustrated in Figure 1.5. 

 Seebeck Coefficient 

Seebeck coefficient characterizes voltage generated per degree of the 

temperature difference and can be expressed as 

 𝑆 =  −
Δ𝑉

Δ𝑇
 (6) 

 

Seebeck coefficient for typical materials varies between +1000 µV/K to -1000 µV/K. 

Seebeck coefficient can also be derived from Boltzmann transport equation and can be 

simplified as:3   

 𝑆 = −
1

𝑒𝑇

∫ 𝜎(𝐸)(𝐸 − 𝐸𝑓)𝑑𝐸
 ∞

0

∫ 𝜎(𝐸)𝑑𝐸
∞

0

 (7) 

This equation indicates that the asymmetry of σ(E), with respect to the Fermi energy, 

Ef, is what gives rise to the Seebeck coefficient (proportional to Eavg – Ef). The Seebeck 

coefficient is small for metals and gets increasingly larger for semiconductors and 

insulators (Figure 1.5). On the other hand, the electrical conductivity (proportional to 

the size of the shaded blue area) is small for insulators and gets increasingly larger for 

semiconductors and metals. The thermoelectric power factor, S2σ, generally reaches 

a maximum near that of a degenerate semiconductor. Hence, degenerate 

semiconductors are materials of choice for thermoelectrics.  
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 Thermal Conductivity 

As both electrons and phonons carry heat, thermal conductivity comprises of 

two parts, electron thermal conductivity and phonon thermal conductivity. Electron 

thermal conductivity (κe) is proportional to electrical conductivity via the Wiedemann-

Franz Law which is stated as follows:  

 𝜅𝑒 = 𝐿𝜎𝑇 (8) 

Since electron thermal conductivity is coupled to the electrical conductivity, 

thermoelectric research focusses on reducing phonon thermal conductivity. Phonon 

thermal conductivity can be derived from the Boltzmann transport equation as follows: 

Figure 1.5 The asymmetry of the differential electrical conductivity, with respect to 

Fermi energy gives rise to the Seebeck coefficient (proportional to Eave - E). The 

Seebeck coefficient is small for metals and gets increasingly larger for 

semiconductors and insulators. On the other hand, the electrical conductivity 

(proportional to the blue shaded area) is small for insulators and gets increasingly 

larger for semiconductors and metals. 
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 𝜅𝑝 =  
1

3
∫ 𝐶 𝜈𝑔𝑙 𝜕𝜆 (9) 

Where λ is the phonon wavelength, C is the specific heat per unit wavelength, νg is the 

group velocity and l is the mean free path. C, νg, and l are all functions of phonon 

wavelength (λ). The above equation indicates decreasing phonon mean free path 

decreases thermal conductivity. One way to lower phonon thermal conductivity is to 

implement nanostructured materials, which enhances phonon scattering (This is later 

covered in section 1.5). 

To enable the widespread adoption of thermoelectrics, a significant reduction 

in their cost is essential. The cost stems from highly energy-intensive processing and 

expensive equipment utilized to prepare these materials. Solution processing has the 

potential to tackle this problem, which is elaborated in the following section. 

 Solution Processing of Metal chalcogenides 

Solution processing offers an inexpensive processing alternative to traditional 

processing. The technique has inherent advantages of being volumetrically scalable, 

enables large-area deposition, and large-scale production. Solution processing has 

revolutionized the printing and the painting industries to a great extent. Different 

techniques can be utilized such as spray coating, roll-to-roll printing, ink-jet printing, 

etc. for commercial applications. The technology can also be easily transferred from a 

lab-scale to a commercial production scale. This technology also enables the deposition 

of materials on substrates of different shapes such as cylinders, etc.  

To synthesize semiconductors by solution processing, one needs to prepare a 

solution-processable precursor. These precursors can be transformed into their 

respective semiconductors by thermal treatment. The annealing requirement for 

semiconductor is the major difference in processing as compared to regular paints and 
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inks. Moreover, the compatibility of the precursor with the equipment also needs to be 

taken into consideration.  

The preparation of soluble semiconductor precursors is not an easy task 

because semiconductors tend to be insoluble due to their strong covalent bonds. 

Hydrazine, as an exception, was found to dissolve several metal chalcogenides.4,5 

Metal chalcogenides are the compounds comprising of metal and chalcogen (sulfur, 

selenium, and tellurium) and are known to be semiconductors. The widespread usage 

of hydrazine-based precursors was restricted because hydrazine is carcinogenic, 

explosive and toxic. To solve this problem, a new solvent system, binary diamine-

dithiol solvent mixture, was discovered to readily dissolve a large variety of metal 

chalcogenides.6,7 But still it had some drawbacks. The unwanted sulfur brought by the 

dithiol solvent could be introduced into the metal selenide/telluride precursors. The 

amount of leftover sulfur and tellurium are non-negligible after the precursors are 

thermally decomposed so that it’s hard to make impurity-free and phase-pure metal 

selenides/tellurides using this diamine dithiol solvent method. Recently our group 

came up with diphenyl dichalcogenides to prepare soluble metal chalcogenide 

precursors (Figure 1.6).8 It can be prepared using different solvents (ethylenediamine, 

pyridine, butylamine, and dimethyl sulfoxide) and without any additional impurities 

after decomposition. Moreover, it enabled the preparation of lead selenide and lead 

telluride which were problematic by other synthesis routes. Though solution processing 

deals with the cost reductions aspects of implementing thermoelectrics, another aspect 

that needs attention is the improvement of the inherent efficiency of the material. 

Nanostructuring has proved to be a promising approach to enhance the figure of merit, 

which is discussed in the following section.  
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Figure 1.6 Soluble metal chalcogenide precursors prepared using diphenyl 

dichalcogenide.  

 Nanostructured Thermoelectrics  

Designing nanostructured materials for thermoelectricity has proved to be a 

successful approach to enhance the figure of merit and thus the device efficiency. The 

vast improvement in figure of merit arises from the suppression of the lattice thermal 

conductivity. The presence of nanoinclusions or nanoprecipitates results in a material 

in which the distance between particles is smaller than the phonon mean free path and 

larger than the electron mean free path. This leads to scattering of the phonons and 

thus reduces the thermal conductivity. The impact on electrical conductivity is 

negligible in this case. This results in decoupling between thermal and electrical 

conductivity and enhances the overall figure of merit.  

To enable a significant enhancement in the figure of merit, broad-spectrum 

scattering of phonons is essential in a material. Grain boundaries, nanoscale 

precipitates, atomic imperfections, alloy impurities, etc. tend to act as scattering sites 

for phonons. Alloy impurities and atomic-scale defects are known to scatter short-

wavelength phonons. Features at the nanometer (like nanoscale precipitates) and 

micron (like grain boundaries) scales are known to scatter intermediate and long-

wavelength phonons. Hence, it is desirable to have features at all length scales to 
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scatter all wavelength phonons. This broad-spectrum scattering of phonons has 

resulted in materials with the figure of merit of 1 to 2.2, which is relatively high 

compared to the figure of merit of 0.7 to 1 achieved by leading traditional 

thermoelectrics.9–11 

The recent works on nanostructured thermoelectrics didn’t have good control 

over size, morphology, composition, and dispersion of nano-features present in the 

material. Biswas et. al. formed platelet-like and spherical or ellipsoidal 

nanoprecipitates of SrTe in PbTe matrix by quenching of ingots which doesn’t offer 

excellent control over morphology and size.9 The bottom-up microwave synthesis 

approach adopted by Mehta et. al. resulted in hexagonal platelets of wide thickness 

dispersion from 5 nm to 20 nm and variable edge dimension from 50 to 1200 nm along 

with the formation of few truncated triangle precipitates.12 The ball-milled powders of 

silicon and germanium used by Joshi et. al. also varied significantly in size and shape.13 

An elegant and easy way to control the shape, size, composition, and volume fraction 

of nanocrystals in the host matrix is to use colloidal nanocrystals. Colloidal 

nanocrystals and their nanocomposites are discussed in the following sub-section.    

 Colloidal Nanocrystals 

Colloidal nanocrystals are solution-processed inorganic nanocrystals 

surrounded by organic ligands. The inorganic core possesses all the important 

functionalities whereas the organic ligands enable solution dispersity. Elegant precision 

and control over nanocrystal size, shape and composition can be achieved. 

 Synthesis 

The most common technique is the ‘hot injection method’.14–16 As the name 

suggests, it involves the injection of precursor for the formation of nanocrystal core in 

a high-temperature growth medium (100 to 350 °C) containing long-chain organic 
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ligands. The temperature of the solution is sufficient to transform the precursor into 

active atomic or molecular species. It results in an abrupt supersaturation of species 

in solution that is relieved by nucleation of nanocrystals. Upon nucleation, the 

concentration of these species in solution drops below the critical concentration for 

nucleation and further material can only add to the existing nuclei. Hence, nucleation 

is separated from continued nanocrystal growth, enabling control over nanocrystal size 

and its dispersion. The technique is known to yield nanocrystals < 7 % std. deviation 

(Figure 1.7). 

 

Figure 1.7 Transmission electron microscopy image of as-synthesized monodisperse 

PbSe nanocrystals. 

 Functionalization  

It is imperative to perform functionalization treatment on colloidal nanocrystals 

to utilize them for any electronic or optoelectronic application. The thin films prepared 

by as-synthesized colloidal nanocrystals tend to be highly electrically insulating due to 

the presence of long-chain organic ligands. These ligands bind to the nanocrystal core 

via some functional headgroup (e.g. carboxylate in case of oleic acid). A breakthrough 
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was obtained by the work of Talapin et al. where they improved conductivity by 10 

orders of magnitude by replacing oleate ligands with compact hydrazine ligand.17 

Thereafter, different short-chain organic and inorganic ligands have been investigated 

to replace the long-chain ligands. Thiocyanate,18,19 halides,18,20 pseudohalides,20 

chalcogenide ions,21 metal chalcogenide complexes22 are other ligand chemistries 

which provided a decent enhancement of charge transport in nanocrystal thin films.  

One of the interesting features of the metal chalcogenide complexes (derived 

from metal chalcogenide precursors introduced in Section 1.4) is their ability to 

transform into inorganic matrix after thermal treatment, which enables the modular 

approach to form colloidal nanocrystals – inorganic matrix nanocomposites. Different 

chemical compositions of colloidal nanocrystals can be mixed and matched with the 

different chemical composition of the host inorganic matrix. Table 1.1 highlights the 

few different possibilities of composition for nanocrystals and the host matrix. This 

approach enables independent control over nanocrystal size, shape and volume 

fraction as well as nanocrystal and matrix chemical composition as depicted in Figure 

1.8. This will help to tune the properties at the nanoscale. Metal chalcogenide 

precursors introduced in Section 1.4 have the potential to serve as ligands in a dilute 

form but must be verified experimentally. Moreover, it’s important to identify their 

molecular structure as well as purity before using them as ligands. As a note, the 

control of volume fraction requires the additional compatibility of nanocrystals with the 

metal chalcogenide complexes to undergo solution-phase ligand exchange rather than 

solid-state ligand exchange.      
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Table 1.1 Different possibilities for nanocrystal-matrix composites 

Nanocomposite Possibilities 

Nanocrystals Matrix 

PbS, PbSe, PbTe Sb2S3,Sb2Se3,Sb2Te3 

CdS, CdSe, CdTe SnS2, SnSe2, SnSe 

SnS, SnSe, SnTe In2S3,In2Se3 

Ag2S, Ag2Se, Ag2Te GeS2, GeSe2 

Au, Ag, Bi, Pd Cu2S,CuInSe2 

 

Figure 1.8 Design flexibility using colloidal nanocrystals (control over size, shape, 

volume fraction, and composition) and soluble precursors (control over matrix 

composition). 

 Organization of This Dissertation 

This dissertation aims at addressing material challenges for thermoelectric 

applications by utilizing solution processing and nanostructuring approach to create 

thermoelectric materials. It covers the structural characterization of solution-

processed metal chalcogenide precursors, material characterization during the 

processing of nanocomposites and thermoelectric measurements on thin films and 
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nanocomposites. The idea is to create structurally well-defined materials and to form 

design rules for solution processing of thermoelectric materials. 

In the second chapter, a detailed solution-state and solid-state characterization 

of soluble PbSe precursor prepared by reacting diphenyl diselenide and lead is 

discussed. This precursor has shown promise for preparing thermoelectric thin films in 

our earlier work.8 The identity of the precursor is revealed as solvated lead(II) 

phenylselenolate in which the solvent molecules (ethylenediamine, pyridine, and 

dimethyl sulfoxide) act as a ligand to enable the formation of soluble complexes. This 

work greatly deepens the understanding of the formation of the complexes using this 

precursor chemistry.  

In the third chapter, the synthesis of low-temperature SnSe precursor and its 

utility as a conductive glue to colloidal nanocrystals for forming nanocomposites is 

discussed. The use of colloidal nanocrystals enables excellent control over the size and 

shape of nanocrystals in this nanocomposite. The transformation temperature of 200 

°C of this SnSe precursor is significantly lower than 270-350 °C range of previously 

reported tin selenide precursors. The chemical identity of the precursor was identified 

as tin(IV) methylselenolate using different spectroscopic techniques. The precursor 

was then utilized to chemically treat PbSe colloidal nanocrystals and the thin films were 

subjected to mild annealing. We characterize the structural and chemical changes that 

occur during this processing. The characterization studies indicate the successful 

formation of SnSe-like material between the nanocrystal cores. We find that the 

electrical conductivity of these nanocrystals films is comparable to other excellent 

treatments used to improve charge transport. 

In the fourth chapter, we first present the room temperature thermoelectric 

properties of PbSexTe1-x thin films prepared using the diphenyl dichalcogenide method.8 
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The addition of thermal conductivity to the Seebeck coefficient and electrical 

conductivity measurements from our prior work8 completes the room temperature 

thermoelectric characterization. This is followed by setup development for 

temperature-dependent thermoelectric properties measurement which involves the 

addition of electrical connections, lithographic sample preparation and use of high-

temperature compatible materials. We also performed some preliminary 

measurements on our solution-processed PbSexTe1-x thin films.  

The final chapter summarizes the key results of the dissertation and discusses 

future research directions for the advancement of solution processing of 

thermoelectrics.   
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2 SOLUTION AND SOLID-STATE CHARACTERIZATION OF LEAD SELENIDE 

PRECURSORS 

 Introduction  

Metal phenylchalcogenolates possess rich structural chemistry. Copper(I) 

phenylselenolate,23 mercury(II) phenylselenolate,24 tin(II) phenylchalcogenolates,25 

and lead(II) phenylthiolate26,27 are known to form 1D molecular chains in the solid-

state whereas cadmium(II) phenylthiolate and cadmium(II) phenylselenolate are 

known to form 3D polyadamantanoid cages.28,29 Copper, mercury, and cadmium 

phenylchalcogenolates are utilized as starting materials in the synthesis of various 

cluster compounds.30–36 

Copper(I) phenylselenolate and tin(IV) phenylselenolate have been utilized as 

single-source precursors for Cu2Se nanocrystals23 and SnSe nanoparticles,37 

respectively. Moreover, copper(I) phenylthiolate has been considered as an active 

material for organic electronics38 and tin(IV) phenylthiolate has been studied as a CVD 

precursor to obtain SnS and SnS2 thin films.39 Lead phenylselenolate has been 

explored to a lesser extent, but in principle could function as a precursor for PbSe, 

which has applications in photodetectors,40–42 thermoelectrics,43–48 and 

photovoltaics.49–51 We recently discovered that reacting diphenyl diselenide with lead 

formed a soluble precursor for PbSe.8 This precursor showed promise for 

thermoelectric applications, however, its chemical identity was a key unanswered 

question in that work.  

To elucidate the chemical identity of this PbSe precursor, we collected nuclear 

magnetic resonance (NMR) spectroscopic and electrospray ionization mass 

spectrometry data on the precursor solution. In addition to performing elemental 

analyses on the solids collected following solvent removal, single crystals grown 
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separately from pyridine and dimethyl sulfoxide (DMSO) solution were also analyzed 

by X-ray diffraction. These characterization methods collectively indicate that the 

chemical identity of the PbSe precursor is solvated lead(II) phenylselenolate. 

 Experimental Methods  

 PbSe Precursor Synthesis  

The PbSe precursor solution can be synthesized by mixing equimolar amounts 

of lead and diphenyl diselenide in ethylenediamine, pyridine, or dimethyl sulfoxide as 

reported previously.8 In this work, a 2:1 molar ratio of lead to diphenyl diselenide was 

utilized to ensure that the diphenyl diselenide had reacted completely and thus 

eliminated the possibility of solubilized diphenyl diselenide in the precursor solution. 

All syntheses were conducted in a nitrogen-filled glovebox. 

 Preparation of (en)Pb(SePh)2 (1)  

For synthesis using a 2:1 molar ratio of lead to diphenyl diselenide, 0.265 g of 

lead (1.28 mmol) and 0.200 g of diphenyl diselenide (0.64 mmol) was added to 2 mL 

of ethylenediamine. The resulting mixture was stirred for 24 h and then filtered using 

a PTFE filter with a pore size of 0.45 µm and a diameter of 25 mm. Subsequent drying 

afforded 0.310 g of 1. Lowering the amount of lead to 0.133 g (0.64 mmol – i.e. 1:1 

ratio of lead to diphenyl diselenide) and using a 13 mm diameter filter, afforded a 

similar product amount of 0.334 g of 1. 1H NMR (500 MHz, DMSO-d6): δ 7.41 (dd, 4 

H, J = 7.0 and 1.2 Hz; phenyl), 7.04 (pseudo-t, 4 H, J = 7.2 Hz; phenyl), 6.98 (t, 2 

H, J = 7.2 Hz;  phenyl), 2.86 (s, 4 H; en), 2.59 (s, 4 H; en). 13C NMR (126 MHz, DMSO-

d6): δ 135.4 (phenyl), 133.8 (phenyl), 127.9 (phenyl), 123.9 (phenyl), 43.1 

(CH2). 77Se NMR (76.2 MHz, DMSO-d6): δ 188.2. 207Pb NMR resonances were not 

observed at room temperature or at low temperature (-40 °C). 
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 Preparation of (py)2Pb(SePh)2 (2) and subsequent crystallization 

We mixed 0.530 g of lead (2.56 mmol) and 0.400 g of diphenyl diselenide (1.28 

mmol) in 4 mL of pyridine. The resulting mixture was stirred for 24 h and then filtered 

using a PTFE filter with a pore size of 0.45 µm and a diameter of 25 mm. Single crystals 

of 2 were obtained by transferring this reaction solution into a 20 mL glass vial and 

slowly evaporating the pyridine solvent in a nitrogen-filled glovebox. This slow 

evaporation was done by sealing the top of the vial with a paraffin film and piercing it 

with a few small holes. After approximately 5 days, clear pale-yellow block-like crystals 

of 2 were obtained. 

 Preparation of Pb(SePh)2 (3) and subsequent crystallization 

We mixed 0.265 g of lead (1.28 mmol) and 0.200 g of diphenyl diselenide (0.64 

mmol) in 2 mL of DMSO. The resulting mixture was stirred for 24 h and then filtered 

using a PTFE filter with a pore size of 0.45 µm and a diameter of 25 mm. Single crystal 

specimens of 3 were obtained by transferring this reaction solution into a 20 mL glass 

vial and evaporating the DMSO solvent in a nitrogen-filled glovebox. This evaporation 

was done by sealing the top of the vial with a paraffin film and piercing it with a few 

small holes. After approximately 7 days, clear light orange-yellow rectangular 

parallelepipedal crystals of 3 precipitated from the solution. 

 Observation of (DMSO-d6)2Pb(SePh)2, (4) 

Complex 4 can be observed by dissolving 3 in DMSO-d6. 1H NMR (500 MHz, 

DMSO-d6): 7.43 (d, 4 H, J = 6.9 Hz; phenyl), 7.12 (t, 4 H, J = 7.4 Hz; phenyl), 7.03 

(t, 2 H, J = 7.3 Hz; phenyl), 3.33 (impurity - H2O), 2.54 (impurity - dimethyl sulfoxide). 

13C NMR (126 MHz, DMSO-d6): 135.4 (phenyl), 132.2 (phenyl), 128.1 (phenyl), 124.4 

(phenyl), 40.4 (impurity - dimethyl sulfoxide). Complex 4 can also be observed when 

2 is dissolved in DMSO-d6; pyridine ligand substitution by DMSO is evidenced by 
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observation of free pyridine in the 1H NMR spectrum. 1H NMR (500 MHz, DMSO-d6): 

8.60 – 8.55 (m; free pyridine), 7.78 (tt, J = 7.6 and 1.9 Hz; free pyridine), 7.43 (d, 4 

H, J = 6.6 Hz; phenyl), 7.40 – 7.36 (m; free pyridine), 7.11 (t, 4 H, J = 7.5 Hz; 

phenyl), 7.02 (t, 2 H, J = 7.3 Hz; phenyl), 3.33 (impurity - H2O). 13C NMR (126 MHz, 

DMSO-d6): 149.6 (free pyridine), 136.1 (free pyridine), 135.5 (phenyl), 132.2 

(phenyl), 128.1 (phenyl), 124.4 (phenyl), 123.9 (free pyridine). 

 Characterization  

 Inductively coupled plasma optical emission spectroscopy  

Inductively coupled plasma optical emission spectroscopy (ICP-OES) 

measurements were conducted using a Thermo iCAP6300. The sample was prepared 

by drying the PbSe precursor solution under vacuum for 2 h. Approximately 15 mg of 

1 was then dissolved in 3 mL of nanopure water and 5 mL of trace metal grade nitric 

acid. The solution was then diluted by a factor of 100 with nanopure water to ensure 

that the acid concentration was compatible with the instrument. Similarly, 3 mg of the 

single crystal specimens of 3 were dissolved in 1 mL of nanopure water and 2 mL of 

trace metal grade nitric acid. Dilution by a factor of 100 with nanopure water was 

carried out for this single-crystal sample as well.   

 Combustion analysis 

The carbon, hydrogen, and nitrogen chemical composition of the products was 

analyzed using a PE 2400 elemental analyzer. Approximately 3 mg of 1, 2, and 3 were 

weighed in a tin cup and then subjected to flash combustion. The instrument’s 

combustion and reduction zones were 980 °C and 640 °C, respectively. The resulting 

gases were separated in a gas chromatography column and analyzed using a thermal 

conductivity detector to quantify the carbon, hydrogen and nitrogen content. Blank 

runs were performed after each run to ensure complete combustion of the sample. 
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 Nuclear magnetic resonance (NMR) spectroscopy 

1H and 13C NMR measurements were conducted on 1, aged 2, and 3 dissolved 

in DMSO-d6 at a concentration of 9.5 wt%, 9 wt %, and 0.6 wt%, respectively. The 1H 

and 13C NMR spectra were collected on a Bruker Avance NEO 500 MHz NMR 

spectrometer. 1H spectra were collected with a sweep width of 11904.8 Hz; a 

relaxation delay of 5 s and 32 signal averages and referenced internally to the chemical 

shift of the tetramethylsilane. 13C spectra were collected with a sweep width 

of 34246.6 Hz, a relaxation delay of 2 s and 256 signal averages and referenced to 

the chemical shift of the solvent, DMSO-d6 (39.5 ppm). 77Se NMR measurements were 

conducted using Varian VNMRS 400 MHz NMR spectrometer on 1 dissolved in DMSO-

d6 at a concentration of 9.5 wt%. 77Se NMR spectra were collected with a sweep width 

of 37,878.8 Hz, a relaxation delay of 6 s and 48 signal averages. A 0.5 M solution of 

dimethyl diselenide in CDCl3 was used as an external chemical shift reference (269 

ppm).52 Moreover, 77Se NMR measurements were conducted on diphenyl diselenide 

dissolved in DMSO-d6 at a concentration of 10 wt%. 

 Mass spectrometry 

Electrospray ionization mass spectrometry was performed using an Agilent 

6530 quadrupole time of flight mass spectrometer operated in negative ion detection 

mode. The glass capillary was subjected to a voltage of 3500 V. The temperature and 

flow rate of the drying and sheath gases were maintained at 120˚C and 12 L/min 

respectively. The nebulizer pressure was 60 psig and the fragmentor voltage was 175 

V. The ethylenediamine solution of 1 was diluted to a concentration of ~2 mg/mL and 

then further diluted to a concentration ~1 mg/mL using methanol. Approximately 100 

µL of sample solution was directly infused into the instrument using a syringe pump 

at a flow rate of ~100 µL/min. The numerous isotopes of Pb and Se yielded rich isotopic 
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distributions in the spectral patterns. All m/z values given in the text correspond to 

the most abundant peak of the respective isotopic distributions. 

 Scanning electron microscopy and optical microscopy 

We observed the single crystal specimen of 2 and 3 using a Zeiss Axio 

Zoom.V16 optical microscope at a low magnification of 25X as well as using an Amray 

1910 field emission SEM at a magnification of 1000X and 5000X. 

 Single-crystal X-ray diffraction 

A single crystal specimen of 2 of approximate dimensions 0.12 mm x 0.18 mm 

x 0.22 mm was used for the X-ray crystallographic analysis using a Bruker Smart APEX 

single crystal diffractometer with Mo Kα radiation. The specimen was mounted on the 

tip of a glass fiber using a small amount of Apiezon type N grease. The temperature 

of the crystal was maintained at 123 K using an Oxford Cryosystems Cryostream 600 

low-temperature device. The detector was maintained at 5 cm from the crystal. Data 

was collected in 3 sets by setting φ angles for each set (φ = 0°, 120°, and 240°) and 

varying ω (326° to 144° in -0.5° wide scans per frame at each φ angle), 2θ (-34°) 

and χ (54.8°). A total of 1092 frames were collected at a rate of 30 s per frame. The 

frames were integrated with the Bruker SAINT software package using a narrow-frame 

algorithm.53 Data were corrected for absorption effects using the multi-scan method 

(SADABS).53 The structure was solved by direct methods using the SHELXTL XT-

2014/4 program54 and was refined by a full-matrix least-squares method on F2 values 

using the SHELXL-2014/7 program.55 The crystal data and structure refinement details 

for 2 are summarized in Table 2.1 and additional details of data collection and 

refinement are included in Table A1, Appendix ‘A’. A single crystal specimen of 3 of 

approximate dimensions 0.06 mm x 0.13 mm x 0.37 mm was analyzed in a same way.   
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Table 2.1 Crystal data and structure refinement for 2 

Chemical formula C22H20N2PbSe2 

Formula weight 677.51 g/mol 

Wavelength 0.71073 Å 

Crystal system monoclinic 

Space group P 1 21 1 

Unit cell dimensions 

a = 5.4824(2) Å 

b = 9.0496(3) Å 

c = 21.3585(8) Å 

α = 90° 

β = 93.8688(5)° 

γ = 90° 

Volume 1057.26(7) Å3 

Z 2 

Density (calculated) 2.128 g/cm3 

Absorption coefficient 11.430 mm-1 

Reflections collected 8938 

Independent 

reflections 

3871 

[Rint = 0.0252] 

Goodness-of-fit on F2 1.032 

Final R indices 

(I>2σ(I)) 
R1 = 0.0245 

 wR2 = 0.0585 

R indices (all data) R1 = 0.0257 

 wR2 = 0.0592 

 Results and Discussion 

Our prior work reported the synthesis of a soluble lead complex that can 

function as a precursor for PbSe.8 This precursor was formed by reacting an equimolar 

amount of diphenyl diselenide with elemental lead in a variety of solvents. We further 

investigated the thermoelectric properties of PbSexTe1-x thin films prepared by mixing 

PbSe and PbTe precursors. However, the chemical structure of the precursor was not 
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identified at that time. In order to better understand its composition, we prepared 

PbSe precursors in ethylenediamine and pyridine and found that these yielded 

(en)Pb(SePh)2 (1) and (py)2Pb(SePh)2 (2), respectively. Preparation of the PbSe 

precursor in dimethyl sulfoxide (DMSO) and subsequent crystallization led to the 

formation of Pb(SePh)2 (3). 

 Elemental Analysis of Precursors 

We first analyzed the composition of the precursor prepared in an 

ethylenediamine solution with a 1:1 molar ratio of lead to diphenyl diselenide in 

accordance with our earlier work.8 We then dried this reaction mixture in our glovebox 

to obtain a powder of 1 in 89.6% yield (accounting for the incorporation of 

ethylenediamine from the solvent). Combustion analysis revealed that the carbon wt% 

is slightly higher whereas the hydrogen wt% and nitrogen wt% are lower than the 

expected values for 1 with the atomic composition (C2H8N2)Pb(SeC6H5)2 (Refer to 1a 

in Table 2.2). Inductively coupled plasma optical emission spectroscopy (ICP-OES) on 

the same powder detected a selenium to lead ratio of 2.08:1 (Table 2.3). Suspecting 

that these observations were due to the presence of unreacted diphenyl diselenide in 

solution, we also performed elemental analysis on 1 synthesized using a 2:1 molar 

ratio of lead to diphenyl diselenide. The carbon, hydrogen, and nitrogen weights match 

those expected for 1 (Refer to 1b in Table 2.2). Moreover, ICP-OES on the same 

powder detected a selenium to lead ratio of 2.05:1, which is closer to the expected 

value of 2:1 (Table 2.3).  

Repeating these experiments with single crystals of (2) and (3) revealed 

combustion data close to the expected values for the atomic composition of 

(C5H5N)2Pb(SeC6H5)2 and Pb(SeC6H5)2, respectively (Table 2.2). We note that the 

crystals of 2, obtained from pyridine, changed color from pale yellow to dark orange 
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and lost mass with time. We attribute this color change and mass loss to the loss of 

pyridine from the crystal structure. This loss of pyridine was also observed upon 

collecting 1H NMR data for aged 2 dissolved in DMSO-d6. This data shows evidence of 

free pyridine that has been displaced from aged 2 by the DMSO-d6 solvent, and the 

ratio of integrated pyridine peaks to the integrated phenyl peaks is just ~1:6 as 

opposed to 6:6 (Appendix ‘A’, Figure A8). Consequently, we made sure to perform 

elemental analysis as soon as the crystals were taken out of the solution. Similar to 

the ethylenediamine samples, single crystals of (3) were found to feature a selenium 

to lead ratio of 2.10:1 (Table 2.3). 

Table 2.2 Combustion analysis of PbSe precursor 

Sample C (wt%) H (wt%) N (wt%) 

Expected for 1 

(C2H8N2)Pb(SeC6H5)2 
29.02 3.13 4.83 

1a 29.82 2.93 4 

1b 29.1 3.02 4.68 

Expected for 2 

(C5H5N)2Pb(SeC6H5)2 
39.00 2.98 4.13 

2 38.6 2.96 4.03 

Expected for 3 

Pb(SeC6H5)2 
27.75 1.94 - 

3 27.86 1.76 - 
aSynthesized using a 1:1 molar ratio of lead to diphenyl diselenide. 
bSynthesized using a 2:1 molar ratio of lead to diphenyl diselenide. 

 

Table 2.3 Inductively coupled plasma optical emission spectroscopy on PbSe precursor 

 Sample Molar ratio, Se:Pb  

 1a 2.08:1  

 1b 2.05:1  

 3 2.10:1  
aSynthesized using a 1:1 molar ratio of lead to diphenyl diselenide. 
bSynthesized using a 2:1 molar ratio of lead to diphenyl diselenide. 
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 Ethylenediamine Complex, (en)Pb(SePh)2 (1) 

The ethylenediamine complex of PbSe precursor was characterized by NMR 

spectroscopy as well as electrospray ionization mass spectrometry. A combination of 

1H, 13C, and 77Se solution NMR spectroscopy confirm that the precursor is solubilized 

by ethylenediamine. 1H and 13C NMR spectroscopy reveal that both phenyl rings of 1 

are in the same chemical environment. The 1H NMR spectrum of this complex shows a 

distinct splitting pattern of the phenyl rings and two singlets arising from protons of 

ethylenediamine (Figure 2.1). Integration of the 1H NMR resonances is consistent with 

the structural formula (C2H8N2)Pb(SeC6H5)2 (Appendix ‘A’, Figure A1). The splitting 

pattern of the phenyl rings of 1 is comprised of 3 signals (a doublet of doublets and 

two triplets) corresponding to 3 unique phenyl hydrogen chemical environments. This 

is in contrast to the splitting pattern of the phenyl rings in diphenyl diselenide that 

have the signals from the meta- and para-protons merged to form a multiplet (Figure 

2.1b). Moreover, the resonances for 1 are observed upfield as compared to the proton 

signals from diphenyl diselenide. This is consistent with the presence of an 

electropositive Pb atom negating the effect of selenium in deshielding the protons. The 

resonances of the coordinated ethylenediamine ligand of 1 are observed downfield as 

compared to signals from pure ethylenediamine (Figure 2.1c). The 13C NMR spectrum 

of 1 has 4 signals corresponding to 4 different carbons Ci, Co, Cm and Cp present in the 

phenyl group and a signal corresponding to carbons from ethylenediamine (Figure A2, 

Appendix ‘A’). Significant differences in chemical shifts were observed in the 13C NMR 

spectrum of 1 as compared to the 13C NMR spectrum of diphenyl diselenide and 

ethylenediamine, providing further evidence of complex formation (Figure A3, 

Appendix ‘A’). A 77Se NMR resonance was also observed at 188.2 ppm, indicating that 

selenium is in a single chemical environment. The 77Se NMR signal of the PbSe 

precursor appears significantly upfield as compared to the 77Se NMR signal of diphenyl 
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diselenide, which has a chemical shift of δ = 450.9 ppm (Figure A4, Appendix ‘A’). The 

shielding of selenium atoms (Pauling’s electronegativity χ = 2.55) observed in the case 

of (en)Pb(SePh)2 as compared to diphenyl diselenide is due to their coordination to an 

electropositive lead atom (Pauling’s electronegativity χ = 1.87). This is consistent with 

Figure 2.1 Stacked 
1
H NMR spectra of (en)Pb(SePh)2 (1, top), diphenyl diselenide 

(middle), and ethylenediamine (bottom) in DMSO-d6. (a) Complete 
1
H NMR 

spectrum. (b) Magnified region of the same stacked spectra from 6.8 to 7.8 ppm. 

(c) Magnified region of the same stacked spectra from 1.2 to 2.9 ppm 
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the high shielding observed in (Ph)3Pb-Se-Pb(Ph)3 (δ = -454 ppm), in which selenium 

is surrounded by two lead atoms.56 We attempted to collect signals for 207Pb nuclei in 

the solution for 1 both at room temperature and low temperature (-40 °C), but were 

unable to obtain a signal. This might be due to an exchange of coordinating 

ethylenediamine ligands that is faster than the NMR time scale. Non-observance of the 

lead signal has been reported for mixed ligand species of PhSe-1 and PhS-1 for lead 

complexes reported by Dean.57 Similarly, Rekken et. al did not observe a lead signal 

for their lithium tristhiolato plumbate (LiPb(SArMe6)3) complex.58 

Electrospray ionization mass spectrometry on the solution of 1 in 

ethylenediamine detected the most intense ion cluster at an m/z of 676.9, which 

corresponds to triligated [PbSe3C18H15]-1 ions (Figure 2.2). Other ion clusters were 

detected with lower intensities at m/z 156.9, 312.9, 434.9, and 554.8. The ion cluster 

at m/z 156.9 corresponds to [SeC6H5]-1 ions. These ion clusters possess a rich isotopic 

distribution pattern that originates from the numerous isotopes of lead and selenium. 

Figure 2.2 Mass spectrum of the PbSe precursor. Ion clusters at m/z 676.8 and 

156.9 correspond to [PbSe3C18H15]-1 ions and [SeC6H5]-1 ions, respectively. 
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Our ion cluster identification is corroborated by an isotopic distribution comparison 

between our measured mass spectra and simulated mass spectra (Figure A5, Appendix 

‘A’). The ion clusters with low intensities at 312.9, 434.9, and 554.8 remain 

unidentified. Usually, fragmentation of molecules is observed in mass spectrometry, 

but on rare occasions, additive processes can occur, especially when the metal ions 

can coordinate with multiple ligands. The atomic composition of (C2H8N2)Pb(SeC6H5)2 

indicated by our elemental analysis data suggests that an additive process occurs to 

create the triligated [PbSe3C18H15]-1 ions. 

We hypothesize that triligated [PbSe3C18H15]-1 ions are formed during the 

electrospray ionization process, resulting from the attachment of a [SeC6H5]-1 ligand 

to the neutral Pb(SeC6H5)2 molecule. To confirm this hypothesis, we carried out an 

additional experiment during which 10 mM of potassium iodide was added to the 

solution of 1 in ethylenediamine to assist ionization. We observed that iodide ions (I-

1) attach to neutral Pb(SeC6H5)2 molecules, resulting in the detection of an additional 

ion cluster at m/z 646.7 corresponding to the [PbSe2C12H10I]-1 ions (Figure A6, 

Appendix ‘A’). During these experiments with potassium iodide, the triligated 

[PbSe3C18H15]-1 ions continued to be observed in greater intensity than the 

[PbSe2C12H10I]-1 ions. Lowering of the fragmentor voltage as well as the temperatures 

of the drying and sheath gas decreased the ratio of triligated [PbSe3C18H15]-1 ions to 

[PbSe2C12H10I]-1 ions, but the formation of the triligated [PbSe3C18H15]-1 ions continued 

to persist in all cases. This indicates that the neutral molecule Pb(SeC6H5)2 has a 

greater tendency to ionize itself by utilizing [SeC6H5]-1 as a ligand as compared to 

iodide ions (I-1). This occurrence of additive processes in mass spectrometry has also 

been observed for tin(II) phenylchalcogenolates, resulting in the detection of triligated 

ions in the corresponding mass spectra.25 
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 Pyridine Complex, (py)2Pb(SePh)2 

The crystal structure of 2 (deposited with #1955117 in the CCDC database), 

obtained from single crystals grown from pyridine, is comprised of isolated 

(py)2Pb(SePh)2 molecules (Figure 2.3). This complex crystallized in a monoclinic space 

group (P1211) and restraints were required to keep the refinement stable. Importantly, 

2 was found to feature a seesaw molecular geometry and axial pyridine ligands with 

an N(1)-Pb(1)-N(2) angle of 176.1(2)°. In the equatorial plane, one positionally-

disordered phenylselenolate moiety was identified, with an occupancy ratio of 0.539(1) 

to 0.461(1) for the renderings in Figure 2.3, respectively. The phenylselenolate ligands 

are separated by Se(1)-Pb(1)-Se(2) and Se(1)-Pb(1)-Se(2’) angles of only 78.14(14) 

and 84.12(18)°, respectively, which is consistent with the presence of a lone pair of 

electrons at the third equatorial site. This feature has been noted for the perfluorinated 

variant of this complex, (py)2Pb(SeC5F5)2,59 as well as Pb(SeCH2CH2NMe2)2,60 which 

Figure 2.3 Schematic of Pb(SePh)2(py)2 showing disorder in one of the 

phenylselenolate ligands. a) Molecule with occupancy ratio of 0.54 for the 

disordered ligand indicated by non-prime selenium (Se) and carbon (C) atoms. b) 

Molecule with occupancy ratio of 0.46 for the disordered ligand indicated by prime 

Se and C atoms. 
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features two chelating 2-(dimethylamino)ethylselenolate ligands. Additional 

crystallographic data for 2 is presented in Tables A2-A8 of the Appendix ‘A’ and the 

unit cell packing is shown in Figure A7 of the Appendix ‘A’. Lastly, we note that our 

attempts to collect multinuclear NMR data for 2 dissolved in DMSO-d6 were 

unsuccessful due to pyridine ligand substitution by DMSO-d6. This led to the 

observation of (DMSO-d6)2Pb(SePh)2 (4, refer to ‘Observation of (DMSO-d6)2Pb(SePh)2 

(4)’ in Experimental Methods and Figures A8 and A9 in the Appendix ‘A’). 

 One-dimensional (1-D) Polymeric Chains of Pb(SePh)2 

Single-crystal XRD analysis of 3, which was crystallized from DMSO, revealed 

the presence of 1-D polymeric chains (Figure A10, Appendix ‘A’) consistent with those 

found in the solid-state structures of other metal phenylchalcogenolates,23–27 including 

lead(II) phenylthiolate.26,27 However, the structure of 3 could not be fully solved due 

to inversion twinning and disorder (refer to Discussion S1, Appendix ‘A’). Due to the 

presence of molecular chains in the crystal structure, layering was easily observed for 

3 in optical and SEM images (Figure A11, Appendix ‘A’). We also re-dissolved the 

single-crystal specimens of 3 in DMSO-d6 and collected 1H and 13C NMR spectra. This 

led to the observation of 4 (refer to ‘Observation of (DMSO-d6)2Pb(SePh)2 (4)’ in 

Experimental Methods and Figures A12 and A13 in the Appendix ‘A’). 

 Reaction Mechanism 

Our ability to grow crystals of 2 from a pyridine solution indicates that our 

previously described PbSe precursors are comprised of lead(II) phenylselenolate 

moieties that coordinate with two functional groups. The coordinating solvents used in 

our prior work8 can solubilize lead either via nitrogen as in case of pyridine, 

ethylenediamine, and butylamine or via oxygen/sulfur as in case of dimethyl sulfoxide. 

Similar donor solvent-mediated reactions have been previously observed for elemental 
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zinc and sulfur.61 The above characterizations identify the PbSe precursor as solubilized 

lead(II) phenylselenolate and enable us to postulate on the formation mechanism that 

occurs during the reaction of lead with diphenyl diselenide. We believe that the lead(II) 

phenylselenolate forms by an oxidative addition reaction during which Pb is oxidized 

to the +2 oxidation state upon cleavage of the Se-Se bond in diphenyl diselenide. 

Similar reaction mechanisms have been observed for other metals (e.g. tin, indium, 

and thallium) when reacted with diphenyl diselenide.62,63  

Our synthetic route enables lead(II) phenylselenolate to be used as a solution-

processable precursor for PbSe. Our use of ethylenediamine, pyridine, or dimethyl 

sulfoxide as the solvent yielded solubilized lead(II) phenylselenolate, which has 

otherwise been reported as insoluble during its synthesis in methanol using 

benzeneselenol as the selenium source.57 Lead(II) phenylselenolate synthesized by 

our route using diphenyl diselenide instead of benzeneselenol is advantageous because 

of the easy handling of diphenyl diselenide (solid at room temperature) over 

benzeneselenol, which is an intensely malodorous liquid64 with high vapor pressure. 

 Summary 

We identified the molecular structure of a soluble PbSe precursor as solvated 

lead(II) phenylselenolate and detailed its corresponding solid-state structure. The 

precursor is synthesized by reacting elemental lead with diphenyl diselenide in 

ethylenediamine, dimethyl sulfoxide, or pyridine as a solvent. Nuclear magnetic 

resonance spectroscopy confirms the formation of (en)Pb(SePh)2 for the precursor 

prepared in ethylenediamine. Single-crystal XRD revealed the molecular structure as 

(py)2Pb(SePh)2 for a crystal grown from pyridine whereas 1-D polymeric chains of 

Pb(SePh)2 were observed in crystals grown from dimethyl sulfoxide. We believe that 

lead(II) phenylselenolate forms via an oxidative addition reaction.  
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3 TIN(IV) METHYLSELENOLATE AS A LOW-TEMPERATURE TIN SELENIDE 

PRECURSOR AND CONDUCTIVE “GLUE” BETWEEN COLLOIDAL 

NANOCRYSTALS 

 Introduction  

Colloidal semiconductor nanocrystals are an attractive and fast-developing 

class of materials that find use in electronic,65 optoelectronic,66 and thermoelectric 

applications.67 Moreover, they recently achieved commercial implementation for 

television displays,68,69 and are being actively investigated for photodetectors,70,71 

solar cells,72 and transistors.65,73 Colloidal nanocrystals are particularly useful because 

of their synthesis scalability and their solution processability that enables cost 

reductions (e.g., inkjet printing, spray coating, spin coating, etc.). Controlling 

nanocrystal surface chemistry is a critical aspect in the continued development of 

nanocrystals for electronic applications. Bulky organic ligands are typically used during 

nanocrystal synthesis to passivate the nanocrystal surface and stabilize their 

dispersion in solution. While these organic ligands yield excellent synthetic results, 

their usefulness post-synthesis is limited because of their electrically-insulating nature.  

For electronic applications, the bulky organic ligands of as-synthesized 

nanocrystals are typically replaced post-synthesis to facilitate charge transport.17 

Several strategies have been pursued to accomplish this using shorter organic 

ligands,74 inorganic ligands,18 metal chalcogenide complexes,22 chalcogenide ions,21 

atomic bonds between nanocrystals,75 surface stoichiometry control,75–77 and remote 

doping.78 Metal chalcogenide complex approaches are particularly interesting because 

this strategy has led to significant carrier mobility advancements in nanocrystal thin 

films.79–81 In addition, metal chalcogenide complexes have the attractive feature of 

transforming into fully inorganic metal chalcogenides upon thermal treatment. This 
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provides a conductive interfacial path between adjacent nanocrystals and leads to 

significant charge transport enhancements. Early works on metal chalcogenide 

complexes used hydrazine, which posed toxic, carcinogenic and explosion hazards.4,5 

Non-hydrazine alternatives have been more recently developed by Talapin et al.,82 

Brutchey et al.,6,7 and our group8. In our prior work, we reacted elemental lead and 

tin with diphenyl dichalcogenides to yield precursors for lead chalcogenides and tin 

chalcogenides in common solvents.8 

In this work, we synthesized a soluble precursor that transforms into crystalline 

SnSe at 200 C. This temperature is significantly lower than the 270 – 350 C range 

that is required by other SnSe precursors.8,83,84 In our recent work, we reacted Sn and 

diphenyl diselenide to form a precursor that transforms into SnSe at 300 C.8 We now 

achieve this lower 200 C transformation temperature by instead using dimethyl 

diselenide for the precursor synthesis (i.e., a smaller and more volatile counterpart to 

diphenyl diselenide). We identify the SnSe precursor to be tin(IV) methylselenolate by 

characterization with mass spectrometry, Raman spectroscopy, and nuclear magnetic 

resonance spectroscopy. We next explore the use of this precursor to chemically treat 

colloidal PbSe nanocrystals. We prepare thin films of PbSe nanocrystals, strip their 

oleate ligands using tin(IV) methylselenolate, and then perform mild annealing 

treatment. We use aberration-corrected scanning transmission electron microscopy, 

infrared spectroscopy, and X-ray photoelectron spectroscopy to characterize the 

chemical and structural changes that accompany this tin(IV) methylselenolate 

treatment and annealing procedure. Charge transport measurements show that the 

electrical conductivity of these nanocrystal films is of the same order of magnitude as 

films processed with other commonly-used and excellent treatments18 to improve 

charge transport. This work demonstrates a way to create nanocomposite materials 
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using a modular approach in which the nanocrystals and matrix can be modified 

independent of each other.  

 Experimental Section 

 Materials 

Tin (99.995% metal basis), selenium shot (1-6 mm, 99.999% metal basis) 

were purchased from Alfa Aesar. Dimethyl diselenide (96%), lead oxide (99.999% 

trace metal basis), diphenylphosphine (98%), oleic acid (technical grade, 90%), 1-

octadecene (technical grade, 90%), ammonium thiocyanate (99.99% trace metal 

basis), tetrabutylammonium bromide (≥98%), ethanol (anhydrous, ≥99.5%), hexane 

(anhydrous, 95%), and octane (anhydrous, ≥99%) were purchased from Sigma-

Aldrich. Tri-n-octylphosphine (≥97%) was purchased from Strem. All reagents and 

solvents were used as received without further purification. 

 Synthesis of Tin(IV) methylselenolate 

The reaction of tin with dimethyl diselenide in the molar ratio of 1:2 in ethanol 

results in dissolution of the tin and the formation of a pale-yellow solution. For a typical 

synthesis, we mixed 3 mmol of tin powder with 6 mmol of dimethyl diselenide in 30 

mL of ethanol. The mixture was stirred for 24 hours resulting in the dissolution of tin 

powder and then filtered using a PTFE filter of 0.45 µm pore size to obtain a transparent 

pale-yellow solution. The as-synthesized tin(IV) methylselenolate solution was kept in 

a petri dish and allowed to evaporate at room temperature in a nitrogen-filled 

glovebox. This resulted in evaporation of unreacted dimethyl diselenide as well as the 

ethanol, leaving behind a viscous liquid of pure tin(IV) methylselenolate. For yield 

analysis, 38 mg (0.32 mmol) of tin powder was reacted with 119 mg (0.64 mmol) of 

dimethyl diselenide in 3.2 ml of ethanol.  The ethanol was allowed to evaporate leaving 



37 

 

 

behind 124 mg of tin(IV) methylselenolate, which corresponds to a yield of 79 %. All 

tin(IV) methylselenolate preparation steps were carried in a nitrogen-filled glovebox. 

 We see a slight deviation in our observed NMR chemical shifts for tin(IV) 

methylselenolate relative to the values reported by Kennedy et al.85 This likely results 

from Kennedy’s85 use of indirect measurements to determine chemical shifts and 

coupling constants of different nuclei via the 1H-{X} double resonance technique. In 

contrast, we performed direct NMR measurements on the nucleus under consideration.   

Reported NMR spectroscopy data for tin(IV) methylselenolate:85 1H NMR (60 MHz, CCl4, 

24°C): δ 2.18. 13C NMR: δ 3.5. 77Se NMR: δ -127.3.  119Sn NMR: δ -80.5. J (119Sn-Se) 

= 1520±10 Hz, J (119Sn-H) = -55.2 Hz, J (Se-H) = 10.6 Hz, J (C-H) = 144.2 Hz. 

Observed NMR spectroscopy data for tin(IV) methylselenolate: 1H NMR (400 MHz, 

CDCl3): δ 2.19 (12H, s, CH3). 13C NMR (101 MHz, CDCl3): δ 2.06. 77Se NMR (95 MHz, 

CDCl3): δ -134.11.  119Sn NMR (186 MHz, EtOD): δ -79.4. J (119Sn-Se) = 1520 Hz, J 

(119Sn-H) = 56.1 Hz, J (Se-H) = 10.8 Hz, J (C-H) = 144.4 Hz. We did not determine 

the sign of the J coupling constant. 

 Synthesis of PbSe Nanocrystals 

Colloidal PbSe nanocrystals of size 8 nm and 9 nm were synthesized by a hot 

injection method using a slight modification of the recipe followed by Wu et al.86 For a 

typical synthesis of 8 nm PbSe nanocrystals, we added 0.895 g of PbO and 3 mL of 

oleic acid to 20 mL of octadecene in a round bottom flask. The mixture was degassed 

at 120° C for 2 h, and then the solution was heated to 180° C in a nitrogen atmosphere 

using a heating mantle. In a separate vial, we added 20 µL of diphenylphosphine to 8 

mL of trioctylphosphine (TOP)-Se solution (1M) and this solution was quickly injected 

into the flask. The reaction was maintained at 180° C for 10 min and thereafter 

quenched by injecting 5 mL of chilled toluene to rapidly cool the solution below 150° 
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C. This was followed by quenching using a water bath to room temperature. The 

internal quenching using toluene helps to avoid severe thermal shock to the glassware. 

We purified the crude nanocrystal solution via precipitation three times by using 

ethanol as the anti-solvent and hexane as the solvent. The synthesis yielded ~ 0.150 

g of monodisperse PbSe nanocrystals (size std. dev ~ 11%) and the nanocrystals were 

stored in hexane at a concentration of ~ 45 mg/mL. Stored nanocrystals were 

subjected to additional cleaning via precipitation right before their use in 

characterization and/or transport measurements.  For the synthesis of 9 nm PbSe 

nanocrystals, 10 µL of diphenylphosphine was utilized. Lowering the amount of 

diphenylphosphine decreased the yield by ~ 15%.  

 Treatment of Nanocrystals with Tin(IV) methylselenolate  

PbSe nanocrystal films were prepared by spin-coating and treated with tin(IV) 

methylselenolate in a layer-by-layer fashion. For each layer, we spin-coated ~ 30 µL 

PbSe nanocrystal solution (concentration of ~ 10 to 15 mg/mL in octane) onto a 9 mm 

* 9 mm silicon or quartz substrate at 2500 rpm. We diluted tin(IV) methylselenolate 

using ethanol (10 mM) and then dispensed 50 µL of it onto the nanocrystal thin film. 

The solution was allowed to rest on the film for 30 s and then removed by spin-drying. 

After that, we rinsed the nanocrystal thin film twice by flooding 70 µL of acetonitrile 

onto the substrate. This ensured that the excess unbound tin(IV) methylselenolate 

molecules are removed. Acetonitrile was utilized as a rinsing solvent since it is known 

to not strip oleate ligands.87 We then heated the sample at 200 C for 1 minute to 

decompose the tin(IV) methylselenolate. Typically, 4 layers of nanocrystal were 

deposited to form a film approximately 50 nm thick. We note that the 1 min, 200 C 

anneal was done after every layer deposition and so the cumulative annealing time 

was typically 4 minutes.  
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 Characterization of Tin(IV) methylselenolate 

Electrospray ionization mass spectrometry was performed using a Bruker 

mircoTOF spectrometer operated in negative ion detection mode. Approximately 100 

µL of tin(IV) methylselenolate solution of concentration ~ 250 µM was directly infused 

into the instrument using a syringe pump. The numerous isotopes of Sn and Se yielded 

rich isotopic distributions in the spectral patterns. All m/z values given in the text 

correspond to the most abundant peak of the respective isotopic distributions.  

Raman spectroscopy was performed on a drop of tin(IV) methylselenolate using 

a custom-built Raman spectrometer. The sample was excited using a 150 mW 

Coherent Sapphire SF laser with a 532 nm laser wavelength. The laser power was 

controlled using a neutral density filter wheel with an initial laser power of 100 mW. 

The data were collected using an Acton 300i spectrometer and a Princeton Instruments 

liquid nitrogen cooled CCD detector. 

Nuclear magnetic resonance (NMR) spectroscopy was performed on tin(IV) 

methylselenolate in chloroform-d and ethanol-d6 at a concentration of 20 % (v/v) and 

1.4 % (v/v) respectively. 1H and 13C NMR spectra were acquired using a Bruker Avance 

400 MHz NMR spectrometer whereas 77Se and 119Sn NMR spectra were acquired using 

a Varian VNMRS 500 MHz NMR spectrometer equipped with a 5 mm inverse detection 

broadband solution probe. 1H spectra were collected with a spectral width of 9615.4 

Hz, an acquisition time of 4.17 s, a relaxation delay of 5 s, 32 signal averages, and 

referenced internally to the chemical shift of the tetramethylsilane. 13C spectra were 

collected with a spectral width of 27173.9 Hz, an acquisition time of 1.21 s, a relaxation 

delay of 2 s, 256 signal averages, and referenced to the chemical shift of the solvent. 

77Se spectra were collected with a spectral width of 56818.2 Hz, an acquisition time of 

0.86 s, a relaxation delay of 1 s, and 108 signal averages. A 1 M solution of dimethyl 



40 

 

 

diselenide in CDCl3 (δSe = 269 ppm52) was used as an external chemical shift reference. 

119Sn spectra were collected with a spectral width of 96153.8 Hz, an acquisition time 

of 0.15 s, a relaxation delay of 1 s and 208 signal averages. Anhydrous SnCl4 was used 

as an external chemical shift reference (δSn = -150 ppm88). 

For thermogravimetric analysis (TGA), the tin(IV) methylselenolate was sealed 

in a pan with a pin-hole lid inside a nitrogen-filled glovebox. The sample was heated 

from room temperature to 300 C at the rate of 1 C/min in a helium atmosphere. 

High-resolution X-ray diffraction (XRD) was performed using a PANalytical X'Pert PRO 

MRD with Cu Kα X-ray source operating at 40 kV and 40 mA. The tin(IV) 

methylselenolate was deposited on a silicon substrate and then decomposed at 250 C 

prior to XRD analysis.  

 Characterization of PbSe Nanocrystals Treated with Tin(IV) 

methylselenolate  

Fourier transform infrared spectroscopy (FTIR) was performed using a Bruker 

IFS66V/S FTIR on PbSe nanocrystal thin films deposited on a silicon substrate. A 

diamond ATR module and KBr beam splitters were utilized for analysis.  

Standard transmission electron microscopy (TEM) was performed using a 

Phillips CM200 and aberration-corrected scanning transmission electron microscopy 

was performed using a JEOL ARM200F. The samples were prepared by drop-casting 

diluted nanocrystal solutions (~ 1 mg/mL) onto a carbon-coated copper grid. 

For X-ray photoelectron spectroscopy (XPS), a monochromated Al K-alpha with 

a linewidth of 0.7 eV was used as the X-ray source. Thin-film samples were prepared 

on a silicon substrate. The analysis was carried out in an ultrahigh vacuum system 

(~10-9 torr or better).  
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Electrical conductivity measurements were performed using parallel electrode 

arrangements. These electrodes were patterned onto a Si substrate that had a 

thermally grown silica layer on top of it. The electrodes were patterned using a shadow 

mask by thermal evaporation of Au with a thin Cr adhesion layer. Profilometry was 

performed using a Bruker Dektak XT to determine thin film thickness. 

 Results and Discussion 

 Tin(IV) methylselenolate Synthesis and Characterization 

We synthesized tin(IV) methylselenolate by mixing tin powder with dimethyl 

diselenide in a molar ratio of 1:2 in ethanol. The dissolution and reaction of the tin 

powder occurs over a period of several hours and the mixture was then filtered to 

remove any unreacted tin (Figure 3.1a). Since dimethyl diselenide is a liquid, the 

filtration process used to remove unreacted tin does not remove unreacted dimethyl 

diselenide. However, dimethyl diselenide is comparatively more volatile than the much 

heavier tin(IV) methylselenolate (i.e., molecular weights of 188 and 495, 

respectively). Consequently, we removed unreacted dimethyl diselenide from the 

tin(IV) methylselenolate solution by simple evaporation of the mixture in our nitrogen-

filled glove box. The final result was a viscous liquid of tin(IV) methylselenolate with a 

yield of 79%.  Tin(IV) methylselenolate can also be prepared in other common organic 

solvents such as chloroform, acetone. This contrasts with the reactive and coordinating 

solvent environments used for other metal chalcogenide complexes such as 

hydrazine,5 thiol-amine mixtures,89 and ethylenediamine. All tin(IV) methylselenolate 

preparation steps were carried in a nitrogen-filled glovebox.  

We believe that the tin(IV) methylselenolate forms via an oxidative addition 

reaction. In this reaction, tin is oxidized from its neutral state to its +4 state as it is 

added between the Se-Se bond in dimethyl selenide. Similar reactions of tin with 
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diphenyl diselenide have been previously reported.63 Previous approaches to 

synthesize tin(IV) methylselenolate utilized either methaneselenol or 

methylseleno(trimethyl)silane as the selenium source.85,90 Methaneselenol is highly 

volatile, has an obnoxious smell, and is difficult to procure commercially. 

Methylseleno(trimethyl)silane is unavailable commercially and is prepared using a 

hazardous process of reacting selenium with either pyrophoric methyllithium or 

methylmagnesium iodide.90 Our approach is simpler and utilizes relatively easy to 

handle, less volatile, and less odorous dimethyl diselenide as the selenium source.  

We confirmed the synthesis of pure tin(IV) methylselenolate using mass 

spectrometry, nuclear magnetic resonance (NMR) spectroscopy, and Raman 

spectroscopy. Figure 3.1b shows the chemical structure of tin(IV) methylselenolate. 

The most intense ion cluster in the mass spectrometry data occurs at an m/z value of 

Figure 3.1 Synthesis of tin(IV) methylselenolate. (a) Photograph of a filtered tin(IV) 

methylselenolate solution prepared by mixing tin with dimethyl diselenide in 

ethanol. (b) Chemical structure of tin(IV) methylselenolate. (c) Mass spectrum of 

tin(IV) methylselenolate. (d) Raman spectrum of tin(IV) methylselenolate. The 

inset in part (d) illustrates the finer details of the Sn-based vibrations that reside 

in the low wavenumber region of the Raman spectrum. 
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480 and corresponds to [Se-Sn-(SeCH3)3]-1 ions (Figure 3.1c). These ions are 

equivalent to tin(IV) methylselenolate with a methyl group cleaved away. Both Sn and 

Se naturally occur in a variety of isotopes and this yields isotopic sub-features in the 

mass spectrum. Our experimentally obtained isotopic sub-features agree with the 

simulated isotopic patterns and further confirm the [Se-Sn-(SeCH3)3]-1 identity of this 

ion cluster (Figure B1, Appendix ‘B’). The lighter mass fragments in the spectrum at 

94, 174, 292, 400 correspond to [CH3Se]-1, [CH3SeSe]-1, [SnSe2CH3]-1, [Sn(SeCH3)3]-

1 ions respectively. The heavier mass fragments at 678 and 756 correspond to 

[Sn2Se5C3H9]-1 and [Sn2Se6C3H9]-1 ions, respectively. These heavy mass fragments 

contain two Sn atoms, and we attribute their formation to interaction processes 

between tin(IV) methylselenolate fragments during the ionization process. 1H, 13C, 

77Se, and 119Sn NMR spectroscopy was performed on the filtered solution (Figure B2-

B5, Appendix ‘B’). The chemical shifts and the J couplings observed for the dissolved 

species of tin match well with that reported for tin(IV) methylselenolate synthesized 

using methaneselenol85 (refer to experimental section). The vibrational peaks 

observed in the Raman spectra for the dissolved species of tin are also in agreement 

with that reported for tin(IV) methylselenolate synthesized using methaneselenol 

(Figure 3.1d).90 As expected, the vibrations involving the heavy elements of tin and 

selenium occur at low wavenumbers. The SnSe4 deformation, SnSeC bending, SnSe 

asymmetric and symmetric stretching, and SeC stretching occur at 69, 158, 195, 207, 

569 cm-1, respectively. The CH3 asymmetric and symmetric stretching occur at 

wavenumbers of 2921 and 3002 cm-1. 

Thermogravimetric analysis (TGA) and X-ray diffraction (XRD) indicate that 

tin(IV) methylselenolate transforms into SnSe at a mild annealing temperature of 200 

°C (Figure 3.2). The mass loss associated with thermal decomposition of tin(IV) 

methylselenolate into crystalline SnSe begins at a temperature of 140 °C and 
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completes at 200 °C. The observed total mass loss of 56.4% is close to the expected 

mass loss of 60% for conversion of tin(IV) methylselenolate into SnSe. The derivative 

of the TGA curve reveals two major mass loss events. The first mass loss is ~11% and 

is similar to what could be expected for the loss of four methyl groups (12.1%). The 

second mass loss is ~45.4% and is similar to what could be expected for the loss of 

three selenium atoms (47.8%). XRD indicates that the decomposed product of tin(IV) 

methylselenolate is orthorhombic SnSe (Figure 3.2b, ICDD pattern: 00-048-1224). 

Our identification of a precursor that forms crystalline SnSe at 200 °C is notable 

because this temperature is lower than other tin selenide precursors. Other tin selenide 

precursors have been made using hydrazine,4 thiol-amine mixtures,89,91 and diphenyl 

diselenide,8 but didn’t fully decompose until higher temperatures of 350 °C,83 270 °C,84 

and 300 °C,8 respectively. The hydrazine route yielded SnSe2 as the final product, the 

thiol-amine mixture yielded SnSe after transforming from an intermediate SnSe2 

phase, and the diphenyl diselenide route yielded SnSe. First principle calculations 

performed by Heo et. al. show that the SnSe is thermodynamically more stable than 

SnSe2 in the entire temperature range of 27 °C to 526 °C (300 K to 800 K).84 We 

speculate that the reason for the higher transformation temperature in case of 

hydrazine and the thiol-amine mixtures is the formation of this SnSe2 phase. Tin(IV) 

methylselenolate loses all three of its excess Se atoms in a near-simultaneous fashion 

(region II in Figure 3.2a). This largely avoids the formation of a metastable SnSe2 

phase and hence achieves a lower transformation temperature into SnSe. This lower 

transformation temperature for tin(IV) methylselenolate opens up additional 

processing possibilities for flexible plastic substrates, easier integration into 

microelectronic devices, and improved access to nanocomposite formation with 

colloidal nanocrystals. 
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Figure 3.2 Thermolysis of tin(IV) methylselenolate results in orthorhombic SnSe 

powder (a) Thermogravimetric analysis on the tin(IV) methylselenolate carried out 

at a temperature ramp rate of 1 °C min-1 confirms the completion of decomposition 

at 200°C. The derivative of the mass loss data (red curve) reveals two distinct mass 

loss events of 11% and 45.4% that are labeled regions I and II, respectively. (b) 

X-ray diffraction pattern of annealed tin(IV) methylselenolate that indicates 

formation of orthorhombic SnSe (ICDD pattern: 00-048-1224). 
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 Treatment of Lead Selenide (PbSe) Nanocrystal Thin Films with Tin(IV) 

methylselenolate  

PbSe nanocrystals have been explored for a wide variety of electronic 

applications including transistors,65,73 photodetectors,70,71 and solar cells.72 In pursuit 

of these applications, a wide variety of post-synthesis chemical and/or thermal 

treatments have been explored to improve charge transport properties. Chemical 

treatments involving the use of organics ligands66 such as thiols, amines, acids, etc. 

and compact inorganic ligands such as metal chalcogenide complexes,22 

chalcogenides,21 halides,92 etc. have been pursued. Thermal treatments have mainly 

been utilized in conjunction with some organic ligands74,93,94 and metal chalcogenide 

complexes.22 One commonly observed drawback with the usage of thermal treatment 

is an increased susceptibility to nanocrystal coarsening, which is especially true in the 

case of PbSe nanocrystals.94 While past researchers have attempted to combine PbSe 

nanocrystals, metal chalcogenide complex treatments, and annealing procedures, this 

potential for nanocrystal coarsening prevented them from utilizing the full 

decomposition temperature of the metal chalcogenide complex. For example, Ocier et 

al.95 treated PbSe nanocrystals with the hydrazine-based tin selenide precursor, but 

limited his annealing temperature to 200 °C as opposed to the full decomposition 

temperature of 350 °C.83 Since tin(IV) methylselenolate fully decomposes at an 

attractively low 200 °C, this capability potentially opens up additional processing 

options for PbSe nanocrystals. To explore one of these options, we synthesize PbSe 

nanocrystals with diameters of 8 – 9 nm,86 and then characterize the results of tin(IV) 

methylselenolate treatment and subsequent annealing.  

Fourier transform infrared spectroscopy (FTIR) confirms that tin(IV) 

methylselenolate treatment successfully strips off the native oleate ligands of PbSe 

nanocrystals (Figure 3.3). We prepared tin(IV) methylselenolate-treated PbSe 



47 

 

 

nanocrystal thin films in a layer-by-layer fashion to make ~50 nm thick films (see 

experimental section). Removal of the oleate ligands during this process was probed 

via FTIR (Figure 3.3). For the PbSe nanocrystal films with native oleate ligands, the 

FTIR spectrum yields intense (-CH2-) asymmetric and symmetric vibrations at 

wavenumbers 2925 cm-1 and 2855 cm-1 that correspond to the presence of oleate 

ligands (black curve). The intensity of these vibrations sharply decreases for samples 

treated with a tin(IV) methylselenolate solution in ethanol (blue curve). This indicates 

that the original oleate ligands have been largely removed, although a faint residual 

Figure 3.3 Monitoring of (-CH2-) vibrations using Fourier transform infrared 

spectroscopy of colloidal PbSe nanocrystals with native oleate ligands (black curve), 

PbSe nanocrystals with native oleate ligands and rinsed with ethanol (red curve), 

and PbSe nanocrystals with native oleate ligands that is treated with a tin(IV) 

methylselenolate solution in ethanol (blue curve). Stripping of the native oleate 

ligands for the sample treated with tin(IV) methylselenolate solution is confirmed 

via the drastic decrease in signal intensity of the (-CH2-) vibrations. 
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signal indicates a small amount of unremoved oleate. Since ethanol itself is also known 

to strip ligands, we performed a control experiment in order to differentiate whether 

the oleate removal is primarily due to the ethanol or to the tin(IV) methylselenolate. 

For this control experiment, we treated PbSe nanocrystal films with ethanol only (red 

curve). The degree of ligand removal for ethanol only treatment is dramatically less 

than tin(IV) methylselenolate treatment, and this indicates that tin(IV) 

methylselenolate is the primary oleate removal agent. 

Transmission electron microscopy (TEM) imaging indicates that tin(IV) 

methylselenolate adheres to the surface of the PbSe nanocrystals. Figure 3.4a is an 

image of as-synthesized PbSe nanocrystals with native oleate ligands. Long oleate 

ligands cover the entire spherical surface of the PbSe nanocrystal and this manifests 

as a large spacing between nanocrystal cores. After tin(IV) methylselenolate 

treatment, the interparticle distance is significantly reduced due to the much smaller 

size of the tin(IV) methylselenolate relative to oleate (Figure 3.4b). Another noticeable 

difference between Figure 3.4a and 3.4b is darker contrast in the interparticle region. 

This correlates to the heavier atoms (tin and selenium) in tin(IV) methylselenolate as 

compared to oleate (primarily carbon and hydrogen) as dictated by atomic number 

contrast (Z-contrast) in bright-field TEM images.  

We next explore the structure of PbSe nanocrystal samples that have been both 

treated with tin(IV) methylselenolate and thermally annealed. The interparticle region 

in these samples is of incredibly small dimension and of particular interest. 

Consequently, we imaged these samples with aberration-corrected scanning 

transmission electron microscopy (STEM, Figure 3.4c and 3.4d) as opposed to standard 

TEM. The atomic number contrast (z-contrast) of this high-angle annular dark-field 

image is noticeably larger in the nanocrystal core regions relative to the interparticle 
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region, which is consistent with heavier Pb atoms versus lighter Sn atoms. While the 

nanocrystal core regions are clearly crystalline, the interparticle regions corresponding 

to annealed and “nanoconfined” tin(IV) methylselenolate are amorphous. This 

Figure 3.4 Transmission electron microscopy (TEM) imaging of PbSe nanocrystals. 

Bright field images of PbSe nanocrystals (a) with their as-synthesized oleate 

ligands, (b) treated with tin(IV) methylselenolate, (c) and treated with tin(IV) 

methylselenolate with subsequent anneal at 200° C for 1 minute [image (c) was 

captured using aberration-corrected scanning TEM whereas images (a) and (b) 

were captured using standard TEM]. (d) High-angle annular dark-field image 

corresponding to the bright-field image shown in part (c). (e) Elemental 

composition mapping using energy dispersive X-ray spectroscopy of Pb, Se, and Sn 

in the region enclosed by the green square in part (d). 
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contrasts with the crystalline SnSe that results when unconfined free tin(IV) 

methylselenolate is annealed (Figure 3.2b). The occurrence of amorphous material in 

the interparticle region is quite interesting and worthy of potential future study. The 

sample in these images was annealed at 200 °C for 1 minute. We limited annealing 

times to 1 minute because, even for these comparatively mild conditions, XRD revealed 

evidence of nanocrystal coarsening (Figure B6, Appendix ‘B’). Even though a 1-minute 

thermal anneal is short on a human timescale, it should be long on the timescale of 

the sub-monolayer nanocrystal sample in Figure 3.4c and 3.4d. Consequently, we 

speculate that the thermal decomposition of tin(IV) methylselenolate occurs differently 

in nanoconfined spaces versus unconfined spaces. However, further studies are 

needed to confirm this.  

The spatial distribution of Pb, Sn, and Se in these samples can be visualized 

using energy-dispersive X-ray spectroscopy (EDS) in conjunction with aberration-

corrected STEM. Figure 3.4e shows EDS maps of the green-square-enclosed-region of 

Figure 3.4d. The uniform distribution of the Sn atoms throughout the region is 

consistent with successful tin(IV) methylselenolate treatment over the entire spherical 

surface of the nanocrystals. As expected, the Pb atoms are concentrated in the 

nanocrystal core region. If the interparticle region successfully transformed into a 

crystalline SnSe that is non-porous, one would expect the Se atomic density in the 

nanocrystal region (PbSe) and the interparticle region (SnSe) to be approximately 

equal. However, the EDS signal for Se atomic density in the interparticle region is 

noticeably less intense than the nanocrystal core region. At least one reason for this 

atomic density difference is that the PbSe nanocrystal core is crystalline and the 

interparticle region is amorphous. It is also possible this could correlate to the packing 

density of the tin(IV) methylselenolate during removal of the original oleate ligands 

and/or residual oleate. In addition, the thermal decomposition of nanoconfined and 
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unconfined free tin(IV) methylselenolate likely occur via different pathways as 

discussed earlier. These pathway differences could offer additional mechanisms that 

lead to the smaller Se atomic density in the interparticle region. The nature of the 

bonding interaction between the SnSe phase and the PbSe nanocrystal cores is another 

question worth considering. We speculate that one likely interaction is for the Pb atoms 

in the PbSe nanocrystal cores to interact with the Se atoms in the SnSe phase. Another 

likely interaction is for the Se atoms in the PbSe nanocrystal core to interact with the 

Sn atoms in the SnSe phase. Which one of these scenarios dominate likely depends 

on the surface state of the PbSe nanocrystal cores. It is known that as-synthesized 

PbSe nanocrystals have Pb-rich surfaces.96 However, it is also possible that oleate 

ligands detach as Pb-oleate,97 leaving behind Se-rich surfaces. These questions remain 

open with respect to this current study and we concede that further investigations will 

be needed to determine the interaction between the PbSe nanocrystal cores and the 

SnSe phase. 

We used X-ray photoelectron spectroscopy (XPS) to interrogate the Sn, Pb, and 

Se oxidation states in our samples. The survey spectrum of the sample treated with 

tin(IV) methylselenolate and annealed shows the expected presence of Pb, Se, Sn, C 

and O and no unexpected elements (Figure 3.5a). Figure 3.5b shows the Sn 3d high-

resolution XPS spectra of PbSe samples that have been treated with tin(IV) 

methylselenolate with and without subsequent annealing. Prior to annealing, only the 

+4 oxidation state of Sn is observed whereas a mixture of +4 and +2 oxidation states 

is observed after annealing. This mixture of +4 and +2 state after annealing indicates 

that the tin(IV) methylselenolate in the nanocrystal films does not fully convert into 

SnSe (i.e. +2 state). This is in contrast to the case of unconfined and free tin(IV) 

methylselenolate (Figure 3.2b). Different possibilities exist for assigning the +4 

oxidation state peaks at 486.7 eV (Sn 3d5/2) & 495.1 eV (Sn 3d3/2). It is probable that 
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an intermediary SnSe2-like material forms during the transformation of tin(IV) 

methylselenolate into SnSe. Hence, a metastable SnSe2-like material provides one 

possible explanation for the observed +4 state. The possibility of some undecomposed 

tin(IV) methylselenolate cannot be eliminated either. While all samples were prepared 

and processed in a nitrogen-filled glove box, the possibility of oxidation during sample 

transfer to the XPS chamber is possible and consequently the presence of SnO2 could 

also be contributing to the +4 Sn XPS signal. The obvious source of the +4 signal prior 

to annealing is the tin(IV) methylselenolate, but SnO2 is also a possibility here as well. 

The lack of a +2 signal prior to annealing suggests that SnO is not forming in the pre-

Figure 3.5 (a) X-ray photoelectron spectroscopy (XPS) survey spectrum for a PbSe 

nanocrystal thin film that has been treated with tin(IV) methylselenolate and annealed. 

High-resolution XPS spectra for (b) Sn 3d, (c) Pb 4f, and (d) Se 3d for PbSe nanocrystal 

thin films with varying treatments (i) untreated PbSe nanocrystals with their native 

oleate ligands, (ii) PbSe nanocrystals treated with tin(IV) methylselenolate, and (iii) 

PbSe nanocrystals treated with tin(IV) methylselenolate and annealed. 



53 

 

 

annealed case and unlikely to form in the annealed case. We therefore, assign the +2 

oxidation state peaks at 485.8 eV (Sn 3d5/2) & 494.2 eV (Sn 3d3/2) to Sn+2 in SnSe. 

Treatment of PbSe nanocrystals with tin(IV) methylselenolate resulted in nanocrystals 

being more susceptible to oxidation as seen from the presence of stronger peaks for 

oxides (red peaks) in the Pb and Se high-resolution spectra (Figure 3.5c and 3.5d). 

Moreover, the susceptibility to oxidation reduced after the annealing process. We 

assign the peaks at 137.6 eV (Pb4f7/2) & 142.5 eV (Pb4f5/2) to Pb+2 in PbSe and peaks 

at 138.5 eV (Pb4f7/2) & 143.4 eV (Pb4f5/2) to Pb+2 in PbO. Similarly, we assign peaks 

at 53.3 eV (Se3d5/2) & 54.2 eV (Se3d3/2) to Se-2 in PbSe and peaks at 58.5 eV (Se3d5/2) 

& 59.3 eV (Se3d3/2) to Se+4 in SeO2. 

We next explore the electrical transport of PbSe nanocrystal thin films that have 

been treated with tin(IV) methylselenolate in both the annealed and non-annealed 

states. Although annealing the nanoconfined tin(IV) methylselenolate does not fully 

transform it into crystalline SnSe, it likely transforms into a SnSe-like material and so 

we anticipate it to be electrically conducting. Prior to annealing, the PbSe nanocrystal 

film treated with tin(IV) methylselenolate has a poor electrical conductivity of 10-4 

S/cm. After annealing these films, we see a significant increase in electrical 

conductivity by 4 orders of magnitude to 100 S/cm (Figure 3.6). These measurements 

indicate that it is important to “thermally-activate” the films after tin(IV) 

methylselenolate treatment to achieve correspondingly high electrical conductivities.  

We also examined PbSe nanocrystal films treated with ammonium thiocyanate 

and tetrabutylammonium bromide, which are other well-known treatments to improve 

charge transport.18 In order to achieve an appropriate comparison to our annealed 

tin(IV) methyselenolate treatment, we also annealed these ammonimum thiocynante 

and tetrabutylammonium bromide treated films. Figure 3.6 shows that that all three 
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of these annealed nanocrystal films achieve electrical conductivities that are of the 

same order of magnitude. We do note that XRD measurements revealed evidence of 

nanocrystal coarsening from the annealing step in all three of these films (Figure B6 

in Appendix ‘B’). Consequently, the excellent charge transport in annealed films is at 

least partially due to nanocrystal growth. The similar electrical conductivity of the 

tin(IV) methylselenolate treatment to these other excellent treatments demonstrates 

the utility of this approach and expands upon the body of knowledge for electrically 

conductive “glues” between nanocrystals. We attribute the excellent charge transport 

in these samples to the formation of a matrix of SnSe-like material surrounding the 

nanocrystals, which in turn leads to efficient inter-nanocrystal charge transport.  

Figure 3.6 The electrical conductivity of PbSe nanocrystal thin films that have been 

treated with tin(IV) methylselenolate and annealed. For comparison purposes, we 

also show the electrical conductivities of PbSe nanocrystal thin films that have been 

treated with ammonium thiocyanate and annealed as well as tetrabutylammonium 

bromide and annealed. 
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One advantage of the tin(IV) methylselenolate approach to improving charge 

transport relative to other approaches is the corresponding SnSe-like material that fills 

the interstitial space between nanocrystals. These leads to a PbSe nanocrystal film 

that is compositionally a metal chalcogenide throughout its entire structure. This 

avoids the introduction of Br-1 and SCN-1 ion impurities into the sample (which occur 

with the tetrabutylammonium bromide and ammonium thiocyanate treatments, 

respectively) that could potentially be problematic in some applications. We anticipate 

that the PbSe nanocrystal films with SnSe-like interstitial material in this work could 

be promising for thin film transistors,98,99 and optoelectronics100–103. PbSe is also an 

excellent thermoelectric material44,104 and Sn-alloyed PbSe can function as topological 

crystalline insulator105–107. 

 Summary 

We have reported a simple synthesis for tin(IV) methylselenolate and 

illustrated its utility as a low-temperature SnSe precursor. The 200 C decomposition 

temperature of tin(IV) methylselenolate is significantly lower than the 270 – 350 C 

range of other reported SnSe precursors. This opens up additional processing options 

for flexible plastic substrates, easier integration into microelectronic devices, and 

improved access to nanocomposite formation with colloidal nanocrystals. We also 

showed that tin(IV) methylselenolate can strip off the native oleate ligands of PbSe 

nanocrystals and adhere to the nanocrystal surface. Annealing of these samples and 

corresponding aberration-corrected STEM characterization reveals that the 

“nanoconfined” tin(IV) methylselenolate in the interparticle region of these samples 

transforms into an amorphous material. This directly contrasts with unconfined and 

free tin(IV) methylselenolate, which forms crystalline SnSe upon annealing. Treating 

nanocrystal films with tin(IV) methylselenolate and annealing yields an excellent 

electrical conductivity that is same order of magnitude as films treated with other 
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commonly used processes to improve charge transport. These high electrical 

conductivity values demonstrate the utility of tin(IV) methylselenolate as a conductive 

“glue” between nanocrystals. This work demonstrates a  way to create nanocomposites 

using a modular approach i.e. independently controlling the nanocrystal features and 

matrix features (as described earlier in Section 1.5).  
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4 MEASUREMENT SYSTEM MODIFICATIONS AND TEMPERATURE 

DEPENDENT THERMOELECTRIC PROPERTIES OF LEAD SELENIDE 

TELLURIDE (PbSeXTe1-X) THINS FILMS 

 Room-temperature Thermoelectric Characterization 

In our prior work, we measured the electrical conductivity and Seebeck 

coefficient of PbSexTe1-x thin films prepared using diphenyl dichalcogenide precursor 

chemistry.8 Specifically, we reacted lead with both diphenyl diselenide and diphenyl 

ditelluride in ethylenediamine to yield the precursor (Figure 4.1a). However, we didn’t 

perform thermal conductivity measurement in that work. To complete the room 

temperature thermoelectric characterization, the thermal conductivity of PbSexTe1-x 

thin films was measured using 3ω technique. 

The 3ω technique for thermal conductivity measurement of thin films, 

developed by Cahill,108 comprises a metal line patterned on top of the sample which 

acts as both heater and a thermometer (Figure 4.2). A current at a frequency of ω is 

passed through the sample that causes Joule heating. The power oscillates at the 

frequency of 2ω. The temperature information of the underlying substrate is contained 

in the resistance signal which also oscillates at the frequency 2ω. The resistance of the 

metal line is measured by measuring the voltage signal which is a product of current 

Figure 4.1 (a) Preparation of precursor for PbSexTe1-x thin film. (b) Scanning 

electron microscopy image of PbSexTe1-x thin film. Adapted from reference [8]. 
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(oscillating at ω) and resistance (oscillating at 2ω). The temperature information is 

obtained from the voltage signal which oscillates at the frequency of 3ω. Hence, the 

technique is named as ‘3ω’ technique. 

The thermal conductivity of the PbSexTe1-x thin film was measured to be 0.7 

W/mK at room temperature using the 3ω technique. The thermal conductivity of 

PbSexTe1-x thin film is almost 4 times lower than the bulk PbTe (~3 W/mK).109 The 

reduction in thermal conductivity arises from the phonon scattering caused by the 

nanograins in the structure. Generally, nanostructuring has enabled a significant 

reduction in thermal conductivity with a marginal decrease in electrical conductivity. 

However, in case of our solution-processed PbSexTe1-x thin film, a significant reduction 

in electrical conductivity was also observed.  

The electrical conductivity of 1.8 S/cm observed in these thin films is lower by 

3 orders of magnitude as compared to the electrical conductivity of bulk PbTe.109  The 

main reason behind this difference is the quality of film obtained by solution processing 

technique. Solution processing leaves behind residual products as well as structural 

defects such as voids. This results in a barrier to charge transport at the interface 

between the grains. Vacuum-based deposition techniques results in lesser defects and 

Figure 4.2 Schematic of 3ω measurement technique. 
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hence decent charge transport is observed. Solution processing is an inexpensive 

approach to fabricate thin films as compared to vacuum-based techniques, however 

further study is needed to improve the quality of these thin films. Another reason 

behind poor charge transport in our thin films is the presence of nanograins through 

the entire structure of our thin films. For a  better charge transport, it is desirable to 

have some microfeatures in the structure of thin films.9 Note that the grain size is a 

secondary factor, and is expected to cause decrease within an order of magnitude for 

electrical conductivity.110 The Seebeck coefficient of these thin films was measured to 

be 480 µV/K. Combining the Seebeck coefficient, electrical conductivity, and thermal 

conductivity, the room temperature zT was calculated as 0.017 for these solution-

processed PbSexTe1-x thin films.   

 Temperature-dependent Thermoelectric Characterization 

It is crucial to measure temperature-dependent thermoelectric properties of the 

material under consideration with a temperature sweep from room temperature to 

several hundred Kelvin. Thermoelectrics are generally employed at high temperatures 

to have better efficiency of heat to electricity conversion. Thermoelectric efficiency is 

directly proportional to the temperature difference of hot source and cold source. 

Generally, room temperature is utilized as a cold source for electricity generation. 

Hence the hot source is usually several hundred Kelvin hotter than the cold source. 

Also, the figure of merit, zT varies with temperature as the entities (S, σ, and κ) 

forming the figure of merit show dependence on temperature as well as its direct 

dependence on temperature. Different thermoelectric materials are known to perform 

efficiently in different temperature regimes, e.g. bismuth telluride is well known for its 

room-temperature applications (up to 400 K), lead chalcogenides for intermediate 

temperatures (up to 800 K), and silicon-germanium alloys for high-temperature 
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applications (beyond 800 K). Two different setups were used for temperature-

dependent measurements - probe station setup and cryostat-based setup.  

 Probe Station Measurement Setup 

A setup for temperature-dependent measurement of Seebeck coefficient and 

electrical conductivity up to 450 K was prepared on the probe station inside the 

glovebox. For electrical conductivity measurement, the sample was placed on the 

thermoelectric device which can be heated up to 450 K. A van der Pauw (four-probe)  

geometry was utilized for the measurement (Figure 4.3a). Contacts were established 

by painting the corners of the 9mm*9mm quartz chips with silver epoxy paste. 

Tungsten needles were then placed in contact with the silver paint using 

micromanipulators. Mini-hook grabbers were utilized to establish the connection 

between the needle assembly and the instrument. The temperature readings were 

measured on a quartz substrate placed close to the actual sample using a K-type 

thermocouple. For Seebeck coefficient measurement, two thermoelectric devices were 

placed close to each other (5 mm apart). The sample was rested on each 

thermoelectric device. Seebeck coefficient was measured using the steady-state slope 

method (Figure 4.3b). A temperature gradient was created by varying the current 

passing through each thermoelectric device at each base temperature. The 

Figure 4.3 (a) Electrical conductivity measurement setup (b) Seebeck coefficient 

measurement setup.  
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temperature was measured using a K-type thermocouple placed on the corner of the 

chip. Thermal paste was utilized to ensure good contact between the thermocouple 

and the chip. A voltage was measured at the other two ends of the chip using the 

arrangement similar to electrical conductivity measurement.  

The electrical conductivity of PbSexTe1-x  thin films shows an increasing trend 

with temperature which is typical of a semiconductor (Refer to heating data in Figure 

4.4). As temperature increases, the carrier concentration increases and hence we 

observe an increase in electrical conductivity. Around 380 K, the electrical conductivity 

starts to fall off and gets to a lower value around 420 K. We suspect the reaction of 

selenium or tellurium from our thin films with the silver contacts as a reason behind 

this decrease in electrical conductivity. Silver selenide and silver telluride are 

thermodynamically stable compounds at room temperature. The occurrence of some 

kind of transformation is further evident from the measurements taken during the 

Figure 4.4 Temperature-dependent electrical conductivity of PbSexTe1-x thin film up 

to 450 K. 
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temperature ramp down as the electrical conductivity significantly differs from the 

original value (Refer to cooling data in Figure 4.4). 

The Seebeck coefficient was found to have a positive value over the entire 

temperature range which indicates holes (p-type) dominate the thermoelectric 

transport in our sample (Figure 4.5). The value of the Seebeck coefficient shows an 

increasing trend with temperature up to 400 K. Since the Seebeck coefficient is 

proportional to the difference between the average energy of charge carriers and the 

Fermi energy, as this difference increases, the Seebeck coefficient increases. With an 

increase in temperature, the Fermi energy shifts to the bandgap center and this 

increases the difference between the average energy of charge carriers and the Fermi 

energy. Hence, the Seebeck coefficient increases with temperature. This increasing 

trend has been previously observed for PbSexTe1-x alloys.111 An abrupt drop of the 

Seebeck coefficient occurs at a temperature around 420 K which is similar to the drop 

Figure 4.5 Temperature-dependent Seebeck coefficient of PbSexTe1-x thin film up to 

450 K. 
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in electrical conductivity around the same temperature. As before, we suspect the 

formation of silver selenide or silver telluride as a reason behind this abnormality. It 

is therefore essential to identify a metal that doesn’t alloy with lead or chalcogenides 

and yet form an ohmic contact with the PbSexTe1-x thin films. The probe station setup 

is limited for measurement up to 450 K as the thermoelectric devices become non-

functional beyond this temperature probably due to the melting of internal connection 

resulting in an open circuit. This limitation can be overcome by using a cryostat-based 

measurement system which is described in the following subsection. 

 Cryostat-based Measurement Setup (Development in Progress) 

The cryostat-based measurement system was earlier configured for performing 

temperature-dependent thermal conductivity measurements using the 3ω technique 

from room temperature to low temperatures around 50 K (Figure 4.6). The system 

has been designed by the manufacturer with the capability for high temperature sweep 

up to 800 K. The temperature sweep is achieved by a thermal push-pull mechanism. 

It comprises a resistive heater (heat input source) mounted on one end of a copper 

flange, whereas the other end of the copper flange is connected to a cold head which 

is kept at low temperature by the circulation of He-4 in a closed loop. The sample is 

mounted close to the heater. The entire system is under a high vacuum created by a 

turbo vacuum pump. The heater is controlled by a PID controller to achieve a stable 

temperature across the sample assembly region. The system was equipped to have 4 

electrical connections to the sample.  

The major modifications to the system consisted of addition of 6 wires for 

electrical connection to the chip carrier, identification of high-temperature compatible 

adhesive between the chip carrier and the substrate, and alternative technique for 

wire-bonding the electrodes to the chip carrier (Figure 4.7). The additional wires were 
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necessary as the Seebeck measurement setup requires a minimum of 10 electrical 

connections to the substrate. Six copper wires were wrapped in Nextel fiber insulation 

and then soldered to the connector. The wires were labeled with fine stainless steel 

and Kanthal wires to distinguish the connections from each other. An electrical 

connection box was prepared for easy plug and play of BNC cables. For the low-

temperature sweep, carbon tape was used as an adhesive between the substrate and 

the chip carrier. However, the carbon tape will rapidly degrade once heated. A high- 

temperature compatible ceramic cement was identified as an alternative adhesive for 

carbon tape. For low-temperature measurements, silver paint was used for wire-

bonding, but it tends to rapidly degrade above 373 K. An ultrasonic wire-bonding 

Figure 4.6 Photograph of measurement setup after removal of the stainless steel 

cover (a) Copper flange which has heater installed on at one end and connected to 

the cold head at the other end. (b) Magnified view of one end of the copper flange 

where chip carrier is mounted.  
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facility within ASU (Christopher Groppi group) was utilized for wire-bonding. The 

ultrasonic bonding doesn’t need any additional material and should remain stable at 

elevated temperatures.  

Resistance thermometry based technique is ideal for simultaneous 

measurement of in-plane Seebeck and electrical conductivity of thin films using the 

cryostat system.112 The method has the advantages of having a high resolution in 

temperature measurement and repeatability. The error bar for the Seebeck coefficient 

is less than 1%, which is almost 10 times better than other techniques for thin films 

as reported by Kumar et. al. 112 We implemented a modified form of their setup. The 

measurement device consists of one heater, two thermometers, and a two/ four-probe 

Figure 4.7 Photograph of a) sample mounting section of copper flange with 10 

electrical connections b) Omegabond high-temperature cement as replacement for 

carbon tape c) ultrasonic wire bonder equipment from Dr. Christopher Groppi Group  
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configuration made up of metal patterned on a quartz substrate (Figure 4.8). The 

resistive heater is utilized as a localized heating source to create a temperature 

gradient across the film once the desired base temperature is reached in the cryostat 

(thermal push-pull mechanism mentioned earlier). The thermometer metal lines on 

the substrate can be utilized to measure the change of resistance of metal lines which 

can be converted to temperatures. The same metal lines can be utilized to measure 

the voltage. This enables the measurement of the Seebeck coefficient. The two-probe 

electrical conductivity measurement can be performed using the same metal lines as 

for Seebeck coefficient measurement. For four-probe electrical conductivity 

measurement, two additional metals lines need to be fabricated on the sample.  

Lithographic preparation was adopted for the fabrication of metal electrodes 

and metallic resistive heater for simultaneous measurement of Seebeck coefficient and 

electrical conductivity. A photomask was designed to contain 4 different variations of 

Figure 4.8 Schematic of the chip with resistive heater (serpentine fashion) and 

electrodes on thin film. The heater lines are connected to a current source. The 

temperature is inferred from resistance of the metal lines and the voltage is 

measured between the same two metal lines.   
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heater and 5 different variations of ‘distance between the heater and 1st electrode’. 

The mask design is illustrated in Appendix C. Unlike the regular mask, this mask was 

prepared with features with chrome and the rest of the area without chrome. This 

enables the alignment with the thin film since one can see through the mask. An image 

reversal photolithography process using photoresist AZ 5214E was utilized to pattern 

the geometry on the quartz substrate. The reversal bake temperature is a critical 

parameter in the image reversal lithography process. The reversal bake temperature 

of 20 degrees lower than the specified value in the datasheet was required for 

processing with the quartz wafer. 

A temperature gradient of 13 K was established using the lithographically 

patterned heater in vacuum at room temperature on a quartz substrate without the 

PbSexTe1-x thin film for the heater to first electrode distance of 50 um. However, the 

measurement of the Seebeck coefficient in the cryostat is currently hindered due to 

poor adhesion of thermally evaporated gold to the quartz substrate post spin-coating 

and annealing of lead selenide telluride precursor. We believe that the wiping of the 

lead selenide telluride precursor with ethylenediamine solvent leaves behind some 

organic traces which hinders the adhesion of gold.  
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5 CONCLUSIONS AND FUTURE DIRECTIONS 

 Conclusions 

This dissertation aims at addressing material challenges which restrict the 

widespread implementation of thermoelectric devices via utilizing solution processing 

and nanostructuring approach. It covers the characterization of solution-processed 

metal chalcogenide precursor, thin film and nanocomposite. The idea is to create 

structurally well-defined materials and to form design rules for solution processing of 

thermoelectric materials.  

In the second chapter, a detailed solution-state and solid-state characterization 

of soluble PbSe precursor prepared by reacting diphenyl diselenide and lead was 

discussed. This precursor has shown promise for thermoelectric applications in our 

earlier work.8 The identity of the precursor is revealed as solvated lead(II) 

phenylselenolate in which the solvent molecules (ethylenediamine, pyridine, and 

dimethylsulfoxide) act as a ligand to enable the formation of a soluble complex. This 

work identifies the precursor structure which is crucial for optimizing the annealing 

process for the preparation of thin films.  

In the third chapter, the synthesis of low-temperature SnSe precursor and its 

application as a conductive glue to colloidal nanocrystals for forming nanocomposites 

is discussed. Unlike previous nanostructured thermoelectric materials, the use of 

colloidal nanocrystals provides an excellent control over shape and size in these 

nanocomposites. The transformation temperature of 200 °C of this precursor is 

significantly lower than 270-350 °C range of previously reported tin selenide 

precursors. The chemical identity of the precursor was identified as tin(IV) 

methylselenolate using different spectroscopic techniques. The precursor was then 

utilized to chemically treat PbSe colloidal nanocrystals and the thin films were 
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subjected to mild annealing. We characterized the structural and chemical changes 

during this processing. The characterization studies indicate the successful formation 

of SnSe-like material between the nanocrystal cores. We found that the electrical 

conductivity of these nanocrystals films is comparable to other excellent treatments 

used to improve charge transport.  

In the fourth chapter, we presented a room temperature thermoelectric 

characterization of PbSexTe1-x thin films prepared using the diphenyl dichalcogenide 

precursor chemistry developed in our earlier work.8 This work identifies the film quality 

of solution-processed thin films as a reason behind poor charge transport. Further 

work is needed to tackle this problem. One possible way will be to utilize consolidation 

and sintering techniques (Discussed in Section 5.3). This chapter also highlighted the 

modifications to our measurement system and lithographic sample preparation to 

enable the temperature-dependent measurements with a sweep from room 

temperature to elevated temperatures.  

Overall, the dissertation presents an inexpensive solution processing route to 

process thermoelectrics materials. Though some shortcomings surfaced, there are 

ways around those. The key advantage of the technique is to engineer the material 

and hence control the properties at the nanoscale. It provides a route for the creation 

of a structurally well-defined composite material.  
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 Future Directions 

 Consolidation of Nanocrystal Powder.  

Consolidation of nanocrystal powder provides a route for the preparation of 

bulk thermoelectric materials with composition engineered at the nanometer scale. 

This approach takes the advantage of solution processing to prepare nanocrystal 

powder in large quantities as well as engineering the composition, doping, band 

engineering at the nanometer scale.67,113–116 The reader is further referred to the recent 

review article by Ortega et al.113 The consolidation is done by hot-pressing the dried 

nanocrystals into a dense pellet by using pressures from tens to hundreds of MPa while 

simultaneously heating the material at a temperature between 200 and 400 °C. An 

alternative consolidation technique is spark plasma sintering which passes high pulsed 

DC current through the powder with simultaneous application of pressure. 

Different design strategies can be utilized to enhance the performance of these 

composites. One example would be the use of metallic nanocrystals along with 

semiconducting nanocrystals as implemented by Ibáñez et al.67 In their work, the silver 

nanodomains provide excess charge carriers to the lead sulfide host as well as block 

phonons leading to overall enhancement in the performance. Similar approach can be 

utilized for other material systems by carefully analyzing and predicting the band 

alignment in these nanocomposites. Different manipulations of nanoparticles and 

matrix can be performed. Carrier energy filtering approach can be utilized by proper 

selection nanoparticles and matrix.117 Moreover, the ligand can be utilized to mediate 

the band engineering in nanocrystal-matrix composites.114 Overall, this processing 

route opens up numerous possibilities to utilize different mechanisms (doping, carrier 

energy filtering, interface engineering) for the overall performance enhancement of 

thermoelectric materials.  
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 Ink of Microparticles Soldered by the Glue of Metal Chalcogenide 

Precursors.  

It is quite essential to have different length scales in a material to enhance the 

figure of merit of the material.9 The micron scale particles glued together using the 

transformed metal chalcogenide precursors will lead to drastic enhancement of the 

electrical conductivity of the composites. At the same time, the nano-meter scale 

grains resulting from precursor glue at the surfaces of the micron scale particles will 

lead to significant decrease in thermal conductivity of the overall composite. Zhang 

et.al. work on lead and bismuth chalcogenides shows promise of using this approach 

for enhancing the performance.118 This approach can be extended to tin chalcogenide 

materials. The tin selenide precursor developed using the diphenyl diselenide 

chemistry can be utilized.  
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All the work including the planning of experiments, data collection and analysis 

(with few exceptions), interpretation, and drafting presented in this dissertation has 

been performed by me. I was guided by my advisor, Dr. Robert Wang in this endeavor. 

The major contributions from other individuals (ASU staff) are as follows: Single crystal 

X-ray diffraction data collection and analysis by Dr. Groy, heteronuclear NMR data 

collection by Dr. Cherry, imaging using aberration-corrected electron microscope by 

Dr. Gutierrez, X-ray photoelectron spectroscopy data collection by Timothy Karcher. 

Few other techniques were also utilized with assistance from ASU staff.     



72 

 

 

REFERENCES 

(1)  Kajikawa, T. In Thermoelectrics Handbook: Macro to Nano; Rowe, D. M., Ed.; 

CRC Press Inc.: Boca Raton, 2006; pp 804–831. 

(2)  Freer, R.; Powell, A. V. Realising the Potential of Thermoelectric Technology: A 

Roadmap. J. Mater. Chem. C 2020, 8, 441–463.  

(3)  Chen, G. Nanoscale Energy Transport and Conversion, 1st ed.; Oxford University 

Press, 2005. 

(4)  Mitzi, D. B. Solution Processing of Chalcogenide Semiconductors via Dimensional 

Reduction. Adv. Mater. 2009, 21, 3141–3158 

(5)  Yuan, M.; Mitzi, D. B. Solvent Properties of Hydrazine in the Preparation of Metal 

Chalcogenide Bulk Materials and Films. Dalton Trans., 2009, 6078–6088 

(6)  Webber, D. H.; Brutchey, R. L. Alkahest for V2VI3 Chalcogenides: Dissolution of 

Nine Bulk Semiconductors in a Diamine-Dithiol Solvent Mixture. J. Am. Chem. 

Soc. 2013, 135, 15722–15725.  

(7)  McCarthy, C. L.; Brutchey, R. L. Solution Processing of Chalcogenide Materials 

Using Thiol–Amine “Alkahest” Solvent Systems. Chem. Commun. 2017, 53, 

4888–4902. 

(8)  Wang, Z.; Ma, Y.; Vartak, P. B.; Wang, R. Y. Precursors for PbTe, PbSe, SnTe, 

and SnSe Synthesized Using Diphenyl Dichalcogenides. Chem. Commun. 2018, 

54, 9055–9058.  

(9)  Biswas, K.; He, J.; Blum, I. D.; Wu, C. I.; Hogan, T. P.; Seidman, D. N.; Dravid, 

V. P.; Kanatzidis, M. G. High-Performance Bulk Thermoelectrics with All-Scale 

Hierarchical Architectures. Nature 2012, 489, 414–418.  

(10)  Kanatzidis, M. G. Nanostructured Thermoelectrics: The New Paradigm? Chem. 

Mater. 2010, 22, 648–659. 

(11)  Vineis, C. J.; Shakouri, A.; Majumdar, A.; Kanatzidis, M. G. Nanostructured 

Thermoelectrics: Big Efficiency Gains from Small Features. Adv. Mater. 2010, 

22, 3970–3980. 

 



73 

 

 

(12)  Mehta, R. J.; Zhang, Y.; Karthik, C.; Singh, B.; Siegel, R. W.; Borca-Tasciuc, T.; 

Ramanath, G. A New Class of Doped Nanobulk High-Figure-of-Merit 

Thermoelectrics by Scalable Bottom-up Assembly. Nat. Mater. 2012, 11, 233–

240. 

(13)  Joshi, G.; Lee, H.; Lan, Y.; Wang, X.; Zhu, G.; Wang, D.; Gould, R. W.; Cuff, D. 

C.; Tang, M. Y.; Dresselhaus, M. S.; et al. Enhanced Thermoelectric Figure-of-

Merit in Nanostructured p-Type Silicon Germanium Bulk Alloys. Nano Lett. 2008, 

8, 4670–4674.  

(14)  Murray, C. B.; Sun, S.; Gaschler, W.; Doyle, H.; Betley, T. A.; Kagan, C. R. 

Colloidal Synthesis of Nanocrystals and Nanocrystal Superlattices. IBM J. Res. 

Dev. 2001, 45, 47–56.  

(15)  Yin, Y.; Alivisatos, A. P. Colloidal Nanocrystal Synthesis and the Organic-

Inorganic Interface. Nature 2005, 437, 664–670.  

(16)  Kovalenko, M. V. Chemical Design of Nanocrystal Solids. Chim. Int. J. Chem. 

2013, 67, 316–321.  

(17)  Talapin, D. V; Murray, C. B. PbSe Nanocrystal Solids for n- and p-Channel Thin 

Film Field-Effect Transistors. Science 2005, 310, 86–89.  

(18)  Oh, S. J.; Wang, Z.; Berry, N. E.; Choi, J. H.; Zhao, T.; Gaulding, E. A.; Paik, 

T.; Lai, Y.; Murray, C. B.; Kagan, C. R. Engineering Charge Injection and Charge 

Transport for High Performance PbSe Nanocrystal Thin Film Devices and Circuits. 

Nano Lett. 2014, 14, 6210–6216.  

(19)  Choi, J. H.; Fafarman, A. T.; Oh, S. J.; Ko, D. K.; Kim, D. K.; Diroll, B. T.; 

Muramoto, S.; Gillen, J. G.; Murray, C. B.; Kagan, C. R. Bandlike Transport in 

Strongly Coupled and Doped Quantum Dot Solids: A Route to High-Performance 

Thin-Film Electronics. Nano Lett. 2012, 12, 2631–2638.  

(20)  Zhang, H.; Jang, J.; Liu, W.; Talapin, D. V. Colloidal Nanocrystals with Inorganic 

Halide, Pseudohalide, and Halometallate Ligands. ACS Nano 2014, 8, 7359–

7369. 

(21)  Nag, A ; Kovalenko, M. V.; Lee, J.; Liu, W.; Spokoyny, B.; Talapin, D. V.  Metal-

Free Inorganic Ligands for Colloidal Nanocrystals: S2–, HS–, Se2–, HSe–, Te2–, 

HTe–, TeS3
2–, OH–, and NH2

– as Surface Ligands . J. Am. Chem. Soc. 2011, 133, 

10612–10620.  



74 

 

 

(22)  Kovalenko, M. V.; Scheele, M.; Talapin, D. V. Colloidal Nanocrystals with 

Molecular Metal Chalcogenide Surface Ligands. Science 2009, 324, 1417–1420.  

(23)  Low, K. H.; Li, C. H.; Roy, V. A. L.; Chui, S. S.; Chan, S. L.; Che, C. Homoleptic 

Copper(I) Phenylselenolate Polymer as a Single-Source Precursor for Cu2Se 

Nanocrystals. Structure, Photoluminescence and Application in Field-Effect 

Transistor. Chem. Sci. 2010, 1, 515–518. 

(24)  Lang, E. S.; Dias, M. M.; Abram, U.; Vázquez-López, E. M. Benzeneselenolates 

of Mercury(II). Crystal and Molecular Structures of [Hg(SePh)2] and 

(Bu4N)[Hg(SePh)3]. Z. Anorg. Allg. Chem. 2000, 626, 784–788. 
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Figure A1 Integration of the 1H NMR resonances of 1 in DMSO-d6 is consistent with the 

structural formula (C2H8N2)Pb(SeC6H5)2. (a) Resonances from protons of the phenyl 

groups. (b) Resonances from protons of the coordinated ethylenediamine.  
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Figure A2 13C NMR spectrum of 1 in DMSO-d6 is consistent with the structure of 

ethylenediamine coordinated lead(II) phenylselenolate. 

 

Figure A3 Stacked 13C NMR spectra of 1, diphenyl diselenide, and ethylenediamine in 

DMSO-d6. 



87 

 

 

 

Figure A4 77Se NMR spectrum of 1 and diphenyl diselenide in DMSO-d6. The selenium 

nuclei are observed to exist in a single chemical environment for 1 consistent with the 

structure of ethylenediamine coordinated lead(II) phenylselenolate. Moreover, the 

77Se resonance for 1 appears upfield as compared to diphenyl diselenide.  

 

Figure A5 Comparison of the experimental and simulated isotopic pattern of the 

[PbSe3C18H15]-1 ion. 



88 

 

 

 

Figure A6 Comparison of mass spectra of the PbSe precursor in ethylenediamine (a) 

with and without the addition of potassium iodide. (b) Simulated and experimental 

pattern of ion [PbSe2C12H10I]-1. 
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Figure A7 Packing in the crystal structure of 2. The unit cell is comprised of two formula 

units as seen in (a) and the two units counterbalance each other in orientation as seen 

in (b). For clarity, crystal disorder is not shown here, but can be viewed in Figure 2.3 

of the main text. (a) Unit cell viewed along the ‘a’ direction (b) Unit cell viewed along 

the ‘b’ direction.  
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Figure A8 1H NMR spectrum of aged 2 dissolved in DMSO-d6 shows the presence of 

free pyridine which is likely due to pyridine ligand substitution by dimethyl sulfoxide 

on lead(II) phenylselenolate complex. (a) Complete 1H NMR spectrum (b) Magnified 

image of 1H NMR spectrum from 6.9 to 8.7 ppm.  
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Figure A9 13C NMR spectrum of aged 2 dissolved in DMSO-d6. (a) Complete 13C NMR 

spectrum. (b) Magnified image of the same 13C NMR spectrum from 123 to 150 ppm. 
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DISCUSSION A1: CRYSTAL STRUCTURE OF 3 SHOWING 1-D MOLECULAR CHAINS 

Single-crystal XRD analysis was performed on single crystal specimens of 3, which 

were obtained by growing crystals from the PbSe precursor prepared in DMSO. This 

analysis revealed the presence of 1-D chains of Pb(SePh)2 in the central region of the 

unit cell of 3. The schematic of the 1-D chain (Figure A8) shows that the Pb(SePh)2 

units are µ2-bridged by one of the phenylselenolate ligands (Se2 – phenyl group) 

whereas the other phenylselenolate ligand (Se1 – phenyl group) acts as a terminal 

ligand. The origin of the layered structure can be attributed to the secondary Pb-Se 

bonds between the parallel chains. The edge region of the unit cell exhibited both 

inversion twinning and disorder, which hindered the solution of the complete crystal 

structure.  

 

Figure A10 Schematic of the 1-D chains in the central region of the unit cell for the 

crystal structure of 3, which is composed of Pb(SePh)2 units. 
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Figure A11 a) Optical micrograph of a representative specimen of a single crystal of 3 

showing elongation along one of its directions. The crystal’s color is orange-yellow in 

thicker specimens and yellow in thinner specimens. b) and c) SEM images showing the 

stacking of layers in the single crystal of 3. The layered structures in part (a) exist in 

the plane of the image (i.e. the layer stacking direction is perpendicular to the page). 

 

Figure A12 13C NMR spectrum of 3 dissolved in DMSO-d6. 
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Figure A13 1H NMR spectrum of 3 dissolved in DMSO-d6. (a) Complete 1H NMR 

spectrum. (b) Magnified image of 1H NMR spectrum from 2.4 to 7.6 ppm.  
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Table A1 Additional details of data collection and refinement for 2.  

Theta range for data collection 1.92 to 25.36° (0.83 Å resolution) 

Index ranges -6<=h<=6, -10<=k<=10, -25<=l<=25 

 average redundancy 2.309, Rsig = 3.34% 

Coverage of independent 

reflections 
100% 

Absolute structure parameter 
-0.0(0) 

Data / restraints / parameters 3871 / 181 / 272 

Largest diff. peak and hole 1.479 and -0.582 eÅ-3 

R.M.S. deviation from mean 0.112 eÅ-3 

Max. and min. transmission 0.3510 and 0.1920 

Weighting scheme 
w=1/[σ2(Fo

2)+(0.0315P)2+1.7019P] 

where P=(Fo
2+2Fc

2)/3 

 

Table A2 Atomic coordinates and equivalent isotropic atomic displacement parameters 

(Å2) for 2. U(eq) is defined as one-third of the trace of the orthogonalized Uij tensor. 

 

x/a y/b z/c U(eq) 

Pb1 0.24106(5) 0.25006(4) 0.24377(2) 0.01884(10) 

Se1 0.61137(16) 0.31883(12) 0.16783(4) 0.0221(2) 

C1 0.4295(15) 0.3619(9) 0.0899(4) 0.0168(18) 

C2 0.5188(16) 0.4683(10) 0.0501(4) 0.0214(19) 

C3 0.3908(17) 0.5022(10) 0.9934(4) 0.024(2) 

C4 0.1741(18) 0.4313(11) 0.9754(4) 0.025(2) 

C5 0.0855(16) 0.3265(11) 0.0148(4) 0.0239(19) 

C6 0.2095(16) 0.2907(10) 0.0717(4) 0.023(2) 

Se2 0.6515(19) 0.1725(10) 0.3187(3) 0.0192(8) 
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C7 0.5376(13) 0.1142(7) 0.3981(3) 0.030(4) 

C8 0.3034(14) 0.1571(11) 0.4131(4) 0.033(5) 

C9 0.2161(17) 0.1175(13) 0.4701(4) 0.033(5) 

C10 0.357(2) 0.0340(12) 0.5132(4) 0.028(4) 

C11 0.588(2) 0.9920(13) 0.4984(4) 0.034(5) 

C12 0.6807(15) 0.0307(12) 0.4418(4) 0.025(4) 

Se2' 0.620(2) 0.1619(13) 0.3280(4) 0.0192(8) 

C7' 0.5050(13) 0.2572(9) 0.4008(3) 0.016(3) 

C8' 0.2632(14) 0.2344(13) 0.4156(4) 0.021(4) 

C9' 0.1744(15) 0.3019(15) 0.4676(5) 0.024(5) 

C10' 0.323(2) 0.3924(12) 0.5062(4) 0.025(5) 

C11' 0.5608(19) 0.4152(13) 0.4915(5) 0.028(5) 

C12' 0.6542(14) 0.3495(12) 0.4395(5) 0.017(4) 

N1 0.2027(14) 0.9762(9) 0.1936(3) 0.0218(16) 

C13 0.3629(17) 0.9192(10) 0.1552(4) 0.0217(19) 

C14 0.3406(16) 0.7794(10) 0.1297(4) 0.023(2) 

C15 0.1442(18) 0.6934(11) 0.1437(4) 0.027(2) 

C16 0.9783(15) 0.7490(16) 0.1831(4) 0.0250(17) 

C17 0.0139(18) 0.8904(11) 0.2069(4) 0.025(2) 

N2 0.2581(13) 0.5132(8) 0.2987(3) 0.0200(16) 

C18 0.0760(18) 0.5455(11) 0.3352(4) 0.025(2) 

C19 0.063(2) 0.6772(14) 0.3664(5) 0.037(2) 

C20 0.244(2) 0.7827(12) 0.3604(6) 0.045(3) 

C21 0.4322(18) 0.7511(19) 0.3221(5) 0.042(2) 

C22 0.4324(18) 0.6136(11) 0.2933(5) 0.028(2) 

 



97 

 

 

Table A3 Bond lengths (Å) for 2. 

Pb1-N2 2.654(8) Pb1-N1 2.702(8) 

Pb1-Se1 2.7540(9) Pb1-Se2 2.762(11) 

Pb1-Se2' 2.770(13) Se1-C1 1.921(9) 

C1-C2 1.395(13) C1-C6 1.399(12) 

C2-C3 1.391(13) C2-H2 0.95 

C3-C4 1.382(13) C3-H3 0.95 

C4-C5 1.379(14) C4-H4 0.95 

C5-C6 1.390(13) C5-H5 0.95 

C6-H6 0.95 Se2-C7 1.9207 

C7-C8 1.3989 C7-C12 1.3997 

C8-C9 1.3849 C8-H8 0.95 

C9-C10 1.3862 C9-H9 0.95 

C10-C11 1.3794 C10-H10 0.95 

C11-C12 1.3877 C11-H11 0.95 

C12-H12 0.95 Se2'-C7' 1.9207 

C7'-C8' 1.3989 C7'-C12' 1.3997 

C8'-C9' 1.3849 C8'-H8' 0.95 

C9'-C10' 1.3861 C9'-H9' 0.95 

C10'-C11' 1.3794 C10'-H10' 0.95 

C11'-C12' 1.3877 C11'-H11' 0.95 

C12'-H12' 0.95 N1-C17 1.339(12) 

N1-C13 1.345(12) C13-C14 1.379(13) 

C13-H13 0.95 C14-C15 1.378(13) 

C14-H14 0.95 C15-C16 1.375(14) 
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C15-H15 0.95 C16-C17 1.386(16) 

C16-H16 0.95 C17-H17 0.95 

N2-C22 1.329(12) N2-C18 1.339(12) 

C18-C19 1.370(15) C18-H18 0.95 

C19-C20 1.389(17) C19-H19 0.95 

C20-C21 1.388(16) C20-H20 0.95 

C21-C22 1.388(18) C21-H21 0.95 

C22-H22 0.95 

  

 

Table A4 Bond angles (°) for 2. 

N2-Pb1-N1 176.1(2) N2-Pb1-Se1 93.01(16) 

N1-Pb1-Se1 90.84(17) N2-Pb1-Se2 88.2(2) 

N1-Pb1-Se2 92.0(2) Se1-Pb1-Se2 78.14(14) 

N2-Pb1-Se2' 88.2(3) N1-Pb1-Se2' 91.6(3) 

Se1-Pb1-Se2' 84.12(18) C1-Se1-Pb1 101.3(2) 

C2-C1-C6 118.7(8) C2-C1-Se1 119.0(6) 

C6-C1-Se1 122.3(7) C3-C2-C1 120.3(8) 

C3-C2-H2 119.8 C1-C2-H2 119.8 

C4-C3-C2 120.9(9) C4-C3-H3 119.5 

C2-C3-H3 119.5 C5-C4-C3 118.7(9) 

C5-C4-H4 120.7 C3-C4-H4 120.7 

C4-C5-C6 121.5(9) C4-C5-H5 119.2 

C6-C5-H5 119.2 C5-C6-C1 119.8(8) 

C5-C6-H6 120.1 C1-C6-H6 120.1 

C7-Se2-Pb1 106.3(3) C8-C7-C12 118.6 



99 

 

 

C8-C7-Se2 118.9 C12-C7-Se2 122.4 

C9-C8-C7 120.4 C9-C8-H8 119.8 

C7-C8-H8 119.8 C8-C9-C10 121.0 

C8-C9-H9 119.5 C10-C9-H9 119.5 

C11-C10-C9 118.6 C11-C10-H10 120.7 

C9-C10-H10 120.7 C10-C11-C12 121.6 

C10-C11-H11 119.2 C12-C11-H11 119.2 

C11-C12-C7 119.8 C11-C12-H12 120.1 

C7-C12-H12 120.1 C7'-Se2'-Pb1 97.1(3) 

C8'-C7'-C12' 118.6 C8'-C7'-Se2' 118.9 

C12'-C7'-Se2' 122.4 C9'-C8'-C7' 120.4 

C9'-C8'-H8' 119.8 C7'-C8'-H8' 119.8 

C8'-C9'-C10' 121.0 C8'-C9'-H9' 119.5 

C10'-C9'-H9' 119.5 C11'-C10'-C9' 118.6 

C11'-C10'-H10' 120.7 C9'-C10'-H10' 120.7 

C10'-C11'-C12' 121.6 C10'-C11'-H11' 119.2 

C12'-C11'-H11' 119.2 C11'-C12'-C7' 119.8 

C11'-C12'-H12' 120.1 C7'-C12'-H12' 120.1 

C17-N1-C13 116.9(8) C17-N1-Pb1 119.2(6) 

C13-N1-Pb1 123.9(6) N1-C13-C14 123.3(9) 

N1-C13-H13 118.4 C14-C13-H13 118.4 

C15-C14-C13 118.8(9) C15-C14-H14 120.6 

C13-C14-H14 120.6 C16-C15-C14 119.0(10) 

C16-C15-H15 120.5 C14-C15-H15 120.5 

C15-C16-C17 118.7(10) C15-C16-H16 120.7 
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C17-C16-H16 120.7 N1-C17-C16 123.3(9) 

N1-C17-H17 118.3 C16-C17-H17 118.3 

C22-N2-C18 118.0(8) C22-N2-Pb1 125.4(6) 

C18-N2-Pb1 116.6(6) N2-C18-C19 122.5(10) 

N2-C18-H18 118.8 C19-C18-H18 118.8 

C18-C19-C20 119.5(10) C18-C19-H19 120.2 

C20-C19-H19 120.2 C21-C20-C19 118.4(11) 

C21-C20-H20 120.8 C19-C20-H20 120.8 

C22-C21-C20 117.9(12) C22-C21-H21 121.0 

C20-C21-H21 121.0 N2-C22-C21 123.5(10) 

N2-C22-H22 118.2 C21-C22-H22 118.2 

 

Table A5 Torsion angles (°) for 2. 

C6-C1-C2-C3 -0.1(13) Se1-C1-C2-C3 -179.8(7) 

C1-C2-C3-C4 -0.2(14) C2-C3-C4-C5 0.4(14) 

C3-C4-C5-C6 -0.3(14) C4-C5-C6-C1 0.0(14) 

C2-C1-C6-C5 0.3(13) Se1-C1-C6-C5 179.9(7) 

C12-C7-C8-C9 0 Se2-C7-C8-C9 -179.7 

C7-C8-C9-C10 -0.4 C8-C9-C10-C11 0.6 

C9-C10-C11-C12 -0.3 C10-C11-C12-C7 -0.1 

C8-C7-C12-C11 0.3 Se2-C7-C12-C11 -180.0 

C12'-C7'-C8'-C9' 0 Se2'-C7'-C8'-C9' -179.7 

C7'-C8'-C9'-C10' -0.4 C8'-C9'-C10'-C11' 0.6 

C9'-C10'-C11'-C12' -0.3 C10'-C11'-C12'-C7' -0.1 

C8'-C7'-C12'-C11' 0.3 Se2'-C7'-C12'-C11' -180.0 
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C17-N1-C13-C14 -0.1(13) Pb1-N1-C13-C14 -179.7(7) 

N1-C13-C14-C15 0.5(14) C13-C14-C15-C16 -0.7(13) 

C14-C15-C16-C17 0.5(14) C13-N1-C17-C16 0.0(14) 

Pb1-N1-C17-C16 179.6(7) C15-C16-C17-N1 -0.2(14) 

C22-N2-C18-C19 0.3(14) Pb1-N2-C18-C19 179.8(8) 

N2-C18-C19-C20 0.2(16) C18-C19-C20-C21 0.6(17) 

C19-C20-C21-C22 -1.8(16) C18-N2-C22-C21 -1.7(14) 

Pb1-N2-C22-C21 178.9(8) C20-C21-C22-N2 2.4(16) 

 

Table A6 Anisotropic atomic displacement parameters (Å2) for 2. The anisotropic 

atomic displacement factor exponent takes the form: -2π2[ h2 a*2 U11 + ... + 2 h k a* 

b* U12 ]. 

 

 

U11 U22 U33 

Pb1 0.01890(15) 0.01886(15) 0.01870(16) 

Se1 0.0196(4) 0.0288(5) 0.0176(5) 

C1 0.016(4) 0.014(4) 0.020(4) 

C2 0.021(4) 0.025(4) 0.019(4) 

C3 0.028(4) 0.021(4) 0.024(4) 

C4 0.030(4) 0.024(4) 0.019(4) 

C5 0.020(4) 0.026(4) 0.026(4) 

C6 0.022(4) 0.028(5) 0.018(4) 

Se2 0.019(2) 0.0223(12) 0.0161(17) 

C7 0.030(7) 0.027(7) 0.032(7) 

C8 0.038(7) 0.032(7) 0.029(7) 

C9 0.032(7) 0.034(7) 0.033(7) 

C10 0.030(7) 0.030(7) 0.024(7) 
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C11 0.034(7) 0.035(7) 0.032(7) 

C12 0.026(6) 0.024(6) 0.025(6) 

Se2' 0.019(2) 0.0223(12) 0.0161(17) 

C7' 0.017(6) 0.019(6) 0.012(5) 

C8' 0.021(6) 0.023(7) 0.020(6) 

C9' 0.024(7) 0.026(7) 0.023(7) 

C10' 0.030(7) 0.027(7) 0.018(7) 

C11' 0.031(7) 0.028(7) 0.026(7) 

C12' 0.018(6) 0.018(7) 0.016(6) 

N1 0.022(3) 0.024(4) 0.019(3) 

C13 0.019(4) 0.024(4) 0.021(4) 

C14 0.026(4) 0.022(5) 0.021(4) 

C15 0.032(4) 0.019(4) 0.028(4) 

C16 0.026(4) 0.023(4) 0.026(4) 

C17 0.025(4) 0.028(4) 0.023(4) 

N2 0.022(3) 0.020(3) 0.018(3) 

C18 0.027(4) 0.023(4) 0.025(4) 

C19 0.041(5) 0.041(5) 0.030(5) 

C20 0.050(5) 0.033(6) 0.050(5) 

C21 0.039(4) 0.030(4) 0.056(5) 

C22 0.026(4) 0.023(4) 0.035(5) 

 

 

U23 U13 U12 

Pb1 -0.0017(2) 0.00070(10) -0.00024(16) 

Se1 0.0016(4) -0.0007(4) -0.0007(4) 
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C1 -0.003(3) 0.002(3) 0.006(3) 

C2 -0.002(3) 0.006(3) -0.001(3) 

C3 0.001(3) 0.009(4) -0.001(4) 

C4 -0.002(3) -0.002(3) 0.001(4) 

C5 -0.003(4) -0.001(3) 0.000(4) 

C6 0.000(3) 0.006(3) -0.001(3) 

Se2 0.0050(14) 0.0007(12) -0.0029(12) 

C7 0.002(5) 0.004(5) -0.002(5) 

C8 0.001(6) 0.001(6) 0.001(6) 

C9 -0.002(6) 0.005(6) -0.001(6) 

C10 0.003(5) 0.007(5) 0.001(6) 

C11 0.002(6) -0.004(6) 0.000(6) 

C12 0.002(5) -0.004(5) -0.002(5) 

Se2' 0.0050(14) 0.0007(12) -0.0029(12) 

C7' 0.003(6) -0.003(5) 0.001(6) 

C8' 0.003(6) 0.001(5) 0.000(6) 

C9' 0.004(5) 0.002(5) 0.001(5) 

C10' 0.000(6) 0.010(6) 0.001(6) 

C11' -0.004(6) -0.003(6) -0.005(6) 

C12' 0.000(5) 0.000(5) -0.005(5) 

N1 -0.003(3) -0.002(3) -0.001(3) 

C13 -0.002(3) 0.000(3) -0.003(3) 

C14 -0.003(3) 0.003(3) 0.004(3) 

C15 -0.004(3) -0.003(4) -0.001(4) 

C16 0.000(5) -0.001(3) 0.002(5) 



104 

 

 

C17 0.000(4) 0.004(3) 0.001(4) 

N2 0.001(3) 0.001(3) 0.002(3) 

C18 0.004(3) 0.003(3) 0.005(3) 

C19 -0.004(4) 0.003(4) 0.013(4) 

C20 -0.016(4) -0.014(4) 0.012(4) 

C21 -0.002(6) -0.012(4) -0.002(5) 

C22 0.003(4) 0.002(4) -0.001(4) 

 

Table A7 Hydrogen atomic coordinates and isotropic atomic displacement parameters 

(Å2) for 2. 

 

x/a y/b z/c U(eq) 

H2 0.6677 0.5179 0.0617 0.026 

H3 0.4533 0.5751 -0.0332 0.029 

H4 0.0879 0.4543 -0.0635 0.03 

H5 -0.0637 0.2776 0.0029 0.029 

H6 0.1450 0.2182 0.0982 0.027 

H8 0.2037 0.2138 0.3840 0.04 

H9 0.0572 0.1480 0.4797 0.039 

H10 0.2960 0.0062 0.5520 0.033 

H11 0.6866 -0.0649 0.5278 0.041 

H12 0.8406 0.0007 0.4327 0.03 

H8' 0.1593 0.1721 0.3898 0.025 

H9' 0.0095 0.2859 0.4769 0.029 

H10' 0.2614 0.4378 0.5421 0.029 

H11' 0.6635 0.4775 0.5176 0.034 
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H12' 0.8187 0.3670 0.4302 0.02 

H13 0.4981 -0.0219 0.1450 0.026 

H14 0.4586 -0.2570 0.1030 0.028 

H15 0.1237 -0.4029 0.1264 0.032 

H16 -0.1580 -0.3083 0.1938 0.03 

H17 -0.1015 -0.0716 0.2340 0.03 

H18 -0.0491 0.4743 0.3396 0.03 

H19 -0.0684 0.6963 0.3920 0.045 

H20 0.2394 0.8743 0.3820 0.054 

H21 0.5569 0.8214 0.3158 0.051 

H22 0.5641 0.5899 0.2684 0.033 

 

Table A8 Hydrogen bond distances (Å) and angles (°) for 2. 

 

Donor-H Acceptor-H Donor-Acceptor Angle 

C21-H21...Se2' 0.95 3.11 3.86(2) 136.7 
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APPENDIX B 

SUPPORTING INFORMATION FOR CHAPTER 3 
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Figure B1. Mass spectra of tin(IV) methylselenolate - Comparison of the experimental 

and simulated isotopic pattern of ion [Sn(SeCH3)3] -1  

 

Figure B2. 1H NMR spectrum of tin(IV) methylselenolate.  
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Figure B3. 13C NMR spectrum of tin(IV) methylselenolate. 

 

Figure B4. 77Se NMR spectrum of tin(IV) methylselenolate. 



109 

 

 

 

Figure B5. 119Sn NMR spectrum of tin(IV) methylselenolate. 

DISCUSSION B1: DETECTION OF NANOCRYSTAL COARSENING AFTER ANNEALING 

TREATMENT 

X-ray diffraction was performed on PbSe nanocrystal films with their as-synthesized 

oleic acid ligands, PbSe nanocrystal films treated with tin(IV) methylselenolate, and 

PbSe nanocrystal films treated with tin(IV) methyselenolate and annealed at 200 °C 

for 1 minute (Figure B6). The relative size of the nanocrystals in each sample can be 

inferred from the full width at half maximum of the [200] peak at 29.1 degrees wherein 

narrower peaks indicate larger nanocrystal sizes. The peak width is the same for PbSe 

nanocrystals with oleic acid ligands and PbSe nanocrystals that have been treated with 

tin(IV) methylselenolate indicated that the nanocrystal size in these samples is the 

same. However, this peak is noticeably narrower in the case of PbSe nanocrystal 

treated with tin(IV) methyselenolate and annealed. This indicates that the 

nanocrystals in this annealed samples exhibited some growth and coarsening. 
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Figure B6. X-ray diffraction analysis on PbSe nanocrystal films. Data was collected on 

PbSe nanocrystals with their as-synthesized oleic acid ligands (cyan curve), PbSe 

nanocrystals treated with tin(IV) methylselenolate (blue curve), and PbSe nanocrystals 

treated with tin(IV) methylselenolate and annealed at 200 °C for 1 minute. In order to 

better compare the full width at half maximum of the peaks, each XRD curve has been 

normalized to their respective maximum intensity. 

  



111 

 

 

APPENDIX C 

PHOTOMASK DESIGN 
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