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ABSTRACT 

 

 The goal of this thesis was to synthesize and characterize nanoparticles of the chalcogenide 

spinels CdCr2S4, CuCr2S4, and FeCr2S4 via a precursor method.  In this thesis, I have synthesized 

dithiocarbamate precursors of the metals cadmium, chromium, copper, and iron, as well as 

evaluated the thermal properties of the precursors.  Finally, the solid state thermolysis products 

of Cd-Cr-S, Cu-Cr-S, and Fe-Cr-S under both sealed-tube and nanoparticle conditions were 

characterized by X-ray diffraction and Superconducting Quantum Interference Device 

magnetometry. 
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I. Introduction 

 

Goal. The goal of this thesis was to synthesize and characterize nanoparticles of the 

chalcogenide spinels CdCr2S4, CuCr2S4, and FeCr2S4 via a precursor method.  Our lab has 

developed a precursor strategy for lanthanide sulfides and we are interested in determining the 

utility of this method for transition metal sulfide systems.  In this thesis, I have synthesized 

dithiocarbamate precursors of the metals Cd, Cr, Cu, and Fe, as well as evaluated the thermal 

properties of the precursors.  Finally, the solid state thermolysis products of Cd-Cr-S, Cu-Cr-S, 

and Fe-Cr-S under both sealed-tube and nanoparticle conditions were characterized by XRD and 

SQUID magnetometry. 

Cr-Based Chalcogenide Spinels.  Our interest in the CdCr2S4, FeCr2S4, and CuCr2S4 materials 

stems from the rare combination of magnetism and semiconduction.  We associate this behavior 

with highly electron correlated materials.  Ternary oxide and chalcogenide spinel (AB2X4) 

systems have been studied due to their novel magnetic and electric properties.
35

  It is thought that 

the correlations of charge, spin, and orbital degrees of freedom coupled to the lattice give rise to 

the properties of these systems.
12

  

Recently renewed interest in the XCr2S4 (X = Cd
2+

, Fe
2+

, Cu
2+

) chromium-based chalcospinel 

systems has been a result of the discovery of technologically important properties such as 

colossal magnetoresistance and multiferromagnetism.  These systems are believed to be normal 

spinel compounds, with the divalent metal ions residing in the tetrahedral holes and the trivalent 

chromium ions residing in the octahedral holes.  The CdCr2S4 system is of most interest, as it 

was recently shown to exhibit multiferroic behavior, which allows for a simultaneous occurrence 

of dielectric and magnetic order.
15
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If we can prepare the CdCr2S4 system via the thermal degradation of cadmium and chromium 

dithiocarbamate precursors, the same synthethic approach should be applicable to the production 

of the iron and copper spinel systems. If dithiocarbamate precursors can be shown to produce the 

target ternary spinel, this opens the door for nanoparticle synthesis. 

While the crystal structure of all three systems is cubic (Fd-3m), the material properties are very 

different.  The FeCr2S4 system is a metal/semiconductor with a ferrimagnetic ordering 

temperature of ~195 K,
17

  while the CuCr2S4 system is also a metal with a notably higher 

ferromagnetic ordering temperature of ~377 K.
21

   

Multiferroics.  Multiferroics are of interest for both electronic and magnetic properties.  For 

electronic and magnetic storage devices, functionality depends on either a magnetic or electric 

field to manipulate properties.  A system that exhibits 

multiferroic behavior may have potential applications 

in microelectronic devices because it is thought that 

more than one task may be performed by the same 

device.  Previous work with multiferroics has relied on 

the incorporation of magnetic ions into ferroelectric 

materials, typically in an alternating layer pattern.  One 

such example is the HoMnO3 system
20

, as shown in 

Figure 1.  The different layers must be in close proximity to one another so exchangestriction can 

occur between the ferroelectric and magnetic ions in order to exhibit multiferroic behavior.  It 

becomes evident that these materials are very reliant on the proximity of the layers as well as the 

orientation of the ions for successful coupling to occur.  Our goal was to synthesize CdCr2S4, 

Ho
3+

 

Mn
3+

 

O
2-

 

Figure 1. HoMnO3 system.
20
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FeCr2S4, and CuCr2S4 chromium-based chalcospinel systems using the precursor method and to 

investigate size control and/or electronic properties exhibited by each system. 

Colossal Magnetoresistance.  Our interest in CdCr2S4 is due to potential CMR properties.  

Colossal magnetoresistance (CMR), sometimes otherwise referred to as giant magnetoresistance 

(GMR), is a phenomenon that is mostly present in manganese-based perovskite oxide systems.  

CMR allows for a change in the electrical resistance in the presence of a magnetic field.  

Typically materials exhibit a magnetoresistance of ~5%, but materials that exhibit CMR have 

orders of magnitude higher.
15

  CMR can be observed in different phases, ranging from crystals to 

thin films.  Previously, other systems that have been explored that exhibit CMR are oxide 

heterostructures, namely by Ge et. al the La1-xSrxMnO3/SrNbyTi1-yO3 system.
33

  It has been 

shown to exhibit an increasing CMR value (ranging from 11% to 94%) with an increase in 

magnetic field strength and a decrease in temperature.  Other examples of materials that exhibit 

colossal magnetoresistance in the manganite family adhere to the formula 

R1-xAxMnO3, where R = La, Nd, etc. and A = Ca, Sr. etc.
34

  The Mn-based oxides are good 

candidates for CMR materials due to their low cost, chemical stability, and tunability of the 

Curie temperature through doping. 
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II.  The CdCr2S4 System 

Background.  The CdCr2S4 system exhibits multiferroic behavior, namely the simultaneous 

occurrence of ferromagnetism and relaxor ferroelectricity.  It has also been shown to exhibit an 

intimate coupling of polarization and magnetization via magnetocapacitive effects, making it a 

colossal magnetocapacitor.
13

 The ferromagnetic properties of the system are a result of the Cr
3+

 

ions that reside in the 16 of 32 possible octahedral holes of the cubic spinel structure.  

Chromium(III) is a d
3
 metal ion, which fits the model established by Mott and Goodenough and 

gives rise to the unique magnetic and electronic properties. Unique magnetic and electrical 

properties of transition metal oxides are observed when the metal ions had a 3d
n
 configuration 

with n ≤ 3.  Mott and Goodenough developed the idea of a critical distance in transition metal 

oxides.
7-10

 Essentially when the d-orbitals of the metal ions come in close proximity to one 

another, the d-electrons go from being localized on the metal ion to being in a delocalized state.  

It is this delocalization of d-electrons that gives rise to the magnetic properties and relatively low 

electrical conductivity. 

This structure also contains Cd
2+

 ions (electronic configuration:  4d
10

), which reside in 1/8 of the 

tetrahedral holes. The ferromagnetic ordering temperature, or the Curie temperature (Tc), for the 

CdCr2S4 has been determined to be ~85 K.
15

  This is the temperature where the system changes 

from paramagnetic to ferromagnetic.  The low Tc value is what presents a problem with the 

CdCr2S4 system.  In order for the multiferroic properties to be exhibited, the system must be at a 

temperature either at 85 K or below.  Since most electronic devices operate at room temperature 

conditions, it is ideal to find a way to raise the ferromagnetic ordering temperature without losing 

the properties of the system.  However, the colossal magnetocapacitance makes it a highly 
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desirable system for microelectronic devices.  In some cases, it has been shown to exhibit a 

500% colossal magnetocapacitive effect in an external magnetic field.
15

  The origin of the 

colossal magnetocapacitive coupling and relaxor behavior is still not very well understood.
27

  

Synthetic Methods.  Synthetic methods of spinel compounds vary widely.  The direct solid state 

synthesis from high-purity powders method creates the AB2X4 from stoichiometric equivalents 

of a 1:2:4 molar ratio of A:B:X at temperatures from X-Y.   Two other synthetic routes are the 

precursor/thermal degradation and vapor transport synthesis.  Different methods work better for 

different systems; however, the end goal is to produce homogeneous, pure products.  There have 

been a considerable amount of impurity phases associated with the vapor transport method,
36

 as a 

result of transport gas (most commonly used are chlorine and bromine gases) which becomes 

incorporated into the material and alters the properties and functionality.  The direct solid state 

synthesis method is quite successful for creating homogeneous materials; however, it requires 

very high temperatures (expensive) and is not amendable to nanostructures.  Also, it requires 

several cycles of regrinding and pressing of the materials, which can be very tedious as well as 

time consuming.  The precursor method is desirable because the precursor synthesis can be 

conducted quickly (~20 minutes) and the synthesized molecules utilized for both solid-state 

experiments as well as solution-based experiments.  The ligands of the precursor molecules can 

be tailored based on solubility and experimental conditions.  Our first challenge was to identify 

appropriate precursors. 

The precursor ligand we chose was the diethylammonium diethyldithiocarbamate salt, which was 

reacted with the metal salt of choice in a simple metathesis reaction.  Several of the metal salts 

used were the chloride salts due to the ease of the reaction, which produced the metal 
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dithiocarbamate precursor as a precipitate and left the sodium chloride in solution.  While 

chloride can present impurities in solid state methods or in other groups in the vapor transport 

method, we do not find chloride in the precursors formed.  A complete table of syntheses and 

conditions can be found in Appendix A. 

Materials.  Diethylammonium diethyldithiocarbamate, cadmium(II) chloride, chromium(III) 

chloride hexahydrate,, chromium(III) nitrate, methanol, ether, carbon disulfide, diisobutylamine, 

and tetramethylammonium hydroxide were purchased from Aldrich Chemical Co. and used 

without further purification. 

Characterization.  Infrared spectra were measured in the range 450-4000 cm
-1

 as pressed pellets 

in KBr on a Thermo Nicolet 380 FTIR spectrometer. Absorption spectra were recorded from 

450-750 nm in chloroform on a Perkin-Elmer Lambda 35 UV-vis spectrometer. Elemental 

analysis (C, H, and N content) was performed on a Perkin-Elmer PE 2400 microanalyzer. 

Thermal analysis was performed on an SDT Q600 TA instrument. Simultaneous DTA-TGA data 

were studied for the samples in an alumina pan from 25-1000 °C under an N2 flow of 50 mL/min 

at a heating rate of 10 °C/min.  Magnetic properties were characterized by William Boncher by 

measuring the magnetization as a function of temperature (5 – 100 K) for several applied fields 

(500 – 5000 Oe). 

Synthesis of Cd(S2CNEt2)2.  This complex was prepared according to literature with the 

following adaptations.
1  

A methanol solution (10 mL) of diethylammonium 

diethyldithiocarbamate (1.1230 g, 5 mmol) was added to an aqueous solution (10 mL) of CdCl2 

(0.4602 g, 2.5 mmol) under constant stirring. A white precipitate formed immediately, and the 

solution was allowed to stir 20 minutes.  The white powder was collected by vacuum filtration 
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and washed three times with distilled water.  Recrystallization was performed from a 1:1 mixture 

of CH2Cl2:MeOH.  The solid white powder was collected by vacuum filtration and dried at room 

temperature for one hour. IR (KBr, cm
-1

): C-N = 1494(st), C-S = 987(m), Cd-S = 562(wk). Anal. 

Calcd. for C10H20N2S4Cd: C, 29.36; H, 4.94; N, 6.85.  Found: C, 29.58; H, 4.87; N, 6.81. Percent 

yield 65%. 

Synthesis of Cr(S2CNEt2)3.  This complex was prepared according to literature with the 

following adaptations.
2
  An ethanol solution (10 mL) of diethylammonium 

diethyldithiocarbamate (1.1125 g, 5 mmol) was added to an ethanol solution (10 mL) of 

CrCl3 6H2O (0.444 g, 1.7 mmol) under constant stirring. Upon addition, denoized water (5 mL) 

was added to enhance precipitation.  A dark teal precipitate formed immediately, and the solution 

was allowed to stir 20 minutes.  The dark teal powder was collected by vacuum filtration, 

washed three times with DI water, and allowed to dry at room temperature.  IR (KBr, cm
-1

):  C-N 

= 1473(st), C-S = 996(wk), Cr-S = 507(wk).  λmax (CHCl3, nm): 491, 638.  Anal. Calcd. for 

C15H30N3S6Cr: C, 36.25; H, 6.45; N, 8.46.  Found: C, 34.42; H, 5.92; N, 7.76. Percent yield 41%. 

Cd(S2CNEt2)2/Cr(S2CNEt2)3 Solid-State Thermolysis.  A ground mixture of Cd(S2CNEt2)2 

(0.0343 g, 0.1 mmol) and Cr(S2CNEt2)3 (0.0838 g, 0.2 mmol) was loaded into a flame-dried, 

sealed quartz column inside a glovebox and the system was placed under vacuum for 15 seconds 

prior to heating.  The sealed tube was heated in a furnace at 700 °C for 3 h.  After cooling to 

room temperature, a black crystalline product was collected. 

Results/Discussion.  The chromium precursor synthesis proved to be much more challenging 

than the cadmium precursor synthesis.  A variety of solvents was used in order to optimize the 

percent yield of the chromium dithiocarbamate precursor synthesis.  As can be seen in Appendix 



 

8 

 

A, all of the solvents used were very polar in nature and included methanol, ethanol, acetonitrile, 

and water.  Through trial and error along with solubility testing, it became obvious that a very 

polar environment was necessary to optimize precipitation of the neutral Cr(S2CNEt2)3 

compound.  While the percent yield is still only at 40% with the ethanol/water solvent mix, it 

was vastly improved from experimentation conducted with pure ethanol.  Water was not used 

because the diethylammonium dithiocarbamate was only slightly soluble in aqueous media. 

Figure 1 displays the crystal structure of the Cd(S2CNEt2)2 dithiocarbamate precursor.  In order 

to fill its coordination sphere, the cadmium prefers to dimerize with another cadmium precursor.   

 

 

Figure 2 displays the crystal structure of the Cr(S2CNEt2)3 tris-dithiocarbamate precursor.  Since 

its octahedral coordination sphere is satisfied by the three bidentate dithiocarbamate ligands, it 

does not dimerize. 

Figure 1.  Crystal structure of dimerized Cd(S2CNEt2)2.
29

 

Figure 2.  Crystal structure of Cr(S2CNEt2)3.
30
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Figure 4.  TGA of Cd(S2CNEt2)2 xH2O precursor. 

The thermolysis syntheses conducted were guided by the thermogravimetric analysis (TGA) 

measurements taken (see Figures 3 and 4).  The thermal analysis is important for determining the 

thermal stability.  Based on this, we found that the solid state thermolysis experiments needed to 

be conducted at temperatures greater than 350 °C to ensure complete degradation of the 

Figure 3.  TGA of Cr(S2CNEt2)3 precursor. 
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precursors.  Also, the TGA experiment provides product information.  Using the mass 

percentages left through DTA-TGA, it was calculated that the products were Cr2S3 and CdS, 

which were consistent with the powder x-ray diffraction data.  

We used solid state thermolysis to prepare ternary materials.  We characterized the products by 

powder x-ray diffraction.  As seen in Figure 5, the software program Jade was used to confirm 

the identity of the Cd(S2CNEt2)2/Cr(S2CNEt2)3 thermolysis experiment product, which was the 

target compound, CdCr2S4.  The small, unidentified peaks can be attributed to a small amount of 

an impurity phase, which we have not yet identified.  It does not correspond to the binary 

sulfides or metal oxides. 

Figure 5.  pXRD pattern of the Cd(S2CNEt2)2/Cr(S2CNEt2)3 thermolysis experiment product, CdCr2S4. 
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To investigate the magnetic properties of the system, a Superconducting Quantum Interference 

Device (SQUID) magnetometer was used to determine the Tc and paramagnetic ordering 

temperature, .  Typically the paramagnetic ordering temperature, obtained from Curie-Weiss 

plots, is slightly higher than the ferromagnetic ordering temperature, which is determined by -

vs.-T plots. 

 

 

The SQUID results for the CdCr2S4 system can be seen in Figure 6.  The paramagnetic ordering 

temperature, , was determined via the Curie-Weiss Law and found to be 99.7 K, which is 

slightly lower than the reported value of  = 155 K.
37

 

This could be a result of the impurity phase or possibly lower crystallinity.  From the slope of 

this the paramagnetic moment was found to be 5.83 µB.  Since Cd
2+

 has an entirely full d-orbital 

shell making it diamagnetic, all of the magnetic properties of this system come solely from the 

Figure 6.  SQUID magnetometry measurement of the CdCr2S4 chalcospinel system.   = 99.7 K. 

Figure 6.  SQUID magnetometry measurement of the CdCr2S4 chalcospinel system.   = 99.7 K. 

R2 = 0.9928 
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chromium ions.  Saha-Dasgupta et. al. have reported that two Cr
3+

 ions in a chalcospinel system 

should give rise to a paramagnetic moment of ~6 µB
21

, which is close to our experimental 

measurement. 

The isobutyl ligand was synthesized for use in the solution-based thermolysis experiments for 

the purpose of synthesizing nanoparticles.  Previous work by the Stoll group has showed that the 

isobutyl ligand is suitable for successful synthesis of lanthanide sulfide nanoparticles, so the 

same approach was used with the spinel systems.  Acetonitrile was used as the solvent in the 

precursor syntheses.  It is noteworthy that acetonitrile is less polar than the ethanol and water that 

was used when ethyl dithiocarbamate group ligands were used for precursor synthesis.  The 

isobutyl dithiocarbamate groups are less polar than the ethyl ones, hence why a less polar solvent 

was used during synthesis.  This is further evidence that solvent polarity is reflective of ligand 

polarity in regards to a successful precursor synthesis. 
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III.  The FeCr2S4 System 

Background.  Within the same class of chromium-based spinels is the FeCr2S4 system.  This 

system contains Cr
3+ 

ions (electronic configuration: 3d
3
, S = 3/2) in ½ of the octahedral holes and 

Fe
2+

 ions (electronic configuration: 3d
6
, S = 2) in 1/8 of the tetrahedral holes, making it a normal 

spinel system. The Fe
2+

 ions in this system are Jahn-Teller active and have the ability to cause 

lattice frustrations in both the spin and orbital sector.
19

  A λ, which is a measure of a normal or 

inverse spinel structure, anomaly at approximately 10 K can be observed for this system through 

specific heat measurements, and suggests that structural disorder is the mechanism of orbital 

ordering.
27

  FeCr2S4 has been shown to be both metallic and semiconducting with a ferrimagnetic 

ordering temperature of 195 K,
17

 however the literature reports a range of values within ± 10 K 

of this value.
19

  This deviation is most likely reliant on the homogeneity of the compound, 

sample stoichiometry, and synthetic conditions.  The ferrimagnetic exchange occurs through the 

90° Cr-S-Cr bond angle, which is typical of chalcospinel systems.
19

  Recently it was  discovered 

that the FeCr2S4 system also exhibits colossal magnetoresistance (CMR) effects.
18

  Typically, 

CMR is a result of a double-exchange (DE) mechanism between hetrovalent ion pairs.  Double 

exchange could occur between iron and chromium ions.  However, XRD and XPS 

experimentation has been used to prove that DE between iron and chromium does not occur.
18

 

Materials.  Diethylammonium diethyldithiocarbamate, iron(II) chloride, and ethanol were 

purchased from Aldrich Chemical Co. and used without further purification. 

Characterization.  Infrared spectra were measured in the range 450-4000 cm
-1

 as pressed pellets 

in KBr on a Thermo Nicolet 380 FTIR spectrometer.  Elemental analysis (C, H, and N content) 

was performed on a Perkin-Elmer PE 2400 microanalyzer. Thermal analysis was performed on 
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an SDT Q600 TA instrument. Simultaneous DTA-TGA data were studied for the samples in an 

alumina pan from 25-1000 °C under an N2 flow of 50 mL/min at a heating rate of 10 °C/min. 

Synthesis of Fe(S2CNEt2)2.  This complex was prepared according to literature with the 

following adaptations.
3
  An ethanol solution (10 mL) of diethylammonium 

diethyldithiocarbamate (1.1119 g, 5 mmol) was added to an ethanol solution (10 mL) of FeCl2 

(0.3170 g, 2.5 mmol) under constant stirring.  A black precipitate formed immediately and the 

solution was allowed to stir 45 minutes.  The black powder was collected by vacuum filtration, 

washed three times with deionized water, and allowed to dry at room temperature.  IR (KBr, cm
-

1
): C-N = 1492(st), C-S = 996(m), Fe-S = 784(wk). Anal. Calcd. for C10H20N2S4Fe: C, 34.08; H, 

5.72; N, 7.95.  Found: C, 34.57; H, 5.98; N, 7.98. Percent yield 56%. 

Fe(S2CNEt2)2/Cr(S2CNEt2)3 Solid-State Thermolysis.  A ground mixture of Fe(S2CNEt2)2 

(0.0352 g, 0.1 mmol) and Cr(S2CNEt2)3 (0.0995 g, 0.2 mmol) was loaded into a flame-dried, 

sealed quartz column inside a glovebox and the system was placed under vacuum for 15 seconds 

prior to heating.  The sealed tube was heated in a furnace at 700 °C for 3 h.  After cooling to 

room temperature, a black crystalline product was collected. 
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Results/Discussion.  Similar to the cadmium precursor, the Fe(S2CNEt2)2 precursor was fairly 

easy to synthesize.  As seen in Figure 1, the 

iron precursor also undergoes dimerization to 

fulfill its octahedral coordination sphere.  

The iron compound is quite interesting 

because the Fe(S2CNEt2)2Cl molecule has the 

capability to switch between a high spin and 

a low spin complex depending on the R-group attached to the dithiocarbamate ligand.  

The thermal analysis provided insight for the degradation temperature as well as the 

stoichiometric product.  From previous work (see Chapter 2, Figure 3), we know the chromium 

precursor degrades at approximately 300 °C.  As seen in Figure 2, the iron precursor degrades at 

Figure 2.  TGA of Fe(S2CNEt2)2 precursor. 

Figure 1.  Crystal structure of Fe(S2CNEt2)2.
31
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approximately 300 °C as well.  Based on this analysis, all thermolysis experiments were 

conducted at temperatures greater than 300 °C.   

The iron-chromium system presented some problems in terms of the products differing from that 

of the target compound.  As seen in Figure 3, the software program Jade identified the product of 

the Fe(S2CNEt2)2/Cr(S2CNEt2)3 thermolysis experiment to be a mixture of two phases, FeS and 

FeCr2S4.  The small unidentified peaks are a result of background noise and possible diffraction 

off of the glass fiber sample holder.  This experiment was repeated several times, with careful 

attention paid to the stoichiometry and measurement of the two individual precursors; however, 

Figure 3.  pXRD pattern of the Fe(S2CNEt2)2/Cr(S2CNEt2)3 thermolysis experiment products, FeCr2S4 and FeS. 
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the product was always identified as a mixture of two phases.  It is possible that the FeS phase 

forms first and is not fully converted into the FeCr2S4 chalcospinel compound.  A temperature 

range of 500 – 900 °C was studied, always resulting in two phases.  Possible explanations for the 

existence of FeS at high temperatures could be due to stoichiometric inconsistencies or sample 

impurities. 
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IV.  The CuCr2S4 System 

Background.  The third chromium-based spinel system under study is CuCr2S4.  Similar to the 

other two systems, it is a normal spinel system with Cr
3+

 ions (electronic configuration:  3d
3
) in 

½ of the octahedral holes and Cu
2+

 ions 

(electronic configuration:  3d
9
) in 1/8 of the 

tetrahedral holes.  The CuCr2S4 chalcospinel 

has been shown to exhibit a high 

ferromagnetic transition temperature of 377 

K.
21  

The optimal ferromagnetic behavior was 

observed at Cr-S-Cr = 94.66° with a lattice 

constant of 9.82 Å by Villars et. al.
22

  It was 

originally thought that the source of 

ferromagnetism in the CuCr2S4 system 

originated from the localized interaction and 

ferromagnetic coupling between the 

chromium and sulfur ions; however, Saha-

Dasgupta et. al. proved that as the Cr-S-Cr 

decreased from 94.66° and approached 90°, 

an incremental loss in ferromagnetic behavior was observed.  This is atypical, as it has been 

proven that the magnetic properties in the other two chalcospinels arise from the Cr-S-Cr 

superexchange mechanism. 

Figure 1. Band diagram of CuCr2S4.
21
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Looking at the band diagram of CuCr2S4 in Figure 1, it is evident that this system exhibits 

metallic behavior.  The d-orbitals of chromium have been split into the t2g and eg energy levels, 

directly as a result of the octahedral field induced by the sulfur anions.  The d-orbitals of copper 

have been split into the t2 and e energy levels as a result of the tetrahedral field induced by the 

sulfur ions.  The energy gap between the conduction and valence band is approximately 1 eV, 

making it a part of the metal family.   

Materials.  Diethylammonium diethyldithiocarbamate, copper(II) nitrate, and ethanol were 

purchased from Aldrich Chemical Co. and used without further purification. 

Characterization.  Infrared spectra were measured in the range 450-4000 cm
-1

 as pressed pellets 

in KBr on a Thermo Nicolet 380 FTIR spectrometer.  Absorption spectra were recorded from 

450-750 nm in chloroform on a Perkin-Elmer Lambda 35 UV-vis spectrometer.  Elemental 

analysis (C, H, and N content) was performed on a Perkin-Elmer PE 2400 microanalyzer. 

Thermal analysis was performed on an SDT Q600 TA instrument. Simultaneous DTA-TGA data 

were studied for the samples in an alumina pan from 25-1000 °C under an N2 flow of 50 mL/min 

at a heating rate of 10 °C/min. 

Synthesis of Cu(S2CNEt2)2.  This complex was prepared according to literature with the 

following adaptations.
4
  An ethanol solution (10 mL) of diethylammonium 

diethyldithiocarbamate (1.1126 g, 5 mmol) was added to an ethanol solution (10 mL) of 

Cu(NO3)2 (0.6045 g, 2.5 mmol) under constant stirring.  A brown precipitate formed 

immediately and the solution was allowed to stir 30 minutes.  The brown powder was collected 

by vacuum filtration, washed two times with ethanol, and allowed to dry at room temperature.  

IR (KBr, cm
-1

): C-N = 1505(st), C-S = 996(m), Cu-S = 571(wk).  λmax (CHCl3, nm): 436.  Anal. 
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Calcd. for C10H20N2S4Cu: C, 33.35; H, 5.60; N, 7.78.  Found: C, 29.58; H, 4.87; N, 6.81.  

Percent yield 44%. 

Cu(S2CNEt2)2/Cr(S2CNEt2)3 Solid-State Thermolysis.  A ground mixture of Cu(S2CNEt2)2 

(0.0360 g, 0.1 mmol) and Cr(S2CNEt2)3 (0.0995 g, 0.2 mmol) was loaded into a flame-dried, 

sealed quartz column inside a glovebox and the system was placed under vacuum for 15 seconds 

prior to heating.  The sealed tube was heated in a furnace at 700 °C for 3 h.  After cooling to 

room temperature, a black crystalline product was collected. 

Results/Discussion.  Similar to the cadmium and iron precursors, the copper precursor was fairly 

easy to synthesize.  The copper precursor is different from the cadmium and iron precursors in 

terms of its crystal structure (Figure 1).  It does not prefer to dimerize due to the fact that it is a 

d
9
 metal and undergoes a Jahn-Teller distortion.  

This gives the complex a preferred tetrahedral 

geometry, and thus, dimerization is not necessary 

to fulfill the coordination sphere. The thermal 

analysis provided insight for the degradation temperature as well as the stoichiometric product.  

From previous work (see Chapter 2, Figure 3), we know the chromium precursor degrades at 

approximately 300 °C.  As seen in Figure 2, the copper precursor degrades at approximately 250 

°C.  Based on this analysis, all thermolysis experiments were conducted at temperatures greater 

than 250 °C.   

Figure 1.  Crystal structure of Cu(S2CNEt2)2.
32
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While the cadmium-chromium thermolysis experiment proved successful, the copper-chromium 

thermolysis experiment always gave a product other than the target spinel compound.  As seen in  

Figure 3, the software program Jade identified the product of the Cu(S2CNEt2)2/Cr(S2CNEt2)3 

thermolysis experiment to be CuCrS2.  This experiment was repeated several times at several 

temperatures (see Appendix A), but always gave the CuCrS2 product.  It is possible that 

oxidation-reduction chemistry is occurring.  The standard reduction potential for Cr(III) to Cr(II) 

is -0.74 V, whereas that for Cu(II) to Cu(I) is +0.159 V.
26

  Looking at the reduction potentials, it  

Figure 2.  TGA of Cu(S2CNEt2)2 EtOH 

precursor. 
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Figure 3.  pXRD pattern of the Cu(S2CNEt2)2/Cr(S2CNEt2)3 thermolysis experiment product, CuCrS2. 

  

becomes evident that the copper should be easily reduced.  Previous work by our group has 

shown that the dithiocarbamate ligand is capable of being oxidized.  This suggests that perhaps 

the copper is being reduced from Cu(II) to Cu(I), the chromium is remaining trivalent, and the 

dithiocarbamate ligand is being oxidized. Further experimentation, namely x-ray photoemission 

spectroscopy (XPS), would need to be conducted to determine any change in oxidation states of 

the copper and chromium in this system.  Looking at the phase diagram in Figure 4, it is evident 

that the CuCr2S4 chalcospinel should exist at temperatures below 700 °C.  Our syntheses have 
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shown that the CuCrS2 phase always dominates over the temperature range of 350 – 900 °C.  It 

has been proposed by Williamson and Grimes that the CuCrS2 phase is an impurity phase that 

results upon the degradation of the CuCr2S4 spinel phase.
27 

This does not seem to be a case of 

thermal degradation, but may in fact be a case of degradation over time.  The ternary phase 

diagram for Cr-Cu-S shows a single eutectic point where CuCr2S4 exists at 990 °C in a distinct 

stoichiometry; however, this is not as useful as the binary phase diagram because it is restricted 

to a single temperature as opposed to a range of temperatures.  It has been shown that synthesis 

of the CuCr2S4 system is not as simple as decomposing a 1:2 molar ratio of Cu:Cr 

dithiocarbamate precursors. 

 

 

 

Figure 4.  Phase diagram of the Cu-Cr-S system.
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V. Nanoparticles 

Background.  It has been of interest in our group to create nanoparticles of semiconducting 

materials in the solution-phase.  One obstacle that has been presented and overcome is the issue 

of precursor solubility with the solvents and capping ligands used during the solution-phase 

thermolysis.  While the diethyldithiocarbamate ligand is used for the solid-state thermolysis 

experiments, the diisobutyldithiocarbamate ligand has been employed for solution-phase 

thermolysis experiments.  For the chromium-based chalcospinels, it was of interest to synthesize 

nanoparticles for comparison of solid-state and solution-based properties.  Important factors to 

examine include homogeneity of product, ease of synthesis, and magnetic and electric properties 

of the system. 

 Work by the Tsoi group has been conducted on the CuCr2Se4 spinel system in the nanocrystal 

regime.  The synthetic procedure is 

very similar to our methodology; a 

thermal degradation of metal 

acetylacetonate precursors with 

selenium is performed in the solution 

phase.  Various sizes of the 

nanocrystals were synthesized and the 

magnetic properties were studied via 

SQUID magnetometry.  Shown in 

Figure 1 is the high resolution 

Figure 1.  HRTEM of 18 nm CuCr2Se4 nanocrystals.
28
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transmission electron microscopy (HRTEM) image of the 18 nm CuCr2Se4 nanocrystals 

synthesized.  The Curie temperature of the bulk material is ~430 K, and the Curie temperature of 

the nanocrystals increased from 395 K to 413 K as the size of the nanocrystals increased from 15 

to 25 nm.
28

  Also, the saturation magnetization of the nanocrystals was found to be lower than 

that of the bulk material.  By reviewing Tsoi’s work, it becomes obvious that nanoparticles of 

chalcogenide spinel systems can be synthesized via the solution-phase precursor route. 

Synthesis of [(Me4N)S2CN
i
Bu2].  This ligand was prepared according to previous methods used 

by the Stoll group.  A neat solution of diisobutylamine (4.34 mL, 0.025 mmol) and 

tetramethylammonium hydroxide (25.00 mL, 0.025 mmol) was stirred vigorously in a 100 mL 

Schlenk flask.  Carbon disulfide (1.50 mL, 0.025 mmol) was added to the mixture and allowed to 

stir for one hour.  A yellow-orange solid product was obtained by using a hot water bath and the 

Schlenk line to pump off all water.  The solid was allowed to air-dry overnight.  Recrystallization 

was performed from dissolution in ethanol (50 mL) followed by slow evaporation to 20 mL 

ethanol and ether (50 mL) was added.  The light yellow solid was collected by vacuum filtration, 

washed three times with ether, and allowed to dry at room temperature.  IR (KBr, cm
-1

):  C-N = 

1489(st), C-S = 978(wk), C-C(alkyl) = 2953(m).  Percent yield 40%. 

Synthesis of Cd(S2CN
i
Bu2)2.  A 2:1 acetonitrile:methanol solution (10 mL:5 mL) of 

diethylammonium diisobutyldithiocarbamate (1.393 g, 5 mmol) was added to an aqueous 

solution (10 mL) of CdCl2 (0.4588 g, 2.5 mmol) under constant stirring.  A white precipitate 

formed immediately and the solution was allowed to stir 20 minutes.  The white powder was 

collected by vacuum filtration, washed three times with deionized water, and allowed to dry at 

room temperature.  IR (KBr, cm
-1

): C-N = 1496(st), C-S = 978(m), Cd-S = 600(wk). Anal. Calcd. 



 

26 

 

for C14H32N2S4Cd: C, 35.84; H, 6.88; N, 5.97.  Found: C, 38.34; H, 6.85; N, 4.99. Percent yield 

76%. 

Synthesis of Cr(S2CN
i
Bu2)3.  A 2:1 acetonitrile:methanol solution (10 mL:5 mL) of 

diethylammonium diisobutyldithiocarbamate (1.3929 g, 5 mmol) was added to an ethanol 

solution (10 mL) of CrCl3 6H2O (0.4443 g, 1.7 mmol) under constant stirring.  A navy blue 

precipitate formed immediately and the solution was allowed to stir 20 minutes.  The royal blue 

powder was collected by vacuum filtration, washed three times with ethanol, and allowed to dry 

at room temperature.  IR (KBr, cm
-1

): C-N = 1494(st), C-S = 988(m), Cr-S = 700(wk). Anal. 

Calcd. for C21H48N3S6Cr: C, 42.97; H, 8.24; N, 7.16.  Found: C, 47.17; H, 8.40; N, 6.12. Percent 

yield 13%. 

Cd(S2CN
i
Bu2)2/Cr(S2CN

i
Bu2)3 Solution-Phase Thermolysis.  This procedure was followed 

according to the literature with the following adaptations.
24

  Cd(S2CNiBu2)2 and Cr(S2CNiBu2)3 

were ground into a fine powder and dissolved in 1.94 g (7.25 mmol) oleylamine (OA) resulting 

in a royal blue solution.  The precursor solution was loaded into a syringe and all air was 

evacuated.  In a three-neck flask, a mixture of 3.8 g (14.5 mmol) triphenylphosphine (TPP) and 

1.94 g (7.25 mmol) OA was heated to 265 °C under a nitrogen atmosphere.  The precursor 

solution was injected into the hot solvent mixture and the temperature was maintained at 265 °C 

for 1 hour.  The color of the mixture immediately turned dark blue upon addition of the 

precursor.  After 30 min, the mixture was cooled to 70 °C upon which 100 mL of degassed 

ethanol was added to induce precipitation of the nanoparticles.  The navy-black solid was 

isolated by centrifugation and was then dissolved in heptane.  Ethanol was added to the solution 
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Figure 2.  pXRD pattern of the Cd(S2CN

i
Bu2)2/Cr(S2CN

i
Bu2)3 nanoparticle experiment products, CdS, and Cr2S3. 

to precipitate the nanoparticles.  The nanoparticles were isolated by centrifugation, washed with 

ethanol, and dried in a nitrogen atmosphere. 

Results/Discussion.  SQUID and pXRD measurements were conducted on the solid 

nanoparticles that were collected.  This synthetic scheme was repeated, with the minor alteration 

that the solution was under stirring conditions throughout the experimental procedure.  Again, 

SQUID and pXRD measurements were conducted for the nanoparticle products.  The 

characterization showed that in either experiment, the CdCr2S4 chalcospinel was not successfully 

synthesized.  As seen in Figure 2, a mixture of binary phases was produced upon conduction of 

this experiment.  Optimization of this experiment as well as further investigation of the 

difference in the solid-state and solution-based experiments needs to be conducted to ensure 

production of a homogeneous CdCr2S4 compound.  Experimentation with the FeCr2S4 and 

CuCr2S4 chalcospinel systems in the solution-phase has not yet been conducted. 
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VI. Conclusions 

There were several challenges associated with this project.  First, the precursor synthesis was 

more difficult than previous work done with the lanthanide precursors conducted in our lab.  The 

percent yields were fairly low, mainly as a result of solubility issues.  A great deal of time and 

work was spent on optimizing reaction conditions for enhanced percent yields.  The lanthanide 

systems showed some temperature and conditional dependency; however, the target product was 

always a binary LnxSy system which limited the number of phases possible.  It was common to 

get the Ln2S3 and Ln2O2S products upon thermal degradation of the precursors.  The lanthanides 

always assume a +3 oxidation state, except for europium, which can obtain a +2 oxidation state, 

which also limits the number of phases possible. 

In comparison to the transition metal sulfide systems investigated in this work, many phases 

were possible which posed a difficult challenge to this project.  Most importantly, with two 

metals it is possible to get two binary phases or a ternary phase.  The transition metals can 

assume multiple oxidation states, which allows for a large number of binary phases as products.  

However the binary phases appear to be more complex with a large number of phases that can 

arise from the systems.  For example, the chromium precursor is capable of producing the binary 

phases CrS, Cr2S3, Cr6S7, Cr2S5, and Cr3S4.  The ternary phase of Cd-Cr-S that can arise is the 

CdCr2S4 phase; however, it is common to have one or more binary phases also included in the 

mix.  The iron precursor can produce the binary phases FeS, Fe3S4, and FeS2 as well as the 

ternary phase FeCr2S4.  The copper precursor can produce the binary phases CuS and Cu2S as 

well as the ternary phases CuCr2S4 and CuCrS2.  Due to the large number of phases possible with 
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these systems, it becomes obvious that it was very difficult to obtain the homogeneous target 

spinel systems. 

We have successfully synthesized the CdCr2S4 chalcospinel in the solid-state through thermal 

degradation of cadmium and chromium dithiocarbamate precursors.  The experimental data is in 

agreement with previous work done with the system in terms of the Curie temperature and the 

paramagnetic moment of the system.  The solution-phase thermolysis experiments to prepare 

nanoparticles did not cleanly produce CdCr2S4.  This could be a result of a variety of things, but 

the most likely cause is the different degradation temperatures of the cadmium and chromium 

precursors. 

The FeCr2S4 and CuCr2S4 chalcospinels have not yet been homogeneously synthesized by solid 

state thermolysis.  The iron-chromium spinel system shows more promise, as the pXRD 

measurements display that the target compound has been synthesized; however, some portion of 

Fe
2+

S is also present after thermal degradation of the precursors.  This could be heavily reliant on 

the temperature under which the thermolysis experiments have been conducted and will be 

examined in future work.  The copper-chromium spinel seems to be rather complex and difficult 

to synthesize.  The thermolysis has been conducted at several different temperatures, always 

resulting in a product of CuCrS2.  It is possible that redox chemistry is occurring, or simply that 

one of the precursors is volatile and is being vaporized before the spinel product is able to form.  

It is also possible that the CuCr2S4 product is degrading over time and resulting in the CuCrS2 

impurity phase as suggested by Williamson and Grimes. 

Future work for this project involves investigating the iron and copper systems heavily and 

synthesizing homogeneous chromium-based chalcospinel compounds for each.  The next step 
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would be to successfully synthesize nanoparticles of each of the chromium-based chalcospinels 

discussed in this work.  Characterization methods in the forms of powder x-ray diffraction and 

SQUID magnetometry would be employed to examine the identity and magnetic properties of 

the systems.  Also, scanning electron microscopy (SEM) would be used to determine the sizes of 

the nanoparticles synthesized.  The size is important because these systems show promise in the 

realm of microelectronics.  The main problem that needs to be overcome with these systems, 

namely the CdCr2S4 system, is the extremely low temperatures that are necessary for operation to 

occur.  While work has been conducted by doping these systems with varying metal cations, no 

system has been developed that retains the unique microelectronic qualities while operating at a 

reasonable temperature.  It is obvious that these systems show much promise in the realm of 

microelectronics, and synthesis via the precursor method offers a quick, low temperature route 

for synthesizing materials suitable for work in both solid-state and solution-phase experiments.  

Pending on successful synthesis of solution-based thermolysis of nanoparticles, it would be 

interesting to study different shapes of the nanoparticles.  Examining the properties based on 

shape ranging from spheres to cubes to nanowires would be interesting and could potentially 

provide different properties applicable for systems with different needs.  Also, it would be ideal 

to create superlattice structures through self-assembly for enhanced magnetic properties similar 

to those created by Hasegawa with EuS nanocrystals.
25

  This could potentially provide a pathway 

for doped chromium-based chalcospinel systems that have increased Curie temperatures, but 

reduced magnetic properties achieve the novel properties of the parent spinel systems that have 

been studied in this report. 
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Appendix A.  Precursor Syntheses (* = denotes successful synthesis) 

 

Notebook 
Entry 

Compound Metal Salt 
Metal 
Salt 

Solvent 

Dithiocarbamate 
Salt Solvent 

% Yield 

KRL-2* Cd(Et2dtc)2 CdCl2 DI H2O MeOH 65% 

KRL-39* Cd(Et2dtc)2 Cd(NO3)2 4H2O MeOH DI H2O 68% 

KRL-50* Cd(iBu2dtc)2 CdCl2 DI H2O CH3CN 76% 
      

KRL-3* Cr(Et2dtc)3 CrCl3 6H2O EtOH EtOH 13% 

KRL-11 Cr(Et2dtc)3 Cr(NO3)3 EtOH EtOH 6.8% 

KRL-32 Cr(Et2dtc)3 Cr(NO3)3 EtOH CH3CN 12% 

KRL-86 Cr(Et2dtc)3 Cr(NO3)3 EtOH EtOH - 

KRL-87 Cr(Et2dtc)3 Cr(NO3)3 DI H2O MeOH - 

KRL-97 Cr(Et2dtc)3 CrCl3 6H2O EtOH EtOH, DI H2O 41% 

KRL-51* Cr(iBu2dtc)3 CrCl3 6H2O EtOH 
2:1 CH3CN: 

MeOH 
15% 

      

KRL-59* Fe(Et2dtc)2 FeCl2 EtOH EtOH 56% 
      

KRL-52* Cu(Et2dtc)2 CuCl2 2H2O DI H2O DI H2O 79% 

KRL-88 Cu(Et2dtc)2 Cu(NO3)2 3H2O DI H2O DI H2O 49% 

KRL-92* Cu(Et2dtc)2 Cu(NO3)2 3H2O EtOH EtOH 44% 

KRL-98 Cu(Et2dtc)2 Cu(NO3)2 3H2O EtOH EtOH, DI H2O 50% 
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Appendix B.  Thermolysis Experiments (* = denotes successful thermolysis) 

 

Notebook 
Entry 

Target 
Compound 

Precursor 1 Precursor 2 
Heating Time 

& Temp 
Product 

KRL-16 CdCr2S4 
Cd(Et2dtc)2 

(KRL-7) 
Cr(Et2dtc)3 

(KRL-9) 
3 h, 700 °C 

Mix of CdS 
and CdCr2S4 

KRL-37* CdCr2S4 
Cd(Et2dtc)2 

(KRL-15) 
Cr(Et2dtc)3 
(KRL-36) 

3 h, 700 °C CdCr2S4 

      

KRL-53 CuCr2S4 
Cu(Et2dtc)2 
(KRL-52) 

Cr(Et2dtc)3 

(KRL-44) 
3 h, 700 °C CuCrS2 

KRL-57 CuCr2S4 
Cu(Et2dtc)2 
(KRL-52) 

Cr(Et2dtc)3 

(KRL-55) 
3 h, 900 °C CuCrS2 

KRL-62 CuCr2S4 
Cu(Et2dtc)2 
(KRL-52) 

Cr(Et2dtc)3 

(KRL-58) 
3 h, 500 °C     
2 h, 700 °C 

CuCrS2 

KRL-93 CuCr2S4 
Cu(Et2dtc)2 
(KRL-92) 

Cr(Et2dtc)3 

(KRL-94) 
3 h, 700 °C CuCrS2 

KRL-100 CuCr2S4 
Cu(Et2dtc)2 
(KRL-98) 

Cr(Et2dtc)3 

(KRL-97) 
3 h, 350 °C CuCrS2 

KRL-100b CuCr2S4 
Cu(Et2dtc)2 
(KRL-98) 

Cr(Et2dtc)3 

(KRL-97) 
5 h, 300 °C CuCrS2 

      

KRL-60 FeCr2S4 
Fe(Et2dtc)2 
(KRL-59) 

Cr(Et2dtc)3 
(KRL-58) 

3 h, 700 °C 
Mix of FeS 

and FeCr2S4 

KRL-99 FeCr2S4 
Fe(Et2dtc)2 
(KRL-59) 

Cr(Et2dtc)3 
(KRL-97) 

3 h, 900 °C 
Mix of FeS 

and FeCr2S4 

KRL-99b* FeCr2S4 
Fe(Et2dtc)2 
(KRL-59) 

Cr(Et2dtc)3 
(KRL-97) 

3 h, 500 °C 
Mix of FeS 

and FeCr2S4 
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