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ABSTRACT 

 
 

This dissertation addresses the creation of a multifunctional nanoplatform for cancer 

targeting, imaging, and therapy. Magnetic oxide nanoparticles were labeled with silane coupling 

agents that could be used for targeting. The magnetic oxides have application as contrast 

enhancing agents for magnetic resonance imaging. Copper-nickel binary alloy nanoparticles 

were prepared for possible use in Curie temperature limited hyperthermia therapy. 

 Spherical, single crystal iron oxide nanoparticles with average diameters of 4 nm, 6 nm, 8 

nm, 11 nm, or 16 nm were prepared using published procedures. The iron oxide particle 

chemistry was extended to synthesize 13 nm diameter CoFe2O4, 9 nm diameter MnFe2O4, and 12 

nm diameter NiFe2O4. The particles had a coating of oleic acid and oleylamine ligands. Silane 

coupling chemistry was used to displace these ligands with either β-aminoethyl-γ-aminopropyl-

trimethoxysilane, triethoxysilane-PEG, or triethoxysilane-biotin. The silane ligands would allow 

the particles to be conjugated with a targeting group. 

 New chemistry was developed to synthesize fcc CuNi nanoparticles with the objective of 

finding methods that give particles with an average size less than 50 nm, a narrow distribution of 

particle sizes, and control of particle composition. The particle synthesis involves the reduction 

of a mixture of copper(II) and nickel(II) and the reduction conditions included diol reduction, 

polyol synthesis, seeding by diol reduction, and oleate reduction. One of the main issues is the 

formation of hcp nickel particles as a contaminate in the method. The factors that avoided the 

formation of hcp nickel particles and allow only fcc particles to form were the choice of reducing 
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agent, ratio of surfactants, and heating time. Both the oleate reduction and diol reduction gave a 

mixture of the hcp and fcc phases. By controlling certain reaction conditions, such as keeping the 

ratio of oleic acid to oleylamine 1:1 and slowly heating to reflux for 30 minutes, only fcc 

nanoparticles were formed. The method of making CuNi nanoparticles by diol reduction gave the 

best result and it consisted of a total amount of 1 mmol of Cu(acac)2 and Ni(acac)2,  5 mmol of 

1,2 hexadecanediol, 1.5 mL of oleic acid, 1.5 mL of oleylamine and 15 mL of benzyl ether. It 

made fcc CuNi, provided control of composition, and gave particles with average size smaller 

than 100 nm.  
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Chapter 1 
 

Introduction 
 
 
 
1.1 Applications of Magnetic Nanoparticles in Biomedicine 

In the past decade, the chemistry of magnetic nanoparticles has been extensively 

developed due to an interest in their fundamental science and due to many potential 

technological applications, including magnetic data storage media,1,2 catalysis,1 

environmental remediation,1 biosensing,3,4 biomedicine,5 and magnetic inks for laser jet 

printing.6 For each of these applications, the control of the particle size and particle size 

distribution is very important. For particles with diameters in the range of 5 to 10 

nanometers, the particles at the low end of the size distribution will have dramatically 

different magnetic properties from the particles at the high end of the size distribution. To 

have a good understanding of nanoparticles and improve applications, careful studies of 

particle sizes, surfactants, particle stability, materials, and physical behavior are essential.  

The biomedical applications of magnetic nanoparticles include: MRI contrast 

enhancement, 1,5,7,8 tissue repair,7,8 immunoassay, 5,7,8 detoxification of biological fluids,7,8 

hyperthermia,1,5,7,8 drug delivery,1,7,8 and cell separation.5,7,8 For each of these 

applications, they require that the magnetic nanoparticles have high magnetization values, 

a size smaller than 100 nm, and a narrow size distribution.8 
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1.1.1 MRI Contrast Enhancement 

Magnetic resonance imaging is a powerful method of distinguishing pathologic 

tissue from normal tissue with the use of strong magnetic fields and non-ionizing 

radiation in the radio frequency range. It is a comparable technique to a CT scan, but has 

a couple of advantages over CT. It is virtually harmless to the patient because of the lack 

of ionizing radiation and it has comparable spatial resolution with better contrast 

resolution. MRI distinguishes water and fluid containing tissues from fat containing 

tissues by the relaxation times of protons within the tissues. There are two different types 

of MRI scans, T1 weighted scans and T2 weighted scans. Damaged tissue tends to develop 

adema, which makes a T1 weighted sequence sensitive for pathology and generally able 

to distinguish pathological tissue from normal tissue. Within this scan, the water and fluid 

containing tissues will remain dark while the fat containing tissues will be bright. This 

technique uses a gradient echo sequence with at short echo time (TE) and short repetition 

time (TR). In a T1 weighted scan, two images are collected. One image is taken before the 

contrast agent is administered and the other will be taken after, for comparison. Contrast 

agents are generally injected intravenously to enhance the appearance of blood vessels, 

Figure 1.1: A Schematic representation of the first approved gadolinium chelate 
for MRI use, [Gd(DTPA)(H2O)]2-.  
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tumors, or inflammation. Approximately 30% of MRI exams include the use of a contrast 

agent, but this will increase as new agents and applications arise.9 The most common 

contrast agents are based on chelates of gadolinium,9 one example can be seen in Figure 

1.1. Although gadolinium agents have proven useful for patients with renal failure 

requiring dialysis, there is a risk of a rare but serious illness, nephrogenic systemic 

fibrosis, which may be linked to the use of certain gadolinium containing agents. For this 

reason, there is a search for safer and better MRI contrast agents. At this time, the options 

for MRI contrast agents other than gadolinium chelates are limited to a single manganese 

chelate, manganese dipyridoxyl diphosphate (Mn-DPDP), or iron based particles.  

The reverse is true for T2 weighted images. T2 weighted scans show the difference 

between water and fat containing tissues as do the T1 weighted scans; but in this case, the 

fatty tissues shows up dark and the water containing tissues are lighter. This technique 

uses a spin echo sequence rather than the gradient echo sequence and also will have a 

long TE and long TR. Another type of the T2 scan is the T2
* weighted scan. In this scan, a 

gradient echo sequence like that of the T1 weighted scans is used, with a long TE and long 

TR. These scans lack the refocusing pulse used in the spin echo sequence so it is subject 

to additional losses above the normal T2 decay, making it more prone to susceptibility 

losses at air/tissue boundaries, but can increase contrast for certain types of tissue, such as 

venous tissue. 

Gadolinium(III) chelates have successfully made there way into radiologic 

practice and medicine as a whole. Since the first approval of [Gd(DTPA)(H2O)]2- as a 

MRI contrast agent in 1988, there have been over 30 metric tonnes of gadolinium 

administered to patients worldwide.9  Currently, there are now seven FDA approved 
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gadolinium(III) chelates for use in clinical use. These are Ablavar, Eovist, Magnevist, 

MultiHance, Omniscan, OptiMARK, and ProHance. While there have been other types of 

MRI contrast agents to be approved, such as iron based particles and manganese(II) 

chelates, gadolinium(III) chelates still remain the most widely used contrast agents. 

Gadolinium(III) agents increase the 1/T1 and 1/T2 by roughly similar amounts which 

makes these agents best for visualizing using T1-weighted images since the percentage 

change in 1/T1  in tissue is much greater than that in 1/T2.
9  

Iron based particles, such as iron particles or metal ferrite nanoparticles, are of 

particular interest for therapeutic and diagnostic medical applications due to their relative 

inertness and their ability to be tailored by changing the synthetic approach.10 They have 

found application as contrast agents for MRI due to the enhancement of relaxivity, in 

ferrofluids for MRI monitoring in hypothermia, and in cancer tumor detection via SQUID 

magnetometry.10 Iron oxides where originally developed as liver specific contrast agents, 

but are also used to target the spleen and lymph nodes.11 This class of contrast agents is 

characterized by a large magnetic moment and a high dipolar relaxivity compared to 

traditional paramagnetic agents. The large magnetic moment of iron oxide nanoparticles 

gives rise to strong T2 effects. The T2
* effects caused by the iron oxide nanoparticles are 

mechanistically similar to the T2
* affects from gadolinium based agents and is a result of 

the compartmentalization of the contrast agent in the vascular fraction of the tissue.  

The high magnetic moment of ferrites can be enhanced through the use of doping 

metals like nickel, cobalt, etc. Superparamagnetic iron oxide nanoparticles (SPION) have 

been evaluated as MRI contrast agents for since the mid 1980’s since they give rise to a 

large T2 relaxation effect. The T1 relaxation effect of SPION based contrast agents show 
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that when the nanoparticles are aggregated, they have a negligible relaxation effect; but if 

the contrast agent is well-dispersed and non-aggregated the effect becomes significant. 

These SPIONs are generally insoluable iron oxide crystals, usually magnetite or 

maghemite with a range in diameter of 4 – 10 nm. So, each iron oxide crystal contains 

several thousand paramagnetic iron ions and if the ions are magnetically ordered within 

the crystal, the net magnetic moment of the particle is so large that it greatly exceeds that 

of typical paramagnetic ions. This effect is referred to as superparamagnetism and is 

characterized by a large magnetic moment when in the presence of an oscillating ac 

magnetic field but no remnant magnetic moment at zero field once magnetized. These 

SPIONs are alternatives to low molecular weight water soluble gadolinium chelates that 

are currently used as contrast agents. As of 2009, SPIONs remain the only magnetic 

nanoparticles that have been approved for clinical use.  

1.1.2 Curie Temperature Limited Hyperthermia 

Hyperthermia therapy is a rapidly developing method of cancer therapy, in which 

the heating of cancerous tissue to temperatures of 42 to 46 ºC over an extended amount of 

time.12 This will make the tissue more susceptible to cancer drugs or to radiation therapy. 

Another way to utilize the hyperthermia heating of cancer cells is to heat the cancerous 

tissue to 47 ºC and cause cell ablation. Approaches to local hyperthermia therapy include 

laser heating, microwave, ultrasound, and magnetic fluid hyperthermia therapy. Of these 

three therapies, magnetic fluid hyperthermia is gaining considerable interest due to the 

magnetic field being applied from the outside of the body and its ability to penetrate deep 

into the tissue. This is a better alternative than ultrasound and laser heating due to the 

penetrating depth of the magnetic field. For magnetic fluid hyperthermia, ferromagnetic 



 

6 
 

particles are localized in tumorous tissue and an external radio frequency ac magnetic 

field is used to generate heat from the particles, which in turn heats the tissue to a 

temperature that damages or kills the cancerous tissue. This temperature range in which 

this happens is known as the therapeutic range. The biggest problem with magnetic fluid 

hyperthermia is the lack of temperature control on the magnetic material used. For 

effective hyperthermia therapy, the entire tumor should maintain a temperature within 

±0.5 ºC for a one hour procedure.12 If the particles are heated to a temperature that 

exceeds 60 ºC during this process, total cell ablation will occur and will kill both healthy 

and cancerous tissue.  

In hyperthermia, heat can be generated by two different ways. When the 

appropriate oscillating ac magnetic field is applied, heat can be produced by either eddy 

currents flowing throughout the magnetic material or by the hysteresis losses. Eddy 

currents are how electrons flow through the body of a conductive material when exposed 

to a changing magnetic field. In the case of nanoparticles being used in hyperthermia 

therapy, the eddy current heating is assumed to be negligible due to the small size of the 

nanoparticles.13 Consequently, the heat generation within magnetic nanoparticles arises 

from a combination of two processes, Brownian relaxation and Néel relaxation. Heating 

by Brownian relaxation arises from the physical rotation of the particles caused by an 

oscillating ac magnetic field. The magnetization of the particle will immediately respond 

to the alternating magnetic field by aligning parallel to the field. It can easily follow the 

ac field at radio frequencies. As the magnetization of the particle moves, a torque is 

developed on the particle. This torque attempts to rotate the particle. Through solvent 

collisions with the rotating particle, the rotational kinetic energy is converted to solvent 
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translational kinetic energy, which affects an increase in temperature. Therefore, the 

contribution from Brownian motion in heating depends on the hydrodynamic radius of 

the particles and the local rotational viscosity of the surrounding fluid. Heating by Néel 

relaxation arises from the rotation of the magnetic moment of the particle and is 

characterized by the time of the return to equilibrium of the magnetization.11 

 Rosensweig’s model (Equation 1) for heat generation in magnetic particles explains how 

these two processes relate to the relaxation time.13 Equation 2 shows the contributions 

form both Brownian (τB) and Néel (τN) relaxation to the overall relaxation time.13 For 

larger particles, the τB is shorter than τN because the Brownian component of the magnetic 

relaxation is directly proportional to the size of the particle volume and the Néel 

relaxation is an exponential function of the particle volume.11 This model uses a radio 

frequency alternating current magnetic field, permeability of free space (µ0), and the 

power generation depended on the magnetic susceptibility (χ0). For a fixed magnetic field 

frequency (ƒ) and magnetic field amplitude (H0), the power generated increases with 

increasing χ0 and with decreasing relaxation time (τ). The Néel relaxation time (Equation 

3) depends on the magnetic anisotropy (Ku)  and the particle volume (V), where τ0 = 

1x109 seconds.13 The Brownian relaxation time depends on the hydrodynamic radius of 

particles and the local rotational viscosity experienced by that particle. For magnetic 
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particles bound to cancerous tissue, the local viscosity is expected to be so large that the 

particles can not rotate in response to the ac magnetic field. Therefore, we don’t expect 

Brownian relaxation to play a large role in magnetic field heating. The parameters (Ku 

and V) can be controlled by choosing particles with particular compositions and/or sizes. 

The magnetic anisotropy can be varied by orders of magnitude, depending on the choice 

of the magnetic material. So, when selecting a magnetic material for hyperthermia 

heating, it is important to remember that the fundamental lesson of nanoscience is that the 

physical properties often differ from those of the bulk material.  

A problem with hyperthermia therapy is control of the heating. It is difficult, if 

not impossible, to measure the local temperature. The particles will be heated by the ac 

magnetic field and the temperature rise will depend on the rate of heat generation by the 

magnetic induction and the rate that heat is carried away, largely by perfusion. It is 

difficult to know where an adequate amount of ac magnetic field has been applied to heat 

to a temperature that effects hypothermia therapy without overheating and thereby killing 

nearby healthy tissue. To help in prevention of overheating the cancerous tissue and 

damaging nearby healthy tissue, consider magnetic nanoparticles for hyperthermia 

therapy having a Curie temperature near the therapeutic temperature. The Curie 

temperature is the temperature at which a ferromagnetic or ferrimagnetic material 

becomes a paramagnetic material, this is a reversible effect.14 So, the ac magnetic field 

would heat the particles and raise their temperature to their Curie temperature. At this 

point, the particles would stop generating heat while in the presence of the magnetic field 

until the temperature of the particles become lower than the Curie temperature; therefore, 

the temperature for hyperthermia would be limited by the Curie temperature of the 
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particles.12 This concept is called self-limiting hyperthermia and it was first suggested by 

Burton and Walker.15 This concept provides a means for controlling the temperature rise 

of the tissue to dangerous levels. 

Magnetic materials such as Fe3O4,
16 MnFe2O4,

16 CoFe2O4,
16 NiPd,1,17,18,19 Fe3Pt,20 

CuNi,12,21,22,23  and lanthanum-strontium manganate14,24 particles have been synthesized 

and examined as candidates for self limiting hyperthermia. In many cases, the 

composition of the particles and the size of the particles will largely affect the 

amount of heat produced. The efficiency of heating is quantified by the specific 

absorption ratio (SAR) which is the watts generated per gram of magnetic particles. Table 

1.1 shows a few of the reported specific absorption rates from literature. Not only does 

the size, size distribution, shape, and composition of the particles influence the amount of 

heat produced but the amplitude and frequency of the magnetic field must be 

considered.20  It is important to use choose nanoparticles that have a high value of SAR 

for hyperthermia treatment because this will greatly reduce the required dose of particles 

and minimize the chance of an overdose from the nanoparticles.16 

 Although ferrites have been extensively studied for MRI contrast enhancement, 

they have some relevance in the regime of hyperthermia therapy too. Pradhan et al. 

evaluated the Fe3O4, MnFe2O4, and CoFe2O4 for possible use in hyperthermia therapy.16 

They prepared nanoparticles that were approximately 10 nm in diameter by a co-

Table 1.1: SAR values of different magnetic materials for hyperthermia.1 
Magnetic Material Amplitude of magnetic field (kA/m) Frequency of magnetic field (kHz) SAR value (W/g)

Fe3O4 15 300 120

CoFe2O4 15 300 37

CuNi 23.9 410 12
La0.73Sr0.27MnO3 11 425 15.6

Ni63.8Pd36.2 6.5 60 40
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precipitation route with no surfactant and then attached layers of lauric acid to the surface 

of the particles to make them dispersible in water. They concluded that the lauric acid 

coated MnFe2O4 and magnetite are comparable as a magnetic fluid in both 

biocompatibility and SAR values. For the case of CoFe2O4, they determined that the 

CoFe2O4 based magnetic fluids produced both a lower biocompatibility and SAR value. 

By these results they also determined with further optimization of the particles size, that 

both MnFe2O4 and magnetite magnetic fluids would be suitable for the hyperthermia 

application.  

 For over 10 years NiPd has been considered as a candidate for temperature 

controlled hyperthermia. In 1996, Wieringen et al. examined the possibility of using 

multi-filament palladium-nickel thermoseeds for interstitial hyperthermia.19 They showed 

that the NiPd thermoseeds could have promise due to the Curie gradient given that was 

influenced by the size and number of filaments used. Since then, NiPd has been 

synthesized by polyol procedures in the presence of PVP by multiple research groups for 

the purpose of Curie temperature limited hyperthermia.1,17,18 The Curie temperature of 

NiPd bulk alloys have been reported to give a range of Curie temperatures between 2 and 

638 K.1 So, the Curie temperature is significantly influenced by the composition of the 

NiPd alloy. To harness NiPd as a nanoparticle for hyperthermia, the size and composition 

of the particles must be evaluated to determine the best combination. Ai et al. determined 

for their method that Ni63.8Pd36.2 with the diameter of 20 nm gave them their best result of 

40 W/g for their SAR value.1  

Fe3Pt nanoparticles have also been examined since it is known that fcc and fct 

structure systems have a hard magnetic character. The cubic structure of the FePt system 
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was expected to present a low Curie temperature and soft magnetic character due to its 

isotropic structure. Mandal et al. synthesized cubic shaped FePt particles by a 

combination of diol reduction of the Pt(acac)2 and the thermal decomposition of Fe(CO)5 

in the presence of Triton X-100 surfactants.20 They determined that these 20 nm FePt 

cubes gave a sudden drop in magnetic moment at around 47 ºC that indicated the 

magnetic transition, or Curie temperature, was at this temperature.  

When using ferromagnetic La1-xSrxMnO3, their magnetization value can be tuned 

by the ratio of lanthanum to strontium within the particles. This will allow for some 

control over the temperature at which it exhibits high magnetization and Curie 

temperature at which there is a sharp transition to a paramagnetic material. Prasad et al. 

demonstrated this with particles made by the technique of microwave refluxing and then 

calcined at 900 ºC.14 This synthesis gave a particle size distribution of approximately 20-

100 nm in size with a strontium composition, x, between 0.23 and 0.40. They observed 

that with the magnetization value increased with the strontium substitution; at which, the 

magnetization reached its maxima at x=0.27 and then began to decrease as the strontium 

concentration got larger.  

CuNi alloys have been examined as a possible candidate for hyperthermia since 

1985. Lilly et al. evaluated Cu70.4Ni29.6 thermoseeds to be used as a thermally self-

regulated ferromagnetic implant.21 They determined that when heating the thermoseeds 

that the temperature increase was constant up to 40 ºC and by the time it reached 45 ºC 

the rate of the heat production dropped rapidly. They concluded that their data 

demonstrated that nickel-copper thermoseeds can be used to produce a relatively uniform 

temperature within the implanted volume that is stabilized at the alloys Curie point. Since 
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this study was performed, only a few chemically synthesized nanoparticle procedures 

have been reported. There are three types of synthesis used to prepare these particles. 

They are polyol reduction,22,23,25 hydrothermal formation,26 and co-precipitation.12 

Kuznetsov et al. analyzed CuNi nanoparticles made by their co-precipitation method and 

determined that the Curie temperature of those particles was approximately 42 ºC.12 

Although this synthesis produced a wide size range of particles (5-1000 nm), they were 

able to demonstrate that CuNi nanoparticles could be possible candidates for 

hyperthermia therapy.  

1.1.3 Controlled Drug Delivery 

When it comes to drug delivery, the most common way to treat cancer cells is 

systemic chemotherapy.27 This requires high concentrations of the drug in the tissues 

which can lead to systemic toxicity. So to overcome this problem, the application of 

drug-loaded nanosized drug carriers such as oil-in-water emulsions, liposomes, 

microparticles and nanoparticles based on synthetic polymers, dendrimers, micelles, or 

natural macromolecules are being examined to improve the treatment of cancer. 

Nanosized drug carriers have three advantages over systemic toxicity.27 First, the low 

molecular weight of the drugs allow for them to be rapidly eliminated by liver and/or 

kidneys. Secondly, nanosized drug carriers can be tailored to passively target tumors by 

increasing the permeability and retention effect within the tumor. This allows for higher 

drug concentration at the tumor site and decreased toxicity when compared with systemic 

administration. Thirdly, hydrophobic drugs can only be administered intravenously after 

the addition of a solubilizing adjuvant, which can have toxic side effects. To help control 

the delivery of the drugs, nanosized drug carriers such as micelles or vesicles could be 
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accompanied with magnetic micelles to control the start and stop time of the release of 

the drug by heating. For this application, magnetic nanoparticles such as metal ferrites are 

being studied to heat micelles or vesicles to release a cancer drug.  

1.2 Magnetic Nanoparticles Synthesis 

1.2.1 Ferrite Nanoparticles 

Synthesis of metal ferrite nanoparticles have been extensively studied over the 

last 10-15 years, giving a variety different ways to synthesize nanoparticle depending on 

the composition, size, and surface chemistry desired. For many biomedical applications, 

particles smaller than 20 nm are usually desired. Sun et al. have shown how to 

successfully synthesize both monodisperse magnetite particles with various diameters (4 

nm, 6 nm, 8 nm, and 16 nm) and monodisperse size transition metals ferrites (Fe, Co, and 

Mn) by diol reduction.28,29 These syntheses are widely used throughout the literature due 

to their reproducibility. The surfactants on these particles are oleic acid and oleylamine, 

which allow for easy removal and replacement by ligands that can be designed for 

specific uses. Another common method for making metal ferrite nanoparticles is by co-

precipitation.16,30,31,32,33 This is generally done by adding a divalent metal salt along with 

Fe(III) salt to a basic aqueous solution, usually NaOH or NH3�H2O, or a reverse micelle 

solution to create both M2+ and Fe3+ ions. This method requires careful control of the pH 

of the solution to form particles and stabilize them. By using this method, large quantities 

of particles can be made but it is difficult to control sizes and size distributions for 

particles smaller than 20 nm.  

 Other than diol reduction and coprecipitation routes for synthesizing particles, 

there are two other major types of metal ferrite or iron oxide synthesis. One of these 
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methods is via high-temperature organic phase decomposition of a metal precursor. This 

method usually involves decomposition of precursors molecules such as Fe(CO)5
34,35,36 or 

FeCup3,
37 where Cup is N-nitrosophenylhydroxylamine, followed by oxidation to Fe2O3. 

This type of process generally gives nanoparticles with acceptable sizes control and size 

distribution.  The final type of synthesis was introduced by Hyeon et al. and involves 

thermal decomposition of iron oleate complexes in a high boiling solvent.38 This 

synthesis yields high volumes of 12 nm single crystal magnetite nanoparticles with a 

controlled size distribution.  

1.2.2 CuNi Nanoparticles 

Within the last 10 years, copper-nickel alloy particles have been studied for 

numerous applications because their powder and bulk counterparts possess good 

catalytic, electronic, and magnetic properties.26 Both copper and nickel have a fcc 

structure. The binary phase diagram (Figure 1.2) shows copper and nickel are miscible 

giving a fcc alloy throughout the entire range of compositions.39 This is the case for the 

bulk metal alloy and we anticipate that nanosized particles will also have a fcc structure. 

There are very few copper-nickel particle syntheses reported on the nanoscale in the 

literature. Prior to 2003, CuNi alloys where only prepared by physical methods. Physical 

methods include sputtering, mechanical alloying (ball milling), electrodeposition, 

melting, or partial recrystallization of amorphous materials.23 In most of these methods, 

they yield a two phase nanocrystalline material on bulk material on the macroscopic 

level.  
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In 2003, Bonet et al. introduced a polyol synthesis of CuNi that involved the 

reduction of nickel and copper precursors in ethylene glycol in the presence of PVP.25 

They determined that the reduction process appeared to be sensitive to the nature of the 

metallic salt rather than the time and temperature. They showed that it was difficult to 

form CuNi particles from their metal carbonates. After 40 hrs at 140 ºC and 4 hrs at 190 

ºC a complete reduction of the metal carbonate species would not occur, probably due to 

the insolubility of the carbonates in ethylene glycol. This reaction yielded bimetallic 

particles with a size range of 0.3-1.0 microns. They also showed that by using the more 

soluble metal nitrate at reflux (198 ºC) for 4 hrs, they were able to produce bimetallic 

CuNi particles with an average size of 140 nm.   

In 2004, Niu et al. published their hydrothermal method of CuNi bimetalic alloy 

nanocrystallites with a diameter of about 12 nm.26 In this synthesis, copper acetate 

Figure 1.2: The phase diagram of the bulk copper-nickel binary alloy.39 
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hydrate and nickel acetate hydrate were reduced by hydrazine hydrate in an aqueous 

solution containing the anionic surfactant sodium dodecyl benzenesulfonate. After 

mixing the solution were heated in an autoclave for 3 hours at the temperature between 

80-130 ºC. Although the authors contend that the synthesis gave a narrow particle size 

distribution, their TEM image does not demonstrate this. The image is poorly resolved 

with many overlapping particles, making it difficult to make this conclusion. Further they 

do not show a histogram showing the particle size distribution which could have 

supported their contention. Also, the XRD curves showed very broad peaks that 

displayed a shoulder on each of the peaks. This indicates that the distribution of the 

particle composition is not the speculated Ni63Cu37 throughout the sample.  

In 2005, Chatterjee et al. published an article in which they compared chemically 

prepared CuNi particles by a polyol synthesis that did not use a surfactant and they 

physically prepared particles by ball milling.22 Their physically prepared particles had an 

average size range of 300-400 nm; whereas, their chemically synthesized particles had an 

average size range of 50-80 nm. They determined that the Curie temperature of both 

methods of the uncoated Cu30Ni70 particles was approximately 76 ºC. When they 

encapsulated both the chemically and physically made Cu30Ni70 particles with PEG, the 

Curie temperature was lowered to near the therapeutic limit and ranged between 47 ºC 

and 57 ºC. By improving the quality of the synthesis, the control over the size, shape, and 

composition of the particles should allow for a better control of the Curie temperature. 

In 2007, Kuzentsov et al. published an article that demonstrated the ability to 

make CuNi through a co-precipitation reaction followed by annealing.12 In this reaction 

they co-precipitated copper and nickel salts and with Na2CO3 at room temperature under 
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sonication. The particles were first salt annealed at 300-1000 ºC and then annealed again 

at temperatures of 600-1000 ºC. This gave a range of particle sizes that varied from 5 to 

1000 nm in diameter. After magnetic and physical separation they were able to 

fractionate particles that were 50 nm or less with a approximate Cu28Ni72 composition and 

received a Curie temperature of approximately 43 ºC. They also determined that they 

could slightly raise the Curie temperature by annealing process. By improving the control 

over the size, shape, and composition of the particles, there would be less of the need for 

depending on magnetic and physical separation for composition and size of the particles. 

1.3 Nanoparticle Surface Chemistry 

Each of the nanoparticles that we synthesize has a layer of surfactant, making 

them dispersible in the desired polar or non-polar solvent. In most cases, the surfactants 

were oleic acid and/or oleylamine. To make these particles dispersible in a physiological 

solution, we need to be able to attach ligands that will displace or cover the surfactants 

that are attached to the surface of the particles during synthesis. For this, we found a 

couple of different ways to accomplish this in the literature. To make the particles 

dispersible in an aqueous solution, we first found in literature that other particles such as 

FePt that had both oleic acid and oleylamine surfactants on the surface could be dispersed 

by sonicating in the presence of tetramethlyammonium hydroxide (TMAOH).40 To 

redisperse the particles in an aqueous media, the removal of the surfactant layer and 

replacement with negative hydroxide ions is key for the particles to be surrounded by the 

positive tetramethylammonium counterions. A drawback to this method of stabilizing the 

particles in the aqueous solution is that the pH will generally be greater than 9 and to use 

in the human body the pH should be between 6-8.  
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To aid the process of making the particles dispersible in a physiological solution 

and create linkers to attach to a delivery vector, we needed to look at other modes of 

surface chemistry with the iron oxide particles. The two types classes of ligands we chose 

to examine had either a dopamine or triethoxysilanes functional groups present to bind to 

the surface of the particles. Within the literature, dopamine ligands have been designed 

and attached to the surface of both FePt and Fe3O4 nanoparticles. Hong, et al. showed that 

they could use a dopamine-PEG ligand to exchange the non-polar surfactant layer and 

help make the FePt nanoparticles dispersible in aqueous solutions and therefore making 

them available for biological applications.41 Gu et al. demonstrated that they could attach 

a dopamine-biotin ligand specifically to the surface of Fe3O4 nanoparticles which should 

make them useful for biomedical applications, such as protein binding, molecular 

imaging, and pathogen detection.42  

Silane coupling chemistry to magnetic iron oxides has been reported in the 

literature for many years. In 1997, Xu et al. demonstrated that they could silanate the 

surface of nanosized maghemite particles.43 They did this by using 3-aminopropyl 

triethoxy silane in either a water or toluene solution to silanate the surface of the 

particles. This ligand has a triethoxysilane group that will bind to the surface of the metal 

oxide nanoparticle by hydrolyzing to give a silanol. Then the silanol groups condense 

with the surface hydroxyl groups on the particles. They discovered that by using a water 

solution that they could get better surface coverage of the particles than with the toluene 

solution. Hung et al. used this same silane coupling chemistry to attach a β-aminoethyl-γ-

aminopropyl-trimethoxysilane (AEAPT) ligand to the surface of magnetite particles.32 

They attached this ligand to the magnetite particles so that they would have surface-
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functionalized particles that would attach to a histidine tagged protein via a coordination 

of a Cu2+ ion.  

1.4 Overarching Goals 

The challenge of this biomagnetism research project is to create a multifunctional 

nanoplatform that has the ability to specifically target cancerous cells, enhance the 

contrast of MRI imaging, induce hyperthermia therapy, and effect selective magnetic 

triggering of cancer therapy. The nanoplatform is envisioned to be made of a targeting 

moiety that is specifically targeted to attach to the receptors of the tumor cell to improve 

the therapeutic effects. Selective accumulation of the therapeutic moiety will avoid 

undesirable side-effects in non-target healthy tissues. The targeting moiety is envisioned 

to be a genetically engineered adenovirus or virus, such as a herpes simplex. This vector 

should be engineered to present a biotin rich area on the hexons, so that we could attach 

particles via specifically designed linker ligands. Ideally, each aspect of this project 

should be made of different nanoparticles that can be independently activated for its 

purpose. Within these goals, my project was to design nanoparticles that could be used 

for hyperthermia treatment or MRI contrast enhancement.  

1.4.1 Surface Chemistry of Ferrite Nanoparticles 

The scope of this research and dissertation, pertaining to ferrite nanoparticles, was 

to produce ferrite nanoparticles that had a known size and small size distribution to use 

for either MRI contrast enhancement or heating to aid in drug release within a micelle or 

a thermal responsive polymer. We attempted various literature procedures for making 

metal ferrites, and did distributional analysis to help determine which were viable for our 

purposes. When selecting these particles from the literature, we selected particles that had 



 

20 
 

sizes below 20 nm that contained ligands on the surface that we could easily replace by 

utilizing silane coupling chemistry with the surface of the particles. Then through the 

silane coupling chemistry we could put ligands on the surface of the particles that had 

groups useful in attaching to the surface of the proposed adenovirus vector or making the 

particles dispersible in polar physiological solvents.  

1.4.2 New CuNi Nanoparticles Synthesis 

The scope of this research and dissertation, pertaining to CuNi nanoparticles, was 

to discover a new method of making CuNi nanoparticles that had a size below 50 nm, a 

small size distribution, and a narrow particle composition distribution. Since, CuNi alloy 

particles have been reported to have a Curie temperature within the therapeutic range. For 

complete understanding and control of the magnetic properties of the particles the 

previous criteria need to be met. To meet these criteria we attempted first attempted diol 

reduction of copper and nickel acetylacetonate. With experience of making other 

magnetic nanoparticles such as magnetite and FePt, by this method, we explored each of 

the parameters of the synthesis to try to improve the quality of particles produced. The 

parameters were solvent, temperature sequence, surfactant, composition, and reducing 

agent. To further explore making CuNi nanoparticles, we explored three other synthetic 

methods of making particles. These are polyol reduction, seed mediated growth by diol 

reduction, and thermal decomposition of oleate complexes in a high boiling solvent. So, 

within this dissertation the experimental results for these four types of CuNi are 

discussed. 
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Chapter 2 

 
Experimental 

 

2.1 Sources of all chemicals:  

Nickel(II) acetylacetonate, nickel(II) chloride hexahydrate, nickel(II) chloride 

heptahydrate, copper(II) acetate, iron(III) acetylacetonate, cobalt(II) acetylacetonate, iron 

pentacarbonyl, 1,2 hexadecanediol, 1-octadecene 90%, sodium borohydride, phenyl 

ether, 2-pyrrolidone, benzyl ether, trioctylamine, triethylene glycol, 1,2-dichlorobenzene, 

oleic acid, oleylamine, lauric acid, β-aminoethyl-γ-aminopropyl-trimethoxysilane 

(AEAPT), hexadecylamine (HDA), sodium hydroxide, octyl ether, and dimethyl 

sulfoxide (DMSO) were purchased from Sigma Aldrich. Ethylene glycol, 1.0 M lithium 

triethylborohydride in tetrahydrofuran (super-hydride), sodium triethylborohydride, 

manganese(III) acetylacetonate, copper(II) acetylacetonate, tetramethyl- ammonium 

hydroxide (TMAOH), biotin, 3-hydroxytramine hydrochloride, tri-n-octylphosphine 

oxide (TOPO) were purchased from Acros Chemicals. Sodium oleate (95%) was 

purchased from Tokyo Chemical Industry. 1-Octadecanol (stearyl alcohol) and polyvinyl 

pyrrolidone (PVP) 8,000 M.W. were purchased from Alpha Aesar. Dimethyl formamide 

(DMF) was purchased from Fisher Scientific. o-benzotriazole-tetramethyl uronium 

hexafluoro phosphate was purchased from Chem-Impex International. Hexane, methanol, 

ethanol, and acetone were reagent grade and all filled onsite from our chemistry stock 

room. 
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2.2 Particle Synthesis 

2.2.1 Water-Soluble 5 nm Magnetite Nanoparticle Synthesis with Pyrrolidone 

Water soluble 5nm magnetite nanoparticles were made by dissolving 0.71g (2.0 

mmol) of Fe(acac)3 in 20 mL of 2-pyrrolidone inside a 50-mL 3-necked round bottomed 

flask. A small PTFE-coated magnetic stirring bar was placed in the flask for stirring. The 

flask was placed on a heating mantle, which was placed on a magnetic stirrer/hot plate. 

The flask was equipped with a reflux condenser, a thermometer, and a rubber septum. 

The reaction apparatus was purged with N2 gas from a nitrogen cylinder. A bubbler is 

located between the N2 source and the adapter located on the top of the reflux condenser 

so that the pressure can be relieved during synthesis. The reaction mixture was allowed to 

heat and stir until it reached reflux and was held at that temperature for 10 minutes. The 

reaction was allowed to cool to room temperature. Methanol (40 mL) was added to 

precipitate the nanoparticles, giving a dark brown precipitate. The solution was 

centrifuged at 3500 rpm, and the brown liquid from the top layer was decanted and 

discarded as waste. The precipitate was washed with acetone and centrifuged 3 more 

times.   

2.2.2 Metal Ferrite nanoparticle synthesis by diol reduction 

In a typical synthesis of 6 nm diameter magnetite nanoparticles, 0.71g (2.0 mmol) 

of Fe(acac)3,  2.57 g (10.0 mmol) of 1,2 hexadecanediol, 1.8 mL (6.0 mmol) of oleic acid, 

1.9 mL (6.0 mmol) of oleylamine, and 20 mL of benzyl ether and were added to a 100-

mL 3-necked round bottomed flask. A small PTFE-coated magnetic stir bar was placed in 

the flask for stirring. The flask was placed on a heating mantle, which was placed on a 
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magnetic stirrer/hot plate. The flask was equipped with a reflux condenser, a 

thermometer, and a rubber septum. The reaction apparatus was purged with N2 gas. A 

bubbler is located between the N2 source and the adapter located on the top of the reflux 

condenser so that the pressure can be relieved during synthesis. The mixture was allowed 

to heat and stir until it reached 200 ºC and was held at that temperature for 2 hours. After 

the hold time was over, the reaction mixture was heated to reflux (298 ºC) for 1 hour. The 

reaction was allowed to cool to room temperature, and 40 mL of ethanol was added to 

precipitate the nanoparticles. The solution was centrifuged at 3500 rpm, and the brown 

liquid from the top layer was decanted and discarded as waste. Hexane was added to 

redisperse the particles along with 0.05 mL of oleic acid while being sonicated. Once 

dissolved, ethanol was added to the particle solution to precipitate the nanoparticles and 

then was centrifuged again at 3500 rpm for ten minutes to separate any unreacted 

materials from the particles. This washing procedure was repeated at least three more 

times to result in the supernatant being completely clear. The particles were allowed to 

remain in hexane for further use. The amount of particles produced in the synthesis is 

approximately 100-200 mg.  

A series of ferrite nanoparticles, MFe2O4 (M = Co, Mn, and Ni) were prepared 

using identical conditions except 1 mmol of the corresponding metal acetylacetonate was 

included in the reaction. For smaller particles (4nm), phenyl ether was used instead of 

benzyl ether. The hold time and the reflux time were reduced to 30 minutes each.  

For synthesizing 8 nm Fe3O4 from 6 nm Fe3O4 seeds, 0.71g (2.0 mmol) Fe(acac)3, 

2.57 g (10.0 mmol) 1,2-hexadecanediol, 20 mL benzyl ether, 0.6 mL (2 mmol) oleic acid, 

and 0.7 mL (2 mmol) oleylamine were added to a 50mL three neck round bottom flask. A 
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dispersion of 84 mg of 6 nm Fe3O4 in 4 mL hexane was added to the reactor. A small 

PTFE-coated magnetic stir bar was placed in the flask for stirring. The flask was placed 

on a heating mantle, which was placed on a magnetic stirrer/hot plate. The flask was 

equipped with a reflux condenser, a thermometer, and a hose adapter that is attached to a 

bubbler. The reaction apparatus had N2 gas flowing down the condenser and out the 

bubbler. This allowed for the hexane to leave the reaction mixture and not be condensed 

back into the mixture. The reaction mixture was heated to 100 ºC for 30 minutes to 

remove the hexane. Then, the solution was heated to 200 oC and held for 1 hour. Finally, 

the solution was heated to reflux (298 ºC) for 30 minutes. The reaction was allowed to 

cool to room temperature, and 40 mL of ethanol was added to precipitate the 

nanoparticles. The solution was centrifuged at 3500 rpm, and the brown liquid from the 

top layer was decanted and discarded as waste. Hexane was added to redisperse the 

particles along with 0.05 mL of oleic acid while being sonicated. Once dissolved, ethanol 

was added to the particle solution to precipitate the nanoparticles and then was 

centrifuged again at 3500 rpm for ten minutes to separate any unreacted materials from 

the particles. This washing procedure was repeated at least three more times to result in 

the supernatant being completely clear. The particles were allowed to remain in hexane 

for further use. 

For synthesizing 16 nm Fe3O4 from 8 nm Fe3O4 seeds, 0.71 g (2.0 mmol) 

Fe(acac)3, 10.0 mmol (1-octadecanol) stearyl alcohol, 20 mL benzyl ether, 0.6 mL (2 

mmol) oleic acid, and 0.7 mL (2 mmol) oleylamine were added to a 50 mL three neck 

round bottom flask. A dispersion of 15 mg of 6 nm Fe3O4 seed particles in 2 mL of 

hexane was added to the reaction mixture. A small PTFE-coated magnetic stir bar was 
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placed in the flask for stirring. The flask was placed on a heating mantle, which was 

placed on a magnetic stirrer/hot plate. The flask was equipped with a reflux condenser, a 

thermometer, and a hose adapter that is attached to a bubbler. The reaction apparatus had 

N2 gas flowing down the condenser and out the bubbler. This allowed the hexane to leave 

the reaction mixture and not be condensed back into the mixture. The reaction mixture 

was heated to 100 ºC for 30 minutes to remove the hexane. Then, the solution was heated 

to reflux (298 ºC) for 30 minutes. The reaction was allowed to cool to room temperature, 

and 40 mL of ethanol was added to precipitate the nanoparticles. The solution was 

centrifuged at 3500 rpm, and the brown liquid from the top layer was decanted and 

discarded as waste. Hexane was added to redisperse the particles along with 0.05 mL of 

oleic acid while being sonicated. Once dissolved, ethanol was added to the particle 

solution to precipitate the nanoparticles and then was centrifuged again at 3500 rpm for 

ten minutes to separate any unreacted materials from the particles. This washing 

procedure was repeated at least three more times to result in the supernatant being 

completely clear. The particles were allowed to remain in hexane for further use. 

2.2.3 Maghemite nanoparticles 

11 nm diameter maghemite nanoparticles were synthesized by mixing 1.9 mL (6.1 

mmol) of oleic acid with 20 mL of octyl ether in a 100-mL 3-necked round bottomed 

flask and heating to 100 ºC. A small PTFE-coated magnetic stir bar was placed in the 

flask for stirring. The flask was placed on a heating mantle, which was placed on a 

magnetic stirrer/hot plate. The flask was equipped with a reflux condenser, a 

thermometer, and a rubber septum. The synthesis setup was purged with N2 gas. A 

bubbler is located between the N2 source and the adapter located on the top of the reflux 
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condenser so that the pressure can be relieved during synthesis. When the solution 

reached 100 ºC, 0.4 mL (3.04 mmol) Fe(CO)5 was injected into the solution. The solution 

was then slowly heated to reflux for 2 hours. The reaction was allowed to cool to room 

temperature and 100 mL of ethanol was added to precipitate the nanoparticles. The 

solution was centrifuged at 3500 rpm, and the brown liquid from the top layer was 

discarded as waste. Hexane (25 mL) was added to redisperse the particles along with 0.05 

mL of oleic acid. Once dissolved, the particle solution was centrifuged again at 3500 rpm 

for ten minutes to remove any undissolved materials from the synthesis. The solution was 

decanted and the centrifuged precipitate was discarded. Ethanol (50 mL) was then added 

to the decanted layer to precipitate the nanoparticles and then centrifuged at 3500 rpm for 

ten minutes. The top layer of the solution was decanted and the 20 mL of hexane was 

added to redisperse the nanoparticles along with 0.05 mL of oleic acid. This washing 

procedure was repeated three more times. The particles were allowed to remain in hexane 

for further use.  

2.2.4 CuNi nanoparticle synthesis by diol reduction 

In the diol synthesis of CuNi nanoparticles, 0.128 g (0.500 mmol) of Ni(acac)2, 

0.130 g (0.500 mmol) of Cu(acac)2,  1.28 g (5.00 mmol) of 1,2 hexadecanediol, 1.7 mL 

(5.3 mmol) of oleic acid, 1.7 mL (5.2 mmol) of oleylamine and 10 mL of benzyl ether 

were added to a 50-mL 3-necked round bottomed flask. A small PTFE-coated magnetic 

stir bar was placed in the flask for stirring. The flask was placed on a heating mantle, 

which was placed on a magnetic stirrer/hot plate. The flask was equipped with a reflux 

condenser, a thermometer, and a rubber septum. The reaction apparatus was purged with 

N2 gas from a nitrogen cylinder. A bubbler is located between the N2 source and the 
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adapter located on the top of the reflux condenser so that the pressure can be relieved 

during synthesis. The mixture was allowed to heat and stir until it reached 200 ºC and 

was held at that temperature for 2 hours. After two hours, the reaction mixture was heated 

to reflux (298 ºC) for 1 hour. The reaction was allowed to cool to room temperature, and 

mL of ethanol was added to precipitate the nanoparticles. The solution was centrifuged at 

3500 rpm, and the brown liquid from the top layer was decanted and discarded as waste. 

Hexane was added to redisperse the particles along with 0.05 mL of oleic acid while 

being sonicated. Once dissolved, ethanol was added to the particle solution to precipitate 

the nanoparticles and then was centrifuged again at 3500 rpm for ten minutes to separate 

any unreacted materials from the particles. This washing procedure was repeated at least 

three more times after which the supernatant was completely clear. The particles were 

allowed to remain in hexane for further use. The amount of particles produced in the 

synthesis is approximately 100-200 mg. 

2.2.5 Super-hydride synthesis of CuNi 

In the super-hydride reduction method, 0.167 g (0.700 mmol) of nickel(II) 

chloride hexahydrate, 0.130 g (0.500 mmol) of Cu(acac)2, 0.520 g (2.00 mmol) of 1,2 

hexadecanediol, and 25 mL of phenyl ether were added to a 50 mL 3-necked round 

bottomed flask. A small PTFE coated magnetic stir bar was placed in the flask for 

stirring. The flask was placed on a heating mantle, which was placed on a magnetic 

stirrer/hot plate. The flask was equipped with a reflux condenser, a thermometer, and a 

septum to inject the super-hydride. The reactor was purged with nitrogen from a nitrogen 

cylinder. The mixture was allowed to heat and stir at 100 ºC for ten minutes. At this time, 

0.50 mmol (0.16 mL) of oleic acid and 0.50 mmol (0.17 mL) of oleylamine were injected 
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via syringe into the reaction mixture. The mixture was then heated and stirred for twenty 

minutes at 200 oC. Lithium triethylborohydride (2.5 mL, 2.5 mmol) was injected very 

slowly at a drop-by-drop rate to avoid rapid evaporation of the THF. Rapid evaporation 

of THF would cause the reaction mixture to erupt out of the top of the reflux condenser. 

After all the super-hydride solution was added, the mixture was heated at 200 ºC for five 

minutes to remove the THF and then heated at 263 ºC for twenty minutes. The reaction 

was allowed to cool to room temperature and 40 mL of ethanol was added to precipitate 

the nanoparticles. The solution was centrifuged at 3500 rpm, and the brown liquid from 

the top layer was discarded as waste. Hexane (20 mL) was added to redisperse the 

particles along with 0.05 mL of oleic acid and 0.05 mL of oleylamine. Once dissolved, 

the particle solution was centrifuged again at 3500 rpm for ten minutes to remove any 

undissolved materials from the synthesis. The solution was decanted and the centrifuged 

precipitate was discarded. Ethanol (50 mL) was then added to the decanted layer to 

precipitate the nanoparticles and then centrifuged at 3500 rpm for ten minutes. The top 

layer of the solution was decanted and the 20 mL of hexane was added to redisperse the 

nanoparticles along with 0.05 mL of oleic acid and 0.05 mL of oleylamine. This washing 

procedure was repeated three more times. The particles were allowed to remain in hexane 

for further use. The amount of particles produced in the synthesis was approximately 

150-200 mg.  

2.2.6 Cu nanoparticle seeds 

To a 100 mL three-necked round bottom flask was added 0.523 g (2.00 mmol) of 

Cu(acac)2,  2.57 g (10.0 mmol) of 1,2 hexadecanediol, 1.7 mL (6.0 mmol) of oleic acid, 

1.6 mL (6.0 mmol) of oleylamine, and 20 mL of phenyl ether. A small PTFE-coated 
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magnetic stir bar was placed in the flask for stirring. The flask was placed on a heating 

mantle, which was placed on a magnetic stirrer/hot plate. The flask was equipped with a 

reflux condenser, a thermometer, and a rubber septum. The reaction apparatus was 

purged with N2 gas. The mixture was allowed to heat and stir until it reached 200 oC and 

was held at that temperature for 30 minutes. After the hold time was over, the reaction 

mixture was heated to reflux (298 oC) for 30 minutes. The reaction was allowed to cool to 

room temperature, and 40 mL of ethanol was added to precipitate the nanoparticles. The 

solution was centrifuged at 3500 rpm, and the brown liquid from the top layer was 

decanted and discarded as waste. Hexane was added to redisperse the particles along with 

0.05 mL of oleic acid while being sonicated. Once dissolved, ethanol was added to the 

particle solution to precipitate the nanoparticles and then was centrifuged again at 3500 

rpm for ten minutes to separate any unreacted materials from the particles. This washing 

procedure was repeated at least three more times to result in the supernatant being 

completely clear. The particles were allowed to remain in hexane for further use.  

2.2.7 Ni Nanoparticle seeds 
 
2.2.7.1 Ni seeds made by diol reduction method 

In the diol reduction method, 0.20 g (0.78 mmol) of Ni(acac)2,  1.0 g (3.9 mmol) 

of 1,2 hexadecanediol, and 45 mL of phenyl ether and were added to a 100-mL 3-necked 

round bottomed flask. A small PTFE-coated magnetic stir bar was placed in the flask for 

stirring. The flask was placed on a heating mantle, which was placed on a magnetic 

stirrer/hot plate. The flask was equipped with a reflux condenser, a thermometer, and a 

rubber septum. The reaction apparatus was purged with N2 gas. A bubbler was located 

between the N2 source and the adapter located on the top of the reflux condenser so that 
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the pressure can be relieved during synthesis. The mixture was slowly heated until it 

reached 100 ºC and 0.2 mL of oleic acid and 0.2 mL of oleylamine were then injected by 

syringe into the reaction solution. After addition of the surfactants, the solution was 

slowly heated to reflux (~210 ºC) and held for 30 minutes. The reaction was allowed to 

cool to room temperature and 100 mL of ethanol was added to precipitate the 

nanoparticles. The solution was centrifuged at 3500 rpm, and the brown liquid from the 

top layer was discarded as waste. Hexane (25 mL) was added to redisperse the particles 

along with 0.05 mL of oleic acid. Once dissolved, the particle solution as centrifuged 

again at 3500 rpm for ten minutes to remove any undissolved materials from the 

synthesis. The solution was decanted and the centrifuged precipitate was discarded. 

Ethanol (50 mL) was then added to the decanted layer to precipitate the nanoparticles and 

then centrifuged at 3500 rpm for ten minutes. The top layer of the solution was decanted 

and the 20 mL of hexane was added to redisperse the nanoparticles along with 0.05 mL 

of oleic acid. This washing procedure was completed three more times. The particles 

were allowed to remain in hexane for further use.  

2.2.7.2 Ni seeds made in the presence of TOPO and HDA 

In the borohydride reduction with TOPO and HDA as surfactants, 0.20 g (0.78 

mmol) of nickel (II) acetylacetonate was dissolved in 5 mL of 1,2-dichlorobenzene at 100 

oC. The Ni2+ solution was then injected into a mixture of 40 mL of 1,2-dichlorobenzene 

and varying concentration of TOPO and HDA in a 100 mL 3-necked round bottom flask 

that was purged with N2. A small PTFE coated magnetic stir bar was placed in the flask 

for stirring. The flask was placed on a heating mantle, which was placed on a magnetic 

stirrer/hot plate. The flask was equipped with a reflux condenser, a thermometer, and a 
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septum to inject the sodium borohydride solution. N2 gas was purged through the reaction 

apparatus. The mixture was allowed to heat and stir at 100 oC for ten min. At this time, 

0.4 mL of oleic acid was injected via syringe into the reaction mixture. A 10.5 mmol 

(0.397 g) solution of sodium borohydride in 5 mL of 1,2-dichlorobenzene was prepared 

by heating the solution in a hot water bath. The borohydride solution was injected very 

slowly at a drop-by-drop rate at 140 oC. After all the sodium borohydride solution was 

added, the mixture was heated at 180 oC and held for 30 minutes. The reaction was 

allowed to cool to room temperature and 100 mL of ethanol was added to precipitate the 

nanoparticles. The solution was centrifuged at 3500 rpm, and the brown liquid from the 

top layer was discarded as waste. Hexane (50 mL) was added to redisperse the particles 

along with 0.05 mL of oleic acid. Once dissolved, the particle solution as centrifuged 

again at 3500 rpm for ten minutes to remove any undissolved materials from the 

synthesis. The solution was decanted and the centrifuged precipitate was discarded. 

Ethanol (50 mL) was then added to the decanted layer to precipitate the nanoparticles and 

then centrifuged at 3500 rpm for ten minutes. The top layer of the solution was decanted 

and the 20 mL of hexane was added to redisperse the nanoparticles along with 0.05 mL 

of oleic acid. This washing procedure was repeated three more times. The particles were 

allowed to remain in hexane for further use.  

2.2.8 CuNi nanoparticles made by seeding procedures 

For synthesizing CuNi particles from Ni seeds, 0.523 g (2.00 mmol) Cu(acac)2, 

2.57 g (10.0 mmol) 1,2-hexadecanediol, 20 mL benzyl ether, 1.7 mL (6.0 mmol) oleic 

acid, 1.6 mL (6.0 mmol) oleylamine, and 84 mg of Ni seeds made from the diol reduction 

method (2.2.7.3) that is dissolved in 4 mL of hexane were mixed in a three neck round 
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bottom flask. A small PTFE-coated magnetic stir bar was placed in the flask for stirring. 

The flask was placed on a heating mantle, which was placed on a magnetic stirrer/hot 

plate. The flask was equipped with a reflux condenser, a thermometer, and a hose adapter 

that is attached to a bubbler. The reaction apparatus had N2 gas flowing down the 

condenser and out the bubbler. This allowed for the hexane to leave the reaction mixture 

and not be condensed back into the mixture.  The reaction mixture was heated to 100 oC 

for 30 minutes to remove the hexane. Then, the solution was heated to 200 oC and held 

for 1 hour. Finally, the solution was heated to reflux (298 oC) for 30 minutes. The 

reaction was allowed to cool to room temperature, and 40 mL of ethanol was added to 

precipitate the nanoparticles. The solution was centrifuged at 3500 rpm, and the brown 

liquid from the top layer was decanted and discarded as waste. Hexane was added to 

redisperse the particles along with 0.05 mL of oleic acid while being sonicated. Once 

dissolved, ethanol was added to the particle solution to precipitate the nanoparticles and 

then was centrifuged again at 3500 rpm for ten minutes to separate any unreacted 

materials from the particles. This washing procedure was repeated at least three more 

times to result in the supernatant being completely clear. The particles were allowed to 

remain in hexane for further use. 

2.2.9 CuNi nanoparticle synthesis by diol reduction in the presence of PVP 

In the diol reduction in the presence of PVP synthesis of CuNi nanoparticles, 

0.076 g (0.30 mmol) of nickel chloride hexahydrate, 0.039 g (0.20 mmol) of copper (II) 

acetate, 0.667 g (0.0830 mmol) of polyvinylpyrrolidone (8,000 MW), and 100 mL of 

ethylene glycol were added to a 500-mL 3-necked round bottomed flask and allowed to 

dissolve at 80 oC. When everything was dissolved in the ethylene glycol, the pH of the 
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solution was adjusted to approximately 10 using 0.01 M NaOH solution. A small PTFE-

coated magnetic stir bar was placed in the flask for stirring. The flask was placed on a 

heating mantle, which was placed on a magnetic stirrer/hot plate. The flask was equipped 

with a reflux condenser, a thermometer, and a hose adapter that was attached to a round 

bottom flask to capture and condense the ethylene glycol vapor before reaching the 

bubbler. The round bottom capture flask was placed in an ice water bath to ensure the 

ethylene glycol vapor would condense before passing through the tubing to the bubbler. 

The reaction apparatus had N2 gas circulating down the condenser, through the reaction 

flask, through the round bottom capture flask, and to the bubbler. The mixture was 

allowed to heat and stir until it reached reflux and then it was held at reflux (198 oC) for 3 

hours. During the reflux, the reaction solution was condensed to 1/5 of the original 

solution volume and became a grey solution. The reaction was allowed to cool to room 

temperature before precipitating the nanoparticles. The nanoparticle solution was then 

rinsed with 100 mL of methanol and centrifuged at 3500 rpm until all precipitate was 

collected at the bottom of the centrifuge tubes. The precipitate was then rinsed with 100 

mL of acetone and centrifuged again. The particles were placed in a 5:1 mixture of 

methanol/acetone and allowed to vigorously stir for 2 hours. After stirring the solution, it 

was centrifuged and the particles collected were dispersed in methanol. 

2.2.10 Synthesis of transition metal–oleate complex 
 

The metal-oleate complexes were prepared by reacting metal salts and sodium 

oleate. In the synthesis of copper–oleate complex, 7.27 g (40.0 mmol) of copper (II) 

acetate and 36.5 g (120 mmol) of sodium oleate were dissolved in a solvent mixture 

composed of 80 mL 95% ethanol, 60 mL distilled water and 140 mL hexane in a 500 mL 
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round bottom flask while stirring with a small PTFE coated magnetic stir bar. The 

solution was heated to 70 °C in a silicon oil bath and held at that temperature for four 

hours. When the reaction was complete, there were two distinct layers. The top layer was 

the organic layer containing the copper-oleate complex and the bottom layer was the 

aqueous layer containing any unreacted salts. This solution was transferred to a 1 L 

separatory funnel and washed 4-5 times with 200 mL of distilled water. After washing 

the copper oleate solution to remove all unreacted oleate ligands, the hexane solution was 

added to a crystallization dish and placed in a vacuum oven with no heat for 24 hours to 

evaporate all of the hexane. The oleate complex was stored under vacuum to prevent any 

water absorption.  

In the synthesis for the nickel-oleate complex, 9.5 g (40 mmol) of nickel chloride 

hexahydrate and 36.5 g (120 mmol) of sodium oleate were dissolved in the solvent 

mixture and prepared in the same way as the previous copper-oleate complex procedure.  

2.2.11 Oleate synthesis of Nanoparticles 
 

The following is a typical synthetic procedure for CuNi nanoparticles with a 

particle size of 40-50 nm. In the CuNi nanoparticles synthesis from the copper and nickel 

oleate complexes, 1.72 g (5.00 mmol) of the copper-oleate complex, 1.70 g (5.00 mmol) 

of the nickel-oleate complex, and 1.58 mL (5.00 mmol) of oleic acid were dissolved in 65 

mL of 1-octadecene at room temperature over night in a 250 mL three neck round bottle 

flask. A small PTFE coated magnetic stir bar was placed in the flask for stirring. The 

flask was placed on a heating mantle, which was placed on a magnetic stirrer/hot plate. 

The flask was equipped with a reflux condenser, a thermometer, and rubber septum. The 

reaction mixture was heated slowly to 320 °C with a constant heating under a N2 
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atmosphere, and then refluxed for 30 minutes. When the reaction temperature reached 

320 °C, a vigorous reaction occurred and the initial transparent blue-green solution 

became turbid and charcoal gray in color. After cooling the reaction solution to room 

temperature, the solution was centrifuged to collect the nanoparticles. The nanoparticle 

precipitate was then rinsed 4-5 times with an oleic acid/ hexane solution (5 drops oleic 

acid to 10 mL of hexane) with centrifugation between each rinsing. The above synthesis 

was also performed with varying parameters: different surfactants (oleic acid, oleylamine, 

no surfactant) and composition (Cu50Ni50 and Cu25Ni75). 

 

2.3 Particle Surface Chemistry 
 
2.3.1 TMAOH 
 

To make dispersible in water, 50 mg of precipitated particles were mixed with 2-4 

mL of TMOAH and sonicated 10 minutes. Then the particles are then dispersed in 100 

mL of distilled water and sonicated for an additional 10 minutes. The particles can then 

be centrifuged and then kept in a 0.01%wt TMAOH/DI water solution.  

2.3.2 Biotin/hydroxyl ligand 
 

The biotin hydroxyl ligand was synthesized by dissolving 47 mg (0.19 mmol) of 

biotin and 40 mg (0.21 mmol) of 3-hydroxytramine hydrochloride in 2 mL of DMSO. 

The mixture was purged under N2 and then cooled to 0 oC. Then, 91 mg (0.24 mmol) of 

o-benzotriazole tetramethyluronium hexafluorophosphate and an excess of 

diisopropylethylamine in 2 mL DMF was added.  The mixture was then stirred for 30 

hours under N2. After the reaction has ended, the round bottom flask was placed in a 40 
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oC water bath, attached to a vacuum pump, and then allowed to pump overnight. After 

pumping, the solution was transferred to a vial and dried in a vacuum oven.  

2.3.3 Biotin/triethoxysilane ligand attachment 
 

The biotin/triethoxysilane ligand was obtained from Dr. Jacqueline Nikles. For 

the attachment of the biotin/triethoxysilane ligand to the particles, 43.8 mg of dried 6nm 

magnetite with TMAOH on the surface was dissolved in 9 mL of distilled water and 2 

drops of TMAOH and then mixed with 85.0 mg of biotin/triethoxysilane ligand dissolved 

in 5 mL of DMSO. This solution was allowed to shake over the weekend with a wrist 

action shaker.   

2.3.4 Biotin/triethoxysilane ligand and PEG/triethoxysilane ligand attachment 
 

For the attachment of the biotin/triethoxysilane ligand and the 

PEG/triethoxysilane ligand, both were obtained from Dr. Jacqueline Nikles, to the 

particles, 54 mg of PEG/triethoxysilane ligand and 6 mg of dried 6 nm magnetite with 

TMAOH on the surface was dissolved in 6 mL of distilled water and 2 drops of TMAOH 

and then mixed with 5 mg of biotin/triethoxysilane ligand dissolved in 2 mL of ethanol. 

This solution was sonicated for 30 minutes and then allowed to shake overnight with a 

wrist action shaker.   

2.3.5 AEAPT attachment 
 

Dried metal ferrite nanoparticles of approximately 0.2 g were mixed with 10 mL 

of 10% AEAPT solution in DMSO. The solution was heated and stirred in a silicon oil 

bath at 80 oC for 2 hours. After cooling, the reaction solution was washed with 10 mL 

ethanol and 50 mL of distilled water. The particles were then centrifuged at 3500 rpm for 

15 minutes to separate them from the solution. The particles were then redispersed in 50 
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mL of a 0.1 M nickel chloride or copper acetate solution overnight to allow for the 

coordination of the nickel to the AEAPT ligand. The excess nickel or copper was 

separated from the particles by centrifugation and washing with distilled water 5 times. 

The particles were then dried and kept under vacuum for further analysis and use.  

 
 
2.4 Instrumentation 
 

X-ray diffraction curves (plots of intensity as a function of 2θ) were obtained on 

Philips powder X-ray diffractometer (model#: 9425.035.50350, type: PW3830) using Cu 

Kα X-ray radiation (λ = 154.05 pm). In most cases the samples were films of iron oxides 

or CuNi alloy particles cast on a single crystal silicon wafer with the dimensions of 1 cm 

x 2 cm in size. The single crystal silicon wafer was then placed on a sample holder that 

gave a slight tilt to the sample. This sample holder results in a shift of peaks 

approximately 0.5 – 1.5o 2θ, but allowed for the silicon peak from the wafer to disappear. 

When determining the lattice parameters from the X-ray diffraction curves, one of two 

methods of analysis was used. For samples that were used with the sample holder built 

for this correction, the 2θ shift was exactly 1.5º 2θ. For samples that had an unknown 

amount of tilt, the peaks were corrected by adjusting each peak by the distance of the 

most intense peak from its expected 2θ value. Instrument parameters were typically a step 

size of 0.05o 2θ, with 5 seconds per step, and a range of 25o-80o
 2θ for the iron oxide or 

35o-80o 2θ for the CuNi alloy samples. The average crystallite size of the particles was 

determined by a Scherrer analysis of the X-ray diffraction peaks. The value of the full-

width at half-maximum (β) was measured in radians. The average crystallite size (L) was 

determined from the Scherrer relation, L = Κλ(β cos θ), where K is a constant (0.93), λ is 
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the wavelength of the incident X-rays and θ is the diffraction angle. Compositional 

analysis was obtained by a Philips XL-30 scanning electron microscope with energy 

dispersive X-ray spectroscopy. TEM images were obtained with a FEI Technai 

transmission electron microscope (model#: FP5026/20). Samples were prepared using 

200 mesh Cu coated carbon grids or DuraSin DTF-1523 100 nm silicon nitride thin film 

grids. The TEM microscope used a 200 kV beam. After obtaining TEM images, size 

distribution histograms were created by obtaining particle sizes within the NIH Image-J 

analysis software and then plotting them within OriginPro 7.5. In Image-J, 50 particles 

were outlined with the circle tool and a table was generated to give the area of the circle. 

From this tabled data, the diameter of each particle was calculated to be added to the 

histogram. Attachment information of ligands to the surface of the particles was done by 

FTIR and XPS. FTIR spectra were obtained with either a Nicolet Magna-IR 560 

spectrometer outfitted with a liquid nitrogen cooled detector or Jasco FT-IR 410 FTIR 

spectrometer. The samples were either prepared by making a KBr pellet or drying a film 

on a ZnSe crystal. XPS spectra were obtained with a Kratos Axis 165 X-ray 

photoelectron spectrometer. The samples were prepared by drying down the particles in a 

vacuum oven without any heat and then placing them onto a sample holder by using 

either double sided carbon tape or silver paste.  
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Chapter 3 
 

Transition metal oxides nanoparticles 
 
 

Our objective is to prepare magnetic nanoparticles for MRI contrast enhancement 

and to bind targeting ligands to the surface of the particles. The ligands will have 

targeting groups that will bind to the surface of the cancer cells, thereby localizing the 

magnetic particles at the cancer site. In this chapter we will describe the synthesis of 

magnetite, cobalt ferrite, manganese ferrite, nickel ferrite, and maghemite nanoparticles. 

We will use silane coupling chemistry to functionalize the oxide particle surfaces for 

linking targeting moieties.  

 

3.1 Transition metal oxide nanoparticle synthesis 

Nanoparticles for MRI contrast enhancement were prepared using literature 

procedures.28-29, 34, 44 The purpose was to provide particles as a platform for attachment of 

linkers to targeting vectors. The literature procedures were chosen because they prepare 

nanoparticles with a diameter of 20 nm or less, have a narrow size distribution, and are 

Magnetic Material Formula Ms (emu/cm3) σs (emu/g) Tc (ºC)

Maghemite γ-Fe2O3 390 80 -

Magnetite Fe3O4 480 92 585

Cobalt Ferrite CoFe2O4 425 80 520

Manganese Ferrite MnFe2O4 400 80 300

Nickel Ferrite NiFe2O4 270 50 585

Table 3.1: Bulk magnetic properties of selected material at 200 ºC. 
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possible candidates for increasing MRI contrast enhancement. We have selected five 

different materials to work with and they are shown in Table 3.1. We will begin with the 

synthesis of magnetite nanoparticles. Magnetite has a spinel structure where oxygen 

atoms occupy a face-centered cubic (fcc) lattice and the iron ions occupy either 

tetrahedral or octahedral holes in the fcc lattice. The unit cell size for magnetite is 8.39 Å. 

The expected X-ray diffraction 2θ values for magnetite are listed in the Table 3.2. The 

expected diffraction peaks are calculated using Bragg’s Law with a Cu Kα wavelength of 

1.541 Ǻ.  

Water soluble 5 nm magnetite nanoparticles were made by heating iron(III) 

acetylacetonate in 2-pyrrolidone using the procedure of Li et al.44 A blackish-brown 

supernatant was separated from the black precipitate. The black precipitate was dispersed 

in methanol and then cast on a silicon wafer for X-ray diffraction analysis. In the XRD 

pattern (Figure 3.1), the nanoparticles exhibited a fcc crystal structure with characteristic 

2θ peaks at 31.35° (220), 36.65° (311), 44.40° (400), 55.00° (422), 58.45° (511), 63.80° 

(440), and 75.80° (533). From the X-ray diffraction pattern, the unit cell size was 8.39 Å, 

Table 3.2: Expected X-ray diffraction peaks for Fe3O4.  
Magnetite fcc

2 theta Int h k l d(pm)

18.29 8 1 1 1 485.0

30.12 30 2 2 0 296.7

35.45 100 3 1 1 253.2

37.09 8 2 2 2 242.4

43.09 20 4 0 0 209.9

53.42 10 4 2 2 171.5

56.98 30 5 1 1 161.6

62.55 40 4 4 0 148.5

65.81 2 5 3 1 141.9

70.97 4 3 2 0 132.8

74.00 10 5 3 3 128.1

79.00 2 4 4 4 121.2

86.80 4 6 4 2 112.2

89.71 12 7 3 1 109.3
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which matched the expected value. The TEM image (Figure 3.2) showed that the size 

distribution of the particles to be between 6 and 14 nm in diameter  with an average 

diameter of 9.3 nm, a standard deviation of 1.9 nm, and a coefficient of variance of 0.2 

over a sample of 50 particles. Scherrer analysis calculated the average crystallite size to 

be 9 nm, which closely agreed with the distribution analysis of the TEM images.  When 

Figure 3.1: The X-ray diffraction pattern of Fe3O4 particles from the pyrrolidone 
synthesis.  
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Figure 3.2: TEM image of precipitated Fe3O4 nanoparticles from the pyrrolidone 
synthesis and a histogram showing the distribution of particle sizes. 
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the particles were isolated, they were separated from a supernatant liquid. This liquid  

also had particles and the TEM image (Figure 3.3) showed the particles had an average 

diameter of 3.8 nm. The image had a poor resolution due to some organic impurities that 

were isolated along with the particles. The organic impurities defocused the electron 

beam, This particle synthesis was a simple reaction that gives a narrow size distribution.  

A synthesis for 4 nm magnetite nanoparticles by diol reduction was prepared 

using the procedure of Sun, et al.28 This synthesis involved heating a mixture of iron(III) 

acetylacetonate, 1,2-hexadecanediol, oleic acid, oleylamine, and phenyl ether. This gave 

a blackish-brown precipitate was dispersed in hexane and then cast on a silicon wafer for 

X-ray diffraction analysis. In the XRD pattern (Figure 3.4), the nanoparticles exhibited a 

fcc crystal structure with characteristic 2θ peaks at 31.50° (220), 36.55° (311), 44.25° 

(400), and 58.20° (511). From the X-ray diffraction pattern, the unit cell size was 8.38 Å, 

which closely matched the expected value of 8.39 Å. Notice, the diffraction peaks were 

broader than those from the particles made in pyrrolidone (Figure 3.1), which indicates 

Figure 3.3: TEM image of Fe3O4 nanoparticles from the supernatant in the 
pyrrolidone synthesis and a histogram showing the distribution of particle sizes. 
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a smaller particle size. The Scherrer analysis agrees with this assumption with the 

calculated average crystallite size to be 4 nm. The TEM image (Figure 3.5) showed that 

the size distribution of the particles was between 3 and 10 nm in diameter with the 

majority of the particles falling between 4 and 6 nm. Over a 50 particle sample, the 

Figure 3.4: The X-ray diffraction pattern of 4 nm Fe3O4 particles by diol 
reduction. 
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 Figure 3.5: TEM image of the 4 nm Fe3O4 particles made by diol reduction and 
a histogram showing the distribution of particle sizes. 
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average diameter was 5.6 nm with a standard deviation of 1.5 nm and a coefficient of 

variance of 0.3. The Scherrer analysis was in agreement with the images showing the 

average crystallite size to be around 4 nm.   

A synthesis for 6 nm magnetite nanoparticles by diol reduction was prepared 

using the procedure of Sun et al.29 Compared to the previous synthesis, the phenyl ether 

was replaced with benzyl ether and the hold times are different at 200 °C and reflux.  A 

problem with using benzyl ether was if the reaction mixture was heated too quickly, it 

would become violent and begin bumping. This could lead to some of the mixture 

bubbling up and going into and occasionally out the top of the condenser. The blackish-

brown precipitate was dispersed in hexane and then cast on a silicon wafer for X-ray 

diffraction analysis. In the XRD pattern (Figure 3.6), the nanoparticles exhibited a fcc 

crystal structure with characteristic 2θ peaks at 31.25° (220), 36.65° (311), 44.50° (400), 

54.45° (422), 58.00° (511), 63.80° (440), and 75.55° (533). From the X-ray diffraction 

pattern, the unit cell size was 8.38 Å, which closely matched the expected value of 8.39 
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Figure 3.6: The X-ray diffraction pattern of 6 nm Fe3O4 particles by diol 
reduction. 
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Å. The TEM image (Figure 3.7) showed that the procedure gave single crystal particles 

with diameters in the range of 4 to 14 nm with the majority of the particles between 7 and 

10 nm. The average diameter was 8.7 nm with a standard deviation of 2.0 nm and a 

coefficient of variance of 0.2 over a 50 nm sample. Scherrer analysis calculated the 

average crystallite size to be 6 nm.  The distribution of particle sizes was a bit broader 

than expected, but was still narrow. However, the procedure provided enough particles 

for our purposes. A series of experiments on the reaction scale were done, where the 

batch size was doubled and then quadrupled. In each case, the yield doubled or 

quadrupled, as expected. The quality of the particles obtained from the larger batches was 

not affected. 

Eight nanometer magnetite nanoparticles by diol reduction were prepared using 

the procedure reported by Sun et al.29 This synthesis was a seeding procedure where 6 nm 

magnetite nanoparticles are heated in a mixture of iron(III) acetylacetonate, 1,2-

hexadecanediol, oleic acid, oleylamine, and benzyl ether. The blackish-brown precipitate 

Figure 3.7: TEM image of the 6 nm Fe3O4 particles made by diol reduction and a 
histogram showing the distribution of particle sizes. 
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was dispersed in hexane and then cast on a silicon wafer for X-ray diffraction analysis. In 

the XRD pattern (Figure 3.8), the nanoparticles exhibited a fcc crystal structure with 

characteristic 2θ peaks at 31.15° (220), 36.65° (311), 44.35° (400), 54.90° (422), 58.15° 

(511), 63.60° (440), and 75.25° (533). From the X-ray diffraction pattern, the unit cell size 

was 8.38 Å, which closely matched the expected value of 8.39 Å. Notice that the X-ray 
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Figure 3.9: TEM image of the 8 nm Fe3O4 particles made by diol reduction with 6 
nm seeds and a histogram showing the distribution of particle sizes. 

Figure 3.8: the X-ray diffraction pattern of 8 nm Fe3O4 particles by diol reduction. 
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diffraction peaks of this synthesis are narrower than the previous X-ray diffraction pattern 

for the 6 nm nanoparticles (Figure 3.8), which were used as the seed particles. This is an 

indication that there is an increase in the average particle size. The TEM images (Figure 

3.9) showed that the size distribution of the particles to be between 7 and 12 nm in 

diameter with an average diameter of 9.5 nm, a standard deviation of 0.9 nm, and a 

coefficient of variance of 0.1 over a sample of 50 particles. Scherrer analysis calculated 

the average crystallite size to be 8 nm.  The particle size distribution was very narrow. 

The procedure by Sun et al was used to prepare 16 nm magnetite particles.29 This 

synthesis was a seeding procedure where 8 nm magnetite nanoparticles are heated in a 

mixture of iron(III) acetylacetonate, stearyl alcohol, oleic acid, oleylamine, and benzyl 

ether. The blackish-brown precipitate was dispersed in hexane and then cast on a silicon 

wafer for X-ray diffraction analysis. In the XRD pattern (Figure 3.10), the nanoparticles 

exhibited a fcc crystal structure with characteristic 2θ peaks at 31.15° (220), 36.40° 

 

Figure 3.10: The X-ray diffraction pattern of 16 nm Fe3O4 particles by diol 
reduction. 
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(311), 44.35° (400), 54.70° (422), 58.30° (511), 63.70° (440), and 75.10° (533). From the 

X-ray diffraction pattern, the unit cell size was 8.38 Å, which closely matched the 

expected value of 8.39 Å. Notice that the X-ray diffraction peaks of this synthesis are 

taller and narrower than the previous X-ray diffraction pattern for the 8 nm nanoparticles 

 

 

Figure 3.12: Histogram of the size distribution of 16 nm magnetite particles made 
by the diol reduction with 8 nm seeds. 
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Figure 3.11: TEM images of different areas on the TEM grid for the 16 nm 
magnetite particles made by diol reduction. 
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(Figure 3.8), which were used as the seed particles. This is an indication that there is an 

increase in the average particle size. The TEM images (Figure 3.11) showed the particle 

diameter was in the range of 6 to 24 nm in diameter. The average diameter of the 

particles was 12.7 nm (Figure 3.12). The standard deviation of the sample was 4.1 nm 

and a coefficient of variance of 0.3 Scherrer analysis calculated the average crystallite 

size to be 11 nm.  The particle size distribution was had a wide range and gave irregular 

shaped particles. The diversity in the particle size and shape in this synthesis could be 

explained by the change in the reducing agent, stearyl alcohol.   

A batch of 11 nm maghemite nanoparticles was prepared by the procedure of 

Woo et al.34 This synthesis involved the decomposition of iron carbonyl in octyl ether 

with oleic acid. The blackish-brown precipitate was dispersed in hexane and then cast on 

a silicon wafer for X-ray diffraction analysis. In the XRD pattern (Figure 3.13), the 

nanoparticles exhibited a fcc crystal structure with characteristic 2θ peaks at 31.45° (220), 

36.55° (310), 44.60° (400), 54.80° (422), 58.45° (511), and 64.10° (440). The 

Figure 3.13: The X-ray diffraction pattern of 11 nm γ-Fe2O3 particles by reduction 
of iron carbonyl. 
 

 

25 30 35 40 45 50 55 60 65 70 75 80

300

400

500

600

700

In
te

ns
ity

 (
A

rb
. U

ni
ts

)

2 Theta

(220)

(311)

(400)

(422)

(511)

(440)

(533)



 

50 
 

  

 

7 8 9 10 11 12
0

2

4

6

8

10

# 
of

 p
ar

tic
le

s

diameter (nm)

Figure 3.14: TEM image of 11 nm γ-Fe2O3 by reduction of iron carbonyl and a 
histogram showing the distribution of particle sizes. 
 

Maghemite primitive cubic

2 theta Int h k l d(pm)

14.97 5 1 1 0 591.8

18.40 4 1 1 1 482.2

23.79 5 2 1 0 374.0

26.12 5 2 1 1 341.1

30.27 35 2 2 0 295.3

32.15 2 2 2 1 278.4

33.89 2 3 1 0 264.5

35.66 100 3 1 0 251.8

37.28 3 2 2 2 241.2

43.32 16 4 0 0 208.9

44.74 1 4 1 0 202.6

50.05 2 4 2 1 182.2

53.78 10 4 2 2 170.5

57.32 24 5 1 1 160.7

59.62 1 5 2 0 155.1

60.74 2 5 2 1 152.5

62.98 34 4 4 0 147.6

64.05 1 4 4 1 145.4

65.13 1 5 3 0 143.2

69.37 1 6 1 1 135.5

71.44 3 6 2 0 132.0

74.54 5 5 3 3 127.3

75.51 2 6 2 2 125.9

Table 3.3: Expected X-ray diffraction peaks for γ-Fe2O3. 
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expected X-ray diffraction 2θ values for maghemite are listed in the Table 3.3. The 

expected diffraction peaks are calculated using Bragg’s Law with a Cu Kα wavelength of 

1.541 Ǻ. From the X-ray diffraction pattern, the unit cell size was 8.34 Å, which closely 

matched the expected value of 8.35 Å. The TEM images (Figure 3.14) showed that the 

average size of the particles was approximately 8 -11 nm in diameter with an average 

diameter of 9.4 nm, a standard deviation of 1.0, and a coefficient of variance of 0.1 over a 

sample of 50 particles. Scherrer analysis calculated the average crystallite size to be 10 

nm.  The particle size distribution was very narrow.  

For preparing nickel ferrite nanoparticles, an adapted procedure from Sun et al. 

was used.29 Here a 1 mmol amount of nickel(II) acetylacetonate was added to the mixture 

of iron(III) acetylacetonate, 1,2-hexadecanediol, oleic acid, oleylamine, and benzyl ether. 

The blackish-brown precipitate was dispersed in hexane and then cast on a silicon wafer 

for X-ray diffraction analysis. In the XRD pattern (Figure 3.15), the nanoparticles 

exhibited a fcc crystal structure with characteristic 2θ peaks at 31.35° (220), 36.70° (311), 

44.30° (400), 58.40° (511), and 63.10° (440). The expected X-ray diffraction 2θ values for 

nickel ferrite are listed in the Table 3.4. The expected diffraction peaks are calculated 

using Bragg’s Law with a Cu Kα wavelength of 1.541 Ǻ. From the X-ray diffraction 

pattern, the approximate unit cell size was 8.34 Å, which closely matched the expected 

value of 8.33 Å. The TEM images (Figure 3.16) showed that the average size of the 

particles was 10 - 15 nm in diameter with an average diameter of 12.4 nm, a standard 

deviation of 1.2, and a coefficient of variance of 0.1 over a sample of 50 particles. 

Scherrer analysis calculated the average crystallite size to be 9 nm. The particle size 

distribution was very narrow.  
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Figure 3.15: The X-ray diffraction pattern of 12 nm NiFe2O4 particles by diol 
reduction.  

 Table 3.4: Expected x-ray diffraction peaks for NiFe2O4. 
 
Nickel Ferrite fcc

2 theta Int h k l d(pm)

18.42 11 1 1 1 481.4

30.29 29 2 2 0 294.8

35.69 100 3 1 1 251.4

37.33 7 2 2 2 240.7

43.37 20 4 0 0 208.4

47.49 5 3 3 1 191.3

53.82 8 4 2 2 170.2

57.38 26 5 1 1 160.5

63.01 33 4 4 0 147.4

66.26 1 5 3 1 140.9

67.33 1 4 4 2 139.0

71.50 2 6 2 0 131.8

74.57 5 5 3 3 127.2

75.58 2 6 2 2 125.7

79.59 1 4 4 4 120.3

82.56 1 7 1 1 116.8

87.47 2 6 4 2 111.4

Table 3.4: Expected X-ray diffraction peaks for NiFe2O4. 
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As reported by Sun et al., a synthesis for cobalt ferrite nanoparticles by diol 

reduction was prepared and evaluated.29  The blackish-brown precipitate was dispersed in 

hexane and then cast on a silicon wafer for X-ray diffraction analysis. In the XRD pattern 

(Figure 3.17), the nanoparticles exhibited a fcc crystal structure with characteristic 2θ 

Table 3.5: Expected X-ray diffraction peaks for CoFe2O4. 
 Cobalt Ferrite fcc

2 theta Int h k l d(pm)

18.24 6 1 1 1 486.0

30.06 20 2 2 0 297.0

35.45 100 3 1 1 253.0

37.28 6 2 2 2 241.0

43.47 20 4 0 0 208.0

53.89 16 4 2 2 170.0

57.17 40 5 1 1 161.0

62.73 64 4 4 0 148.0

65.70 2 5 3 1 142.0

70.78 2 6 2 0 133.0

74.00 8 5 3 3 128.0

75.37 3 6 2 2 126.0

79.08 3 4 4 4 121.0
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Figure 3.16: TEM image of the 12 nm NiFe2O4 particles made by diol reduction 
and a histogram showing the distribution of particles sizes.  
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peaks at 31.55° (220), 36.90° (311), 44.45° (400), 54.75º (422), 58.65° (511), 64.10°   

(440), and 75.60º (533). The expected X-ray diffraction 2θ values for cobalt ferrite are 

listed in the Table 3.5. The expected diffraction peaks are calculated using Bragg’s Law 

with a Cu Kα wavelength of 1.54 Ǻ. From the X-ray diffraction pattern, the unit cell size 

Figure 3.18: TEM image of the 13 nm CoFe2O4 particles made by diol reduction 
and a histogram showing the distribution of particle sizes.  
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Figure 3.17: The X-ray diffraction pattern of 13 nm CoFe2O4 particles by diol 
reduction. 
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was 8.40 Å, which closely matched the expected value of 8.37 Å. The TEM images 

(Figure 3.18) showed that the average size of the particles was approximately 13 nm in 

diameter. The distributional analysis gave 12.7 nm as the average diameter over a 50 

particles sample. The standard deviation of the sample was 2.2 nm and the coefficient of 

variance was 0.2. Scherrer analysis calculated the average crystallite size to be 10 nm.  

The particle size distribution was narrow.  

The synthesis for manganese ferrite nanoparticles by diol reduction was prepared 

by the Sun et al. method.29 The blackish-brown precipitate was dispersed in hexane and 

then cast on a silicon wafer for X-ray diffraction analysis. In the XRD pattern (Figure 

3.19), the nanoparticles exhibited a fcc crystal structure with characteristic 2θ peaks at 

31.65° (220), 37.15° (311), 45.55° (400), 58.90° (511), and 64.65° (440). The expected X-

Manganese Ferrite fcc

2 theta Int h k l d(pm)

18.03 7 1 1 1 491.6

29.65 27 2 2 0 301.0

34.92 100 3 1 1 256.7

36.53 7 2 2 2 245.8

42.43 21 4 0 0 212.8

46.45 1 3 3 1 195.3

52.61 7 4 2 2 173.8

65.08 24 5 1 1 163.8

61.56 34 4 4 0 150.5

64.71 7 5 3 1 143.9

69.80 2 6 2 0 134.6

72.77 6 5 3 3 129.8

73.75 2 6 2 2 128.3

77.62 2 4 4 4 122.9

80.49 1 7 1 1 119.2

85.21 2 6 4 2 113.8

88.03 9 7 3 1 110.9

Table 3.6: Expected X-ray diffraction peaks for MnFe2O4. 
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ray diffraction 2θ values for manganese ferrite are listed in the Table 3.6. The expected 

diffraction peaks are calculated using Bragg’s Law with a Cu Kα wavelength of 1.54 Ǻ.  

From the X-ray diffraction pattern, the unit cell size was 8.51 Å, which closely matched 

the expected value of 8.50 Å. The TEM images (Figure 3.20) showed that the average 

Figure 3.20: TEM image of the 9 nm MnFe2O4 particles made by diol reduction 
and a histogram showing the distribution of particle sizes.  
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Figure 3.19: The X-ray diffraction pattern of 9 nm MnFe2O4 particles by diol 
reduction. 
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size of the particles to between 6 and 14 nm    in diameter. The distributional analysis 

gave 9.4 nm as the average diameter, a standard deviation of 2.0, and a coefficient of 

variance of 0.2 over a 50 particles sample. Scherrer analysis calculated the average 

crystallite size to be 10 nm.  The particle size distribution was narrow. 

We also modified the synthesis for 6 nm magnetite nanoparticles by diol 

reduction by changing the reducing agent from 1,2-hexadecanediol (10 mmol) to 

triethylene glycol (15 mmol) while keeping all of the rest of the parameters of the 

reaction the same. We did this in an attempt to find a less expensive alternative to 1,2-

hexadecanediol. The synthesis was then compared to the previous 6 nm magnetite 

nanoparticle synthesis. The blackish-brown precipitate was dispersed in hexane and then 

cast on a silicon wafer for X-ray diffraction analysis. In the XRD pattern (Figure 3.21), 

the nanoparticles exhibited a fcc crystal structure with characteristic 2θ peaks at 31.00° 
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Figure 3.21: The X-ray diffraction pattern of 6 nm Fe3O4 particles by reduction 
with triethylene glycol. 
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(220), 36.40° (311), 44.05° (400), 54.60° (422), 58.30° (511), 63.75°  (440), and 75.55°  

(533). From the X-ray diffraction pattern, the unit cell size was 8.42 Å, which closely 

matched the expected value of 8.39 Å. The TEM image (Figure 3.22) showed that the 

procedure gave single crystal particles with diameters in the range of 6 to 22 nm with the 

majority of the particles between 12 and 16 nm. The average diameter was 13.7 nm with 

a standard deviation of 3.1 nm and a coefficient of variance of 0.2 over a 50 nm sample. 

Scherrer analysis calculated the average crystallite size to be approximately 10 nm. When 

comparing to the earlier 6 nm magnetite diol synthesis, the particles were larger, were not 

completely spherical over the entire range of the sample, and the distribution of particle 

sizes was broader than the synthesis using the 1,2-hexadecanediol. This showed that at 

this time, 1,2-hexadecanediol is the better reducing agent for making well defined 

magnetite nanoparticles.  
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Figure 3.22: TEM image of the 6 nm Fe3O4 particles made by reduction with 
triethylene glycol and a size distribution of histogram. 
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From all of the previous synthesis of transition metal oxide nanoparticles for MRI 

contrast enhancement, we believe that the 6 nm particle synthesis for magnetite gave the 

best distribution of size and shape of the magnetite nanoparticles. This synthesis can also 

be scaled up to produce greater quantities of particles without disturbing the distribution 

of size. Also, we have demonstrated that we could make transition metal ferrites that 

range between 10 and 15 nm with small distributions of shapes and sizes, which could be 

used to improve MRI contrast enhancement depended on the needed magnetic properties. 

Finally, 1,2-hexadecanediol is a better reducing agent than both the triethylene glycol and 

stearyl alcohol.  

3.2 Ligands for attachment to the surface of transition metal oxides 

To attach metal oxide nanoparticles to the surface of a targeting moiety, such as 

an adenovirus with polyhistidine tags or herpes simplex virus with tegument proteins, we 

selected three ligands from literature to bind to the surface of the particles. The first 

ligand to be discussed is AEAPT (Figure 3.23). This ligand has a trimethoxysilane group 

that will bind to the surface of the metal oxide nanoparticle by hydrolyzing to give a 

silanol. Then the silanol groups condense with the surface hydroxyl groups on the 

particles. AEAPT also has amine groups with a high binding affinity for Cu2+, Ni2+, 

Figure 3.23: Schematic representation of an AEAPT ligand bound to the surface 
of a NiFe2O4 nanoparticle and coordinated to Ni2+ ion.  
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Co2+, and Fe2+ ions. For the attachment of the AEAPT ligand to the targeting moiety, the 

literature suggested binding Cu2+ to the AEAPT ligand. We also choose Ni2+, because the 

Ni2+ state is stable and not very redox active. To characterize the particles containing 

these ligands, we used XPS and FT-IR. The AEAPT ligands were attached to four 

different metal oxide particles for characterization. We chose NiFe2O4, CoFe2O4, 

MnFe2O4, and Fe3O4 because they are all candidates for MRI contrast enhancement.  

As for the attachment of the AEAPT ligand to the 10 nm NiFe2O4 nanoparticles, 

AEAPT was bound to the surface of the NiFe2O4 nanoparticles using the literature 

procedure described by Hung et al.32 Then, the silanized NiFe2O4 particles were added to 

a 0.1 M NiCl2 solution. The infrared spectrum for the particles after reaction with AEAPT 

is shown in Figure 3.24. The IR sample was prepared by drying a couple of drops of the 

Figure 3.24: FTIR absorbance spectrum of AEAPT ligand on NiFe2O4 nanoparticles. 
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AEAPT/NiFe2O4 solution on a ZnSe crystal. The broad peaks in the spectrum around 

3400-3500 cm‐1 are indicative of the NH2 stretching mode of the AEAPT ligand. The 

sharp peaks around 2925 cm‐1 and 2850 cm‐1 are characteristic of the CH2 asymmetric 

and symmetric stretching modes. The broad peaks between 1500 cm‐1 and 1700 cm‐1 

suggest the NH bending mode and possibly an asymmetric carbonyl stretch. The sharp 

peaks around 1380 cm‐1 and 1460 cm‐1 are indicative of the CH2 bending mode, and the 

broad peaks around 970 cm‐1 and 1090 cm‐1 are indicative of the Si‐O‐R stretching mode. 

The spectrum in Figure 3.22 suggests the successful attachment of the AEAPT ligand to 

the NiFe2O4 particles.  

X-ray photoelectron spectroscopy (XPS) was also used to confirm the attachment 

of the AEAPT ligand to the surface of the 10 nm NiFe2O4 nanoparticles. The XPS sample 

Figure 3.25: XPS survey scan for AEAPT ligand on NiFe2O4 nanoparticles. 
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was prepared dispersing the particles in ethanol and drying the nanoparticles in a vacuum 

oven overnight without heat. The dried powder of nanoparticles was then placed on 

double sided carbon tape on the sample holder. The XPS survey scan indicated the 

presence of iron, nickel, nitrogen, oxygen, silicon, and carbon in the sample (Figure 

3.25). The very intense peak at 532 eV was the oxygen 1s, indication the presence 

oxygen, as expected. There was also an intense peak that appeared at 284 eV, which is 

indicative of the carbon (1s). The presence of iron was shown by the appearance of three 

peaks. The 2s peak appeared at 843 eV and the two 2p peaks appeared at 723 eV and 710 

eV. Nickel 2p peaks appeared at 872 eV and 855 eV. The nitrogen and silicon peaks were 

not as intense as the other peaks, so a high resolution scans for those ranges were taken to 

show their presence in the sample. A high resolution scan between 390 eV and 410 eV 

was run to show the presence of the nitrogen (1s) (Figure 3.26). The peak appeared at 

Figure 3.26: XPS high resolution scan for the N 1s peak. 
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Figure 3.28: XPS high resolution scan for the Si 2s peak. 
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Figure 3.27: XPS high resolution scan for the Si 2p peak. 
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401.0 eV.  A high resolution scan was also run between 95 eV and 110 eV to show the 

presence of the Si (2p) (Figure 3.27). The two peaks for the Si 2p orbital appear at 100.6 

eV and 102.6 eV. For the presence Si 2s orbital, a scan was run between 142.5 eV and 

167.5 eV (Figure 3.28). The Si(2s) peak appeared at 154.4 eV.  The combination of 

spectra in Figure 3.25, Figure 3.26, Figure 3.27, and Figure 3.28 suggests the successful 

attachment of the AEAPT ligand to the NiFe2O4 particles.  

AEAPT was also bound to the surface of the 9 nm MnFe2O4 nanoparticles using 

the literature procedure described by Hung et al.32 Then, the silanized MnFe2O4 particles 

were added to a 0.1 M NiCl2 solution. The infrared spectrum for the particles after 

reaction with AEAPT is shown in Figure 3.29. The IR sample was prepared by making a 

KBr pellet with dried MnFe2O4 particles. The broad peak in the spectrum at 

Figure 3.29: FTIR Transmittance spectrum of AEAPT ligand on MnFe2O4 
nanoparticles. 
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approximately 3400 cm‐1 is indicative of the NH2 stretching mode of the AEAPT ligand. 

The sharp peaks around 2900 cm‐1 and 2850 cm‐1 are characteristic of the CH2 stretching 

modes. The broad peaks between 1500 cm‐1 and 1700 cm‐1 suggest the NH bending mode 

and possibly an asymmetric carbonyl stretch.  The sharp peaks around 1400 cm‐1 and 

1450 cm‐1 are indicative of the CH2 bending mode, and the broad peaks around 970 cm‐1 

and 1070 cm‐1 are indicative of the Si‐O‐R stretching mode. The spectrum in Figure 3.29 

suggests the successful attachment of the AEAPT ligand to the MnFe2O4 particles. 

X-ray photoelectron spectroscopy was also used to confirm the attachment of the 

AEAPT ligand to the surface of the 9 nm MnFe2O4 nanoparticles. The XPS sample was 

prepared dispersing the particles in ethanol and drying the nanoparticles in a vacuum 

oven overnight without heat. The dried powder of nanoparticles was then placed on silver 

paste on the sample holder. The XPS survey scan indicated the presence of iron, oxygen, 

silicon, and carbon in the sample (Figure 3.30). The very intense peak at 535 eV was the 

oxygen 1s, indication the presence oxygen, as expected. There was also an intense peak 

that appeared at 285 eV, which is indicative of the carbon (1s). The presence of iron was 

shown by the appearance of three peaks. The 2s peak appeared at 849 eV and the two 2p 

peaks appeared at 728 eV and 714 eV. Two very intense peaks appear at 102 eV and 153 

eV that are indicative of silicon, (2p) and (2s) respectively. The manganese, nitrogen and 

nickel peaks were not as intense as the other peaks, so a high resolution scans for those 

ranges were taken to show their presence in the sample. A high resolution scan between 

633 eV and 661 eV was run to show the presence of the manganese (2p) (Figure 3.31). 

The peaks appeared at 644.4 eV and 656.0 eV.  A high resolution scan was also run 
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Figure 3.30: XPS survey scan for AEAPT ligand on MnFe2O4 nanoparticles. 
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Figure 3.32: XPS high resolution scan for the N 1s peak. 
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Figure 3.31: XPS high resolution scan for the Mn 2p peaks. 
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between 387 eV and 412 eV to show the presence of the N (1s) (Figure 3.32). A peak for 

the Ni 2p orbital appears at 400.9 eV. For the presence Ni 2p orbital, a scan was run 

between 846 eV and 886 eV (Figure 3.33). A peak appeared at 858.8 eV.  The 

combination of spectra in Figure 3.30, Figure 3.31, Figure 3.32, and Figure 3.33 suggests 

the successful attachment of the AEAPT ligand to the MnFe2O4 particles. 

As for the attachment of the AEAPT ligand to the 12 nm CoFe2O4 nanoparticles, 

AEAPT was bounded to the surface of the CoFe2O4 nanoparticles using the literature 

procedure described by Hung et al.32 Then, the silanized CoFe2O4 particles were added to 

a 0.1 M NiCl2 solution. The infrared spectrum for the particles after reaction with AEAPT 

is shown in Figure 3.34. The IR sample was prepared by making a KBr pellet by using 

dried particles. The broad peak in the spectrum around 3400 cm‐1 is indicative of the NH2 

stretching mode of the AEAPT ligand. The sharp peaks around 2920 cm‐1 and 2850 cm‐1 

Figure 3.33: XPS high resolution scan for the Ni 2p peak. 
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are characteristic of the CH2 stretching modes. The broad peaks between 1500 cm‐1 and 

1700 cm‐1 suggest the NH bending mode and possibly an asymmetric carbonyl stretch. 

The sharp peaks around 1405 cm‐1 and 1460 cm‐1 are indicative of the CH2 bending 

mode, and the broad peaks around 975 cm‐1 and 1090 cm‐1 are indicative of the Si‐O‐R 

stretching mode. The spectrum in Figure 3.34 suggests the successful attachment of the 

AEAPT ligand to the CoFe2O4 particles.  

X-ray photoelectron spectroscopy was also used to confirm the attachment of the 

AEAPT ligand to the surface of the 12 nm CoFe2O4 nanoparticles. The XPS sample was 

prepared dispersing the particles in ethanol and drying the nanoparticles in a vacuum 

Figure 3.34: FTIR Transmittance spectrum of AEAPT ligand on CoFe2O4 
nanoparticles. 
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oven overnight without heat. The dried powder of nanoparticles was then placed on silver 

paste on the sample holder. The XPS survey scan indicated the presence of oxygen, 

silicon, and carbon in the sample (Figure 3.35). The very intense peak at 537 eV was the 

oxygen 1s, indication the presence oxygen, as expected. There was also an intense peak 

that appeared at 289 eV, which is indicative of the carbon (1s). Two very intense peaks 

appear at 106 eV and 157 eV that are indicative of silicon, (2p) and (2s) respectively. The 

nitrogen, nickel, cobalt, and iron peaks were not as intense as the other peaks, so a high 

resolution scans for those ranges were taken to show their presence in the sample. A high 

Figure 3.35: XPS survey scan for AEAPT ligand on CoFe2O4 nanoparticles. 
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resolution scan between 713 eV and 740 eV was run to show the presence of the iron (2p) 

(Figure 3.36). The peak appeared at 716.4 eV.  The combination of spectra in Figure 3.35 

and Figure 3.36 suggests the successful attachment of the AEAPT ligand to the CoFe2O4 

particles. 

AEAPT was also bound to the surface of the Fe3O4 nanoparticles using the 

literature procedure described by Hung et al.32 Then, the silanized Fe3O4 particles were 

added to a 0.1 M NiCl2 solution. The infrared spectrum for the particles after reaction 

with AEAPT is shown in Figure 3.37. The sample of nanoparticles attached to AEAPT 

was dispersed in methanol. Then, the dispersion was dropped onto the ZnSe crystal and 

allowed to dry in a vacuum oven. Some unbounded AEAPT may have appeared in the 

1350‐1450 cm‐1 range. The broad peak in the spectrum around 3400 cm‐1 

Figure 3.36: XPS high resolution scan for the Fe 2p peak. 
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is indicative of the NH2 stretching mode of the AEAPT ligand. The sharp peaks around 

2920 cm‐1 and 2850 cm‐1 are characteristic of the CH2 stretching mode. The broad peaks 

between 1500 cm‐1 and 1700 cm‐1 suggest the NH bending mode and possibly an 

asymmetric carbonyl stretch.  The sharp peaks around 1380 cm‐1 and 1420 cm‐1 are 

indicative of the CH2 mode, and the broad peaks around 950 cm‐1 and 1050 cm‐1 are 

indicative of the Si‐O‐R stretching mode. The spectrum in Figure 3.37 suggests the 

successful attachment of the AEAPT ligand to the magnetite particles.  

X-ray photoelectron spectroscopy (XPS) was also used to confirm the attachment 

of the AEAPT ligand to the surface of the Fe3O4 nanoparticles. The XPS sample was 

prepared dispersing the particles in ethanol and drying the nanoparticles in a vacuum 

oven overnight without heat. The dried powder of nanoparticles was placed on silver 

Figure 3.37: FTIR transmittance spectrum of AEAPT ligand on Fe3O4 nanoparticles. 
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paste on the sample holder. The XPS survey scan indicated the presence of iron, nickel, 

nitrogen, oxygen, silicon, chlorine, and carbon in the sample (Figure 3.38). The very 

intense peak at 530 eV was the oxygen 1s, indication the presence oxygen, as expected. 

There was also an intense peak that appeared at 285 eV, which is indicative of the carbon 

(1s). The presence of iron was shown by the appearance of three peaks. The 2s peak 

appeared at 841 eV and the two 2p peaks appeared at 724 eV and 711 eV. Nickel 2p 

peaks appeared at 873 eV and 856 eV. The nitrogen 1s peak appeared at 400 eV. Silicon 

peaks were not as intense as many of the other peaks, but three peaks that were indicative 

of the silicon were present within the sample. The Si 2p orbital peaks were present at 101 

Figure 3.38: XPS survey scan for AEAPT ligand on Fe3O4 nanoparticles. 
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eV and 97 eV and the Si 2s orbital peak was present at 153 eV.  Also, there are two peaks 

indicative of the presence of chlorine at 269 eV and 199 eV. These two chlorine peaks 

are possibly still present due to excess NiCl2 left on the particles after the cleaning 

process or still being coordinated with Ni2+ on the AEAPT ligand. The spectrum suggests 

the successful attachment of the AEAPT ligand to the magnetite particles. 

 

X-ray photoelectron spectroscopy (XPS) was also taken for magnetite 

nanoparticles before attachment of AEAPT. The XPS sample was prepared dispersing the 

particles in hexane and drying the nanoparticles on a 1 cm x 1 cm silicon wafer. The 

silicon wafer was then placed on double sided carbon tape on the sample holder. The 
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Figure 3.39: XPS survey scan of Fe3O4 nanoparticles. 
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XPS survey scan indicated the presence of iron, oxygen, and carbon in the sample (Figure 

3.39). The very intense peak at 531 eV was the oxygen 1s, indication the presence 

oxygen, as expected. There was also an intense peak that appeared at 285 eV, which is 

indicative of the carbon (1s). The presence of iron was shown by the appearance of four 

peaks. The 3s peak appeared at 56 eV, the 3p appeared at 22 eV, and the two 2p peaks 

appeared at 724 eV and 711 eV. The nitrogen peak was not found in this spectra and that 

indicates that there is no oleylamine bound to the surface of the particles. Figure 3.39 

Figure 3.40: XPS high resolution scan for the C 1s of Fe3O4 nanoparticles (top).  
The bottom two spectra are Gaussian fitted C 1s peaks for integration to determine the 
ratio of carbons within the carbon chain (right) to the carboxylic acid carbon (left). 

292 291 290 289 288 287

400

450

500

550

600

650

In
te

ns
ity

 (
A

.U
.)

Binding Energy

288.9 eV

288 287 286 285 284 283 282
0

500

1000

1500

2000

2500

3000

3500

4000

In
te

ns
ity

 (
A

.U
.)

Binding Energy

285.4 eV

295 290 285 280
0

500

1000

1500

2000

2500

3000

3500

4000

In
te

ns
ity

 (
A

.U
.)

Binding Energy



 

76 
 

suggests that oleic acid is present on the magnetite particles. By further analysis by 

integrating under the curve of the high resolution scan of the carbon 1s (Figure 3.40), it 

shows that there is an approximate 18:1 ratio of carbons within the carbon chain to the 

carboxylic acid carbon. 

 

An IR spectrum was taken of the magnetite nanoparticles before the reaction with 

AEAPT. The infrared spectrum for the particles is shown in Figure 3.41. The IR sample 

was prepared by drying magnetite particles in hexane on a ZnSe crystal. The broad peak 

in the spectrum around 3390 cm‐1 is indicative of the NH2 stretching mode of the 

oleylamine ligand. The sharp peaks around 2920 cm‐1 and 2850 cm‐1 are characteristic of 

Figure 3.41: The IR spectrum of magnetite particles before reacting with the AEAPT 
ligand. 
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the CH2 stretching mode. The broad peaks between 1500 cm‐1 and 1700 cm‐1 suggest the 

NH bending mode from the oleylamine ligands and an asymmetric carbonyl stretch from 

the oleic acid ligands.  The peaks between 1325 cm‐1 and 1450 cm‐1 are indicative of the 

CH2 mode and a symmetric carbonyl stretch. The spectrum in Figure 3.41 shows that 

both oleylamine and oleic acid ligands are present on the surface of the magnetite 

particles before attachment of AEAPT.  

In summary for AEAPT, we prepared magnetite, cobalt ferrite, manganese ferrite, 

and nickel ferrite nanoparticles with the linker AEAPT bounded to the particle surface by 

using simple silane coupling agent chemistry. We believe that there is a small amount of 

oleic acid and oleylamine still present on the surface of the particles after the reaction 

with the AEAPT ligand. The process is convenient and lends itself to scale‐up, thereby 

allowing us to provide adequate quantities for magnetically labeling viruses. Although we 

used Cu2+ and Ni2+, this chemistry allows the possibility to vary the choice of transition 

metal ion with other ions that could also bind the amine groups from the polyhistidine 

residues, including Co2+ or Fe2+. This provides a wide range of options for tailoring the 

linker to bind polyhistidine tags onto viruses. 

The second ligand to be discussed is the hydroxy/biotin ligand (Figure 3.42) that 

was prepared using a literature procedure by Gu et al.42 This ligand has an 

orthodihydroxytyramine group that will strongly bind to the surface of the metal oxide 

nanoparticle. On the other end of the ligand, it is a biotin group that should bind to the 

adenovirus that has biotin-hexons via an avidin bridge. The hydroxy/biotin ligands were 

being prepared to attach to the surface of 6 nm magnetite nanoparticles.  
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The synthesis of the hydroxy/biotin ligand was attempted by the procedure from 

the Gu et al.42 After completing the synthesis procedure, we could not separate the ligand 

from the unreacted material. In the literature, the separation was said to be completed by 

HPLC, but did not give any information on the solvent or any of the other parameters 

used to accomplish the separation.   

 

Figure 3.43: Schematic representation of (a.) Biotin/triethoxysilane ligand for 
functionalizing the surface of particles for attachment to drug delivery vector, (b.) 
triethoxysilane/PEG ligand for dispersing the oxide particles in water, and (c.) 
TMAOH ligand for dispersing the oxide particles in water. 
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Figure 3.42: Schematic representation of biotin/hydroxy ligand. 

N
H

NH
S

O
NH

OOH

OH



 

79 
 

The third ligand attachment to be discussed is the biotin/triethoxysilane ligand 

(Figure 3.43a) that was received from Dr. Jacqueline Nikles. This ligand has a 

triethoxysilane group that will strongly bind to the surface of the metal oxide 

nanoparticle. On the other end of the ligand, it has a biotin group that should bind to the 

adenovirus that has biotin-hexons via an avidin bridge. The triethoxysilane/biotin ligands 

were attached to the surface of 6 nm magnetite nanoparticles. We also bound 

biotin/triethoxysilane, triethoxysilane/PEG, and TMAOH ligands (Figure 3.43) to the 

surface of the Fe3O4 nanoparticles. The addition of TMAOH and triethoxysilane/PEG 

were to improve the biotin/triethoxysilane surface modified particles solubility in water.  

IR and XPS spectra showed the attachment of the biotin/triethoxysilane ligand to 

the surface of the 6 nm Fe3O4 nanoparticles. The infrared spectrum for the particles after 

reaction with biotin/triethoxysilane ligand is shown in Figure 3.44. The IR sample was 

prepared by drying a couple of drops of the biotin/triethoxysilane solution on a ZnSe 

crystal. The broad peaks in the spectrum around 3300-3400 cm‐1 are indicative of the 

NH2 stretching mode of the biotin/triethoxysilane ligand. The very weak peaks around 

2930 cm‐1 and 2850 cm‐1 are characteristic of the CH2 bending modes. The broad peaks 

around 1600 cm‐1 and 1670 cm‐1 suggest the NH bending mode. The sharp peaks around 

1370 cm‐1 and 1490 cm‐1 are indicative of the CH2 bending mode, and the broad peaks 

around 1040 cm‐1 are indicative of the Si‐O‐R stretching mode. The sharp peak at 1130 

cm-1 suggest C-N stretching mode. The peak at 990 cm-1 is indicative of a carbon sulfur 

bond within a cyclic ring. The spectrum in Figure 3.39 suggests the successful attachment 

of the biotin/triethoxysilane ligand to the Fe3O4 particles.  
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An XPS spectrum was also used to confirm the attachment of the 

biotin/triethoxysilane ligand to the surface of the Fe3O4 nanoparticles. The XPS sample 

was prepared dispersing the particles in ethanol and drying the nanoparticles in a vacuum 

oven overnight without heat. The dried powder of nanoparticles was placed on silver 

paste on the sample holder. The XPS survey scan indicated the presence of iron, oxygen, 

silicon, sulfur, and carbon in the sample (Figure 3.45). There is a shift in the spectrum is 

approximately +12 eV and has be accounted for in this discussion. The very intense peak 

at 531 eV was the oxygen 1s, indication the presence oxygen, as expected. There was 

also an intense peak that appeared at 284 eV, which is indicative of the carbon (1s). The 

Figure 3.44: FTIR spectrum for Fe3O4 nanoparticles with the biotin/triethoxysilane 
ligand on the surface. 
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presence of iron was shown by the appearance of the two 2p peaks appeared at 725 eV 

and 711 eV. The Si 2p orbital peak was present at 103 eV and the Si 2s orbital peak was 

present at 152 eV.  The spectrum suggests the possible attachment of the 

biotin/triethoxysilane ligand to the magnetite particles; also, it appears that there are some 

contaminants within the sample or silver paste present in the spectra.  

IR and XPS spectra showed the attachment of the biotin/triethoxysilane, 

triethoxysilane/PEG, and TMAOH ligand to the surface of the 6 nm Fe3O4 nanoparticles. 

The infrared spectrum for the particles after reaction with biotin/triethoxysilane, 

triethoxysilane/PEG, and TMAOH ligands is shown in Figure 3.46. The IR sample was 

prepared by drying a couple of drops of the magnetite nanoparticle, 

biotin/triethoxysilane, triethoxysilane/PEG, and TMAOH solution on a ZnSe crystal. The 

Figure 3.45: XPS survey scan for Fe3O4 nanoparticles with the biotin/triethoxysilane 
ligand on the surface. 
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broad peaks in the spectrum around 3250-3400 cm‐1 are indicative of the NH2 stretching 

mode of the biotin/triethoxysilane and triethoxysilane/PEG ligands. The weak peaks 

around 2920 cm‐1 and 2850 cm‐1 are characteristic of the CH2 bending modes. The broad 

peaks between 1540 cm‐1 and 1670 cm‐1 suggest the NH bending mode. The sharp peaks 

between 1370 cm‐1 and 1460 cm‐1 are indicative of the CH2 bending mode, and the sharp 

peak at 1130 cm-1 suggest C-N stretching mode. The broad peaks around 1040 cm‐1 

suggest the Si‐O‐R stretching mode. The peak at 990 cm-1 is indicative of a carbon sulfur 

bond within a cyclic ring. The spectrum in Figure 3.46 suggests the attachment of the 

ligands to the surface of Fe3O4 particles. 

Figure 3.46: FTIR spectrum for Fe3O4 nanoparticles with the biotin/triethoxysilane 
ligand, TMAOH, and PEG/triethoxysilane ligand on the surface. 
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XPS confirmed the attachment of the biotin/triethoxysilane, triethoxysilane/PEG, 

and TMAOH ligands to the surface of the Fe3O4 nanoparticles. The XPS sample was 

prepared dispersing the particles in ethanol and drying the nanoparticles in a vacuum 

oven overnight without heat. The dried powder of nanoparticles was placed on silver 

paste on the sample holder. The XPS survey scan indicated the presence of iron, oxygen, 

silicon, and carbon in the sample (Figure 3.47). The very intense peak at 532 eV was the 

oxygen 1s, indication the presence oxygen, as expected. There was also an intense peak 

that appeared at 285 eV, which is indicative of the carbon (1s). The presence of iron was 

shown by the appearance of two peaks. The two 2p peaks appeared at 724 eV and 713 

Figure 3.47: XPS survey scan for Fe3O4 nanoparticles with the biotin/triethoxysilane 
ligand, TMAOH, and PEG/triethoxysilane ligand on the surface. 
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eV. The Si 2p orbital peak was present at 102 eV and the Si 2s orbital peak was present at 

153 eV.  The spectrum leads us to believe that there was a successful attachment of the 

ligands to the magnetite particles.  
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Chapter 4 

Synthesis of CuNi alloy nanoparticles 

 

Our objective is to prepare magnetic nanoparticles for Curie temperature limited 

hyperthermia therapy within the therapeutic range (40 – 50 ºC). CuNi alloy particles have 

been reported to have a Curie temperature within the therapeutic range. In this chapter, 

our goals are to synthesize CuNi alloy particles with a size below 50 nm, a small size 

distribution, and a narrow particle composition distribution. The approaches we evaluated 

to synthesize these particles were diol reduction, seeding nickel particles with Cu(acac)2, 

diol reduction in the presence of PVP, and oleate reduction. 

 

4.1 CuNi alloy nanoparticles by diol synthesis methods 

When this project began, there were no literature procedures to prepare fcc CuNi 

alloy nanoparticles with a diameter of 50 nm or less, have a narrow size distribution 

(having a coefficient of variance less than 0.1 over a distribution of particles), and control 

of the composition (being within 5% of the target composition with a standard deviation 

below 0.5 between scans). Both copper and nickel form fcc lattices, which should make 

them miscible with each other throughout the unit cell. So, the CuNi alloys should have a 

fcc lattice with the copper and nickel ions space within the unit cell randomly. If the 

copper and nickel form an alloy in this way, we expect to see single peaks for the (111), 
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(200), and (220) that should lie between the corresponding peaks for the (Table 4.1) and 

nickel (Table 4.2) alone. The expected X-ray diffraction 2θ values for CuNi alloys are 

listed in the Table 4.3. These values assume a Cu Kα X-ray source width of λ=1.54Ǻ. The 

unit cell size for a Cu74Ni26 alloy is 3.59 Å from the JCPDS (PDF# 09-0205).  

  

Our first approach to synthesizing CuNi alloy nanoparticles for Curie temperature 

limited hyperthermia was to reduce the metal precursors by diol reduction. In an attempt 

to find particles with a size below 50 nm, a small size distribution, and a narrow particle 

composition distribution, we examined the effect of five different reaction variables. 

Copper Nickel fcc

2 theta Int h k l d(pm)

43.60 100 1 1 1 207.4

50.79 50 2 0 0 179.6

74.68 47 2 2 0 127.0

90.63 30 3 1 1 108.3

95.90 11 2 2 2 103.7

Table 4.3: Expected x-ray diffraction peaks for fcc CuNi alloys. (PDF# 09-0205) 

Table 4.2: Expected x-ray diffraction peaks for fcc Ni metal. (PDF# 87-0712) 
Nickel fcc

2 theta Int h k l d(pm)

44.50 100 1 1 1 203.4

51.85 42 2 0 0 176.2

76.38 16 2 2 0 124.6

Table 4.1: Expected x-ray diffraction peaks for fcc Cu metal. (PDF# 03-1015) 
Copper fcc

2 theta Int h k l d(pm)

43.47 100 1 1 1 208.0

50.37 80 2 0 0 181.0

74.00 80 2 2 0 128.0

89.93 80 3 1 1 109.0

95.57 50 2 2 2 104.0

117.71 20 4 0 0 90.0

136.26 40 3 3 1 83.0

143.96 40 4 2 0 81.0
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These variables were type of solvent, the heating temperature sequence, types and 

amounts of surfactants, composition, and the type of reducing agents, as seen in Table 

4.4.  

  

4.1.1 Solvent: 

In determining the best solvent for the diol synthesis of CuNi nanoparticles, we 

evaluated four different solvents having different reflux temperatures. The solvents were 

phenyl ether (259 ºC), benzyl ether (298 ºC), octyl ether (286 ºC), and trioctylamine. (365 

ºC) In each case, all solid components were allowed to completely dissolve before any 

heat was applied. To begin, we heated to reflux for 30 minutes in each solvent under the 

same reaction conditions and cleaning procedures as described in Procedure 2.2.4. In 

each reaction the color began as a blue-green solution and began turning darker after 

reaching approximately 80 ºC. Then at approximately 160 ºC, the solution became a dark 

brown. As we continued to reflux, the solution slowly became black.   

In the first reaction, we used 15 mL of phenyl ether, 1.5 mL of both oleic acid and 

oleylamine, 0.5 mmol of both Cu(acac)2 and Ni(acac)2, and 5 mmol of 1,2-

hexadecanediol. A blackish-brown supernatant was separated from the black precipitate 

by centrifugation. The black precipitate was dispersed in hexane and then cast on a 

silicon wafer for X-ray diffraction analysis. In the XRD pattern (Figure 4.1), the 

nanoparticles exhibited a mixed phase of the expected fcc crystal structure with 

Table 4.4: Diol reduction reaction variables. 

Solvent phenyl ether, benzyl ether, octyl ether, trioctylamine
Temperature Sequence 30 min reflux, 3 hrs reflux, up to 2 hr at 200ºC/up to 1 hr reflux
Surfactant oleic acid, oleylamine, lauric acid
Composition
Reduction Agent 1,2-hexadecanediol, stearyl alcohol, super-hydride, sodium triethylborohydride

Cu25Ni75, Cu33Ni66, Cu50Ni50, Cu60Ni40 
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characteristic 2θ peaks at 45.00° (111), 52.35° (200), and 75.80° (220) and an unexpected 

hcp crystal phase with characteristic 2θ peaks at approximately 40.50°  (010), 43.30°, 

(002), 45.80° (011), 60.20° (012), and 72.40° (110). From the X-ray diffraction pattern, 

Figure 4.2: TEM images from different areas of the TEM grid of CuNi particles 
made by refluxing the reaction mixture for 30 minutes in phenyl ether. 
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Figure 4.1: The X-ray diffraction pattern of CuNi particles made by refluxing the 
reaction mixture for 30 minutes in phenyl ether. 
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the unit cell size for the fcc particles was 3.59 Å, which matched the expected value of 

3.59 Å of Cu74Ni26 from the JCPDS (PDF# 09-0205). The unit cell parameters for hcp 

particles was determined to be 2.66 Å for a and 4.39 Å for c, which are close to the 

reported values from the JCPDS (PDF# 45-1027) of 2.65 Å for a and 4.34 Å for c for 

hexagonal Ni nanoparticles. The TEM image (Figure 4.2) shows that the particles 

average size is approximately 50-70 nm and yielded slightly spherical particles. The 

SEM-EDAX data (Table 4.5) shows that the targeted Cu50Ni50 composition was not 

obtained from this synthesis, but the particles composition was actually Cu14Ni86. 

Although the particle size is consistent within the sample, we need a particle that is fcc 

and control of the composition.   

In the second reaction, we used 15 mL of benzyl ether, 1.5 mL of both oleic acid 

and oleylamine, 0.5 mmol of both Cu(acac)2 and Ni(acac)2, and 5 mmol of 1,2-

hexadecanediol. A blackish-brown supernatant was separated from the black precipitate 

by centrifugation. The black precipitate was dispersed in hexane and then cast on a 

silicon wafer for X-ray diffraction analysis. In the XRD pattern (Figure 4.3), the 

nanoparticles exhibited a fcc crystal structure with characteristic 2θ peaks at 44.85° (111), 

52.00° (200), and 75.75° (220). From the X-ray diffraction pattern, the unit cell size for 

the fcc particles was 3.59 Å, which matched the expected value of 3.59 Å of Cu74Ni26 

Table 4.5: SEM-EDAX atomic percentage data from five line scans with a 
standard deviation of 0.33 for CuNi particles made in phenyl ether. 
 Cu Ni

1 14.60 85.40
2 14.31 85.69
3 13.87 86.13
4 14.30 85.70
5 14.74 85.26

average 14.36 85.64
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Figure 4.4: TEM images from different areas of the TEM grid of CuNi particles 
made by refluxing the reaction mixture for 30 minutes in benzyl ether. 
 

Figure 4.3: The X-ray diffraction pattern of CuNi particles made by refluxing the 
reaction mixture for 30 minutes in benzyl ether. 
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from the JCPDS (PDF# 09-0205). The TEM images (Figure 4.4) show that the particles 

average size is between 50-100 nm and yielded mostly spherical particles with some of 

the particles being rod shaped with lengths under 150 nm. The SEM-EDAX data (Table 

4.6) shows that the targeted Cu50Ni50 composition was close to the actual composition of 

Cu53Ni47 from this synthesis. This sample did meet the criteria of composition control 

while yielding a fcc structure. As the TEM images show, further improvement over the 

control of size and shape of the nanoparticles is needed.  

In the third reaction, we used 15 mL of octyl ether, 1.5 mL of both oleic acid and 

oleylamine, 0.5 mmol of both Cu(acac)2 and Ni(acac)2, and 5 mmol of 1,2-

hexadecanediol. A blackish-brown supernatant was separated from the black precipitate 

by centrifugation. The black precipitate was dispersed in hexane and then cast on a 

silicon wafer for X-ray diffraction analysis. In the XRD pattern (Figure 4.5), the 

nanoparticles exhibited a mixed phase of the expected fcc crystal structure with 

characteristic 2θ peaks at 45.05° (111) and 52.15° (200) and a hcp crystal phase with 

characteristic 2θ peaks at 39.95° (010), 42.10° (002), 43.70° (011), and 58.90° (012). From 

the X-ray diffraction pattern, the unit cell size for the fcc particles was 3.60 Å, which 

closely matches the expected value of 3.59 Å of Cu74Ni26 from the JCPDS (PDF# 09-

Table 4.6: SEM-EDAX atomic percentage data from five line scans with a 
standard deviation of 11.76 for CuNi particles made in benzyl ether. 
 Cu Ni

1 43.35 56.65
2 52.53 47.47
3 53.75 46.25
4 44.46 55.54
5 35.46 64.54
6 59.93 40.07
7 70.70 29.30
8 64.53 35.47

average 53.09 46.91
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0205). The unit cell parameters for hcp particles was determined to be 2.65 Å for a and 

4.40 Å for c, which are close to the reported values from the JCPDS (PDF# 45-1027) of 

2.65 Å for a and 4.34 Å for c for hexagonal Ni nanoparticles. The TEM image (Figure 

4.6) shows that the particles average size was approximately 100-200 nm and yielded 

Figure 4.6: TEM images from different areas of the TEM grid of CuNi particles 
made by refluxing the reaction mixture for 30 minutes in octyl ether. 
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Figure 4.5: The X-ray diffraction pattern of CuNi particles made by refluxing the 
reaction mixture for 30 minutes in octyl ether. 
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slightly spherical particles. The SEM-EDAX   data (Table 4.7) shows that the targeted 

Cu50Ni50 composition was not obtained from this synthesis, but the particles composition 

was actually Cu13Ni87. For this sample, the particle size and size distribution is larger than 

we would like and we need control over the phase and composition of the sample. 

In the fourth reaction, we used 15 mL of trioctylamine ether, 1.5 mL of both oleic 

acid and oleylamine, 0.5 mmol of both Cu(acac)2 and Ni(acac)2, and 5 mmol of 1,2-

hexadecanediol. In this synthesis, the solution refluxed at 40 ºC below it expected 365 ºC. 

A blackish-brown supernatant was separated from the black precipitate by centrifugation. 

Table 4.7: SEM-EDAX atomic percentage data from five line scans with a 
standard deviation of 0.19 for CuNi particles made in octyl ether. 
 Cu Ni

1 12.35 87.65
2 12.85 87.15
3 12.74 87.26
4 12.54 87.46
5 12.69 87.31

average 12.63 87.37

Figure 4.7: The X-ray diffraction pattern of CuNi particles made by refluxing the 
reaction mixture for 30 minutes in trioctylamine. 
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The black precipitate was dispersed in hexane and then cast on a silicon wafer for X-ray 

diffraction analysis. In the XRD pattern (Figure 4.7), the nanoparticles exhibited a mixed 

phase of the expected fcc crystal structure with characteristic 2θ peaks at 44.80° (111) and 

52.65° (200) and a hcp crystal phase with characteristic 2θ peaks at 40.35° (010), 42.80° 

(002), 45.85° (011), and 59.95° (012). From the X-ray diffraction pattern, the unit cell size 

for the fcc particles was 3.59 Å, which matched the expected value of 3.59 Å of Cu74Ni26 

from the JCPDS (PDF# 09-0205). The unit cell parameters for hcp particles was 

determined to be 2.65 Å for a and 4.36 Å for c, which are almost exactly the reported 

values from the JCPDS (PDF# 45-1027) of 2.65 Å for a and 4.34 Å for c for hexagonal 

Ni nanoparticles. The TEM image (Figure 4.8) shows that the particles average size is 

approximately 25-500 nm and yielded spherical particles. The SEM-EDAX data (Table 

4.8) shows that the targeted Cu50Ni50 composition was not obtained from this synthesis, 

Figure 4.8: TEM images from different areas of the TEM grid of CuNi particles 
made by refluxing the reaction mixture for 30 minutes in trioctylamine. 
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but the particles composition was actually Cu9Ni91. For this sample, the particle size and 

size distribution is larger than we would like and we need control over the phase and 

composition of the sample.  

For the case of the solvent, we concluded that the best solvent for diol reduction is 

benzyl ether. This is due to the ability of producing fcc CuNi particles that the 

composition could be controlled and a average size that is under 100 nm. To improve 

these characteristics the surfactants, temperature sequence, control of composition and 

reducing agents would be evaluated in the following sections.  

4.1.2 Temperature Sequence: 

 Three basic temperature profiles were used within the diol synthesis of CuNi. The 

first was a slow heating to the reflux temperature of the solvent and maintaining the 

reflux temperature for 30 minutes, as shown in the previous solvent section. The second 

was a slow heating to the reflux temperature of the solvent and maintaining the 

temperature for 3 hours. The third method was to heat the solvent to a hold temperature 

of 200 ºC for up to 2 hours and then slowly heat to reflux for up to 1 hour. The solvent 

benzyl ether was chosen to make comparisons between the heating sequences. 

The first type of temperature sequence, slowly heated to reflux for 30 minutes, 

was discussed in the previous solvent section (pages 89-91) and will be expanded on in a 

Table 4.8: SEM-EDAX atomic percentage data from five line scans with a 
standard deviation of 0.47 for CuNi particles made in trioctylamine. 
 Cu Ni

1 9.96 90.04
2 8.90 91.10
3 9.10 90.90
4 9.48 90.52
5 9.88 90.12

average 9.46 90.54
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following section of compositional control (pages 123-128). In these syntheses, each 

synthesis was performed with benzyl ether as the solvent. In each of the syntheses, the 

particles exhibited the expected fcc crystal structure and good compositional control. The 

particle size distributions were generally between 25-100 nm for spherical particles. Rod-

shaped particles with differing lengths were found in each sample.  

In the second type of temperature sequence, we attempted two different syntheses. 

In the first synthesis, we heated 40 mL of benzyl ether, 0.2 mL of oleic acid, 0.6 mL 

oleylamine, 0.5 mmol of Cu(acac)2, 0.5 mmol Ni(acac)2, and 5 mmol of 1,2-

hexadecanediol to reflux for 3 hrs. In the XRD pattern (Figure 4.9), the nanoparticles 

exhibited a mixed phase of the expected fcc crystal structure with characteristic 2θ peaks 

at 45.10° (111) on the shoulder of the (002) for the Ni hcp phase and 52.80° (200). A hcp 

crystal phase with characteristic 2θ peaks at 40.65° (010), 43.20° (002), 46.20° (011), and 
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Figure 4.9: The X-ray diffraction pattern of CuNi particles made by refluxing the 
reaction mixture for 3 hrs in benzyl ether while in the presence of 0.2 mL of oleic 
acid and 0.6 mL of oleylamine. 
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60.20° (012). From the X-ray diffraction pattern, the unit cell size for the fcc particles was 

3.59 Å, which matched the expected value of Cu74Ni26 from the JCPDS (PDF# 09-0205). 

The unit cell parameters for hcp particles was determined to be 2.65 Å for a and 4.36 Å 

for c, which are almost exactly the reported values from the JCPDS (PDF# 45-1027) of 

2.65 Å for a and 4.34 Å for c for hexagonal Ni nanoparticles. The TEM images (Figure 

4.10) show that the particles average size is between 50-100 nm and yielded mostly 

spherical particles with some of the particles being rod shaped with lengths up to  150 

Table 4.9: SEM-EDAX atomic percentage data from five line scans with a 
standard deviation of 2.63 for CuNi particles made by refluxing the reaction 
mixture for 3 hrs in benzyl ether while in the presence of 0.2 mL of oleic acid and 
0.6 mL of oleylamine. 
 Cu Ni

1 12.66 87.34
2 12.31 87.69
3 11.98 88.02
4 6.29 93.71
5 11.24 88.76

average 10.90 89.10

Figure 4.10: TEM images from different areas of the TEM grid of CuNi particles 
made by refluxing the reaction mixture for 3 hrs in benzyl ether while in the 
presence of 0.2 mL of oleic acid and 0.6 mL of oleylamine. 
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nm. The SEM-EDAX data (Table 4.9) shows that the targeted Cu50Ni50 composition was 

not met, yielding the actual composition of Cu11Ni90 for this synthesis. This sample did 

not meet any of our four criteria for being a good CuNi alloy particle synthesis, because it 

failed to yield only fcc CuNi alloy particle, gave a large sized distribution, average 

particle size was larger than 50 nm, and we were unable to control the composition of the 

particles.  

In the second synthesis, we heated 40 mL of benzyl ether, 3 mL of both oleic acid 

and oleylamine, 0.75 mmol of Cu(acac)2, 0.25 mmol Ni(acac)2, and 5 mmol of 1,2-

hexadecanediol to reflux for 3 hrs. In the XRD pattern (Figure 4.11), the nanoparticles 

exhibited the expected fcc crystal structure with characteristic 2θ peaks at 44.85° (111) 

and 52.00° (200). From the X-ray diffraction pattern, the unit cell size for the fcc 

Figure 4.11: The X-ray diffraction pattern of CuNi particles made by refluxing the 
reaction mixture for 3 hrs in benzyl ether while in the presence of 3 mL of oleic 
acid and 3 mL of oleylamine. 
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particles was 3.59 Å, which matched the expected value of Cu74Ni26 from the JCPDS 

(PDF# 09-0205). The TEM images (Figure 4.12) show that there were particles in many 

different shapes and sizes. The triangular particles were between 20-40 nm in diameter, 

whereas the spherical and pentagonal particles ranged from 50 nm to over 100 nm in 

diameter. There was also rod shaped particles present and they were all in excess of 150 

nm in length. The SEM-EDAX (Table 4.10) shows that the targeted Cu75Ni25 

Table 4.10: SEM-EDAX atomic percentage data from five line scans with a 
standard deviation of 0.48 for CuNi particles made by refluxing the reaction 
mixture for 3 hrs in benzyl ether while in the presence of 3 mL of oleic acid and 3 
mL of oleylamine. 
 

Cu Ni
1 59.44 40.56
2 59.73 40.27
3 59.75 40.25
4 58.58 41.42
5 59.37 40.63

average 59.37 40.63

Figure 4.12: TEM images from different areas of the TEM grid of CuNi particles 
made by refluxing the reaction mixture for 3 hrs in benzyl ether while in the 
presence of 3 mL of oleic acid and 3 mL of oleylamine. 
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composition was close to the actual composition of Cu59Ni41 from this synthesis. So for 

this synthesis, we were only able of meet the criteria for having fcc particles.  

In conclusion of the heating the reaction mixture to reflux for 3 hours, we show 

that the particles size and composition do not fall in to our criteria for a good CuNi alloy 

nanoparticles synthesis. It also appeared that at this long reflux time, the amount of 

surfactant plays a role in whether hcp nickel nanoparticles form. 

For the third type of synthesis was to heat the reaction mixture to a hold 

temperature of 200 ºC for up to 2 hours and then slowly heat to reflux for up to 1 hour. 

We examined different variations of these times. For the first synthesis discussed of this 

type, we used a hold time of 30 minutes and a reflux time of 1 hour. In this synthesis, we 

used 25 mL of benzyl ether, 0.5 mL of both oleic acid and oleylamine, 0.5 mmol of 

Cu(acac)2, 0.5 mmol Ni(acac)2, and 5 mmol 1,2 hexadecanediol. In the XRD pattern 

(Figure 4.13), the nanoparticles exhibited a mixed phase of the expected fcc crystal 

Figure 4.13: The X-ray diffraction pattern of CuNi particles made by heating to 
200 ºC for 30 minutes and then refluxing the reaction mixture for 1 hour in benzyl 
ether while in the presence of 0.5 mL of oleic acid and 0.5 mL of oleylamine. 
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structure with characteristic 2θ peaks at 44.95° (111) and 52.35° (200) and a hcp crystal 

phase with characteristic 2θ peaks at 40.65° (010), 43.15°   (002), and 46.10° (011).From 

the X-ray diffraction pattern, the unit cell size for the fcc particles was 3.60 Å, which 

almost exactly matched the expected value of 3.59 Å of Cu74Ni26 from the JCPDS (PDF# 

09-0205). The unit cell parameters for hcp particles was determined to be 2.66 Å for a 

and 4.41 Å for c, which are close to the reported values from the JCPDS (PDF# 45-1027) 

of 2.65 Å for a and 4.34 Å for c for hexagonal Ni nanoparticles. The TEM images 

(Figure 4.14) show that the particle sizes are between 20-80 nm. In this sample, the 

particles had a wide range of shapes (spheres, rectangles, triangles, and squares). The 

SEM-EDAX data (Table 4.11) shows that the targeted Cu50Ni50 composition was not 

obtained with the actual composition being Cu11Ni89 for this synthesis. This synthesis did 

give us an overall smaller distribution of particles sizes than the previous synthesis of just 

heating to reflux, but did not meet the rest of the criteria.  

Figure 4.14: TEM images from different areas of the TEM grid of CuNi particles 
made by heating to 200 ºC for 30 minutes and then refluxing the reaction mixture 
for 1 hour in benzyl ether while in the presence of 0.5 mL of oleic acid and 0.5 mL 
of oleylamine. 
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For the second synthesis to be discussed, we used 30 mL of benzyl ether, 1 mL of 

oleic acid, 3 mL of oleylamine, 0.5 mmol of Cu(acac)2, 0.5 mmol Ni(acac)2, and 5 mmol 

1,2-hexadecanediol. The reaction was slowly heated to 200 ºC for 2 hours and then 
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Figure 4.15: The X-ray diffraction pattern of CuNi particles made by heating to 
200 ºC for 2 hours and then refluxing the reaction mixture for 1 hour in benzyl 
ether while in the presence of 1 mL of oleic acid and 3 mL of oleylamine. 
 

Table 4.11: SEM-EDAX atomic percentage data from five line scans with a 
standard deviation of 1.93 for CuNi particles made by heating to 200 ºC for 30 
minutes and then refluxing the reaction mixture for 1 hour in benzyl ether while in 
the presence of 0.5 mL of oleic acid and 0.5 mL of oleylamine. 

Cu Ni
1 10.89 89.11
2 12.37 87.63
3 8.29 91.71
4 10.72 89.28
5 13.39 86.61

average 11.13 88.87
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refluxed for 1 hour. In the XRD pattern (Figure 4.15), the nanoparticles exhibited a fcc 

crystal structure with characteristic 2θ peaks at 45.85° (111) and 53.10° (200). From the 

X-ray diffraction pattern, the unit cell size for the fcc particles was 3.60 Å, which exactly 

matched the expected value of Cu74Ni26 from the JCPDS (PDF# 09-0205). The TEM 

images (Figure 4.16) show that the particles where various shapes and sizes. The smaller 

spherical particles were around 50 nm, but some were as large as 200 nm. There were 

also rods scattered throughout the sample that were in excess of 500 nm in length. The 

Table 4.12: SEM-EDAX atomic percentage data from five line scans with a 
standard deviation of 0.31 for CuNi particles made by heating to 200 ºC for 2 
hours and then refluxing the reaction mixture for 1 hour in benzyl ether while in 
the presence of 1 mL of oleic acid and 3 mL of oleylamine. 
 

Cu Ni
1 14.67 85.33
2 14.19 85.81
3 13.98 86.02
4 14.01 85.99
5 13.91 86.09

average 14.15 85.85

Figure 4.16: TEM images from different areas of the TEM grid of CuNi particles 
made by heating to 200 ºC for 2 hours and then refluxing the reaction mixture for 
1 hour in benzyl ether while in the presence of 1 mL of oleic acid and 3 mL of 
oleylamine. 
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SEM-EDAX data (Table 4.12) shows that the targeted Cu50Ni50 composition did not 

match the actual composition of Cu14Ni86 from this synthesis. Although this sample did 

give a fcc phase, it did not meet any of the other needed criteria.  

As another example of this type of temperature sequence, we chose to heat to 200 

ºC for 1 hours and then refluxing the reaction mixture for 1 hour. Examples of this 

temperature heating sequence will be further outlined in the next section, called 

surfactants. 

4.1.3 Surfactants: 

 Within the diol syntheses, we chose oleylamine, oleic acid, and lauric acid as 

surfactants. During these syntheses, we examined what happened as we changed the ratio 

between the surfactants, amount of surfactant used, and the time of addition of the 

surfactants to better understand the process of synthesizing CuNi alloy nanoparticles.  We 

will discuss nine different reactions in this section, in which seven of the nine syntheses 

had the temperature sequence of heating the reaction mixture to 200 ºC and held for one 

hour and then refluxed for one hour. The other two reactions involve the oleic acid and 

oleylamine being injected at 100 ºC, then being heated to 200 ºC for 30 minutes, and then 

refluxed for 30 minutes.  

For the first synthesis to be discussed, This we used 15 mL of benzyl ether, 1 mL 

of oleic acid, 3 mL of oleylamine, 0.5 mmol of Cu(acac)2, 0.5 mmol Ni(acac)2, and 5 

mmol 1,2 hexadecanediol. Then, the reaction mixture was slowly heated to 200 ºC for 

and held there for 1 hour and then heated to reflux for 1 hour. In the XRD pattern (Figure 

4.17), the nanoparticles exhibited the expected fcc crystal structure with characteristic 2θ 

peaks at 44.85° (111), 52.10° (200), and 75.60° (220). From the X-ray diffraction 



 

105 
 

Figure 4.17: The X-ray diffraction pattern of CuNi particles made by heating to 
200 ºC for 1 hour and then refluxing the reaction mixture for 1 hour in benzyl 
ether while in the presence of 1 mL of oleic acid and 3 mL of oleylamine. 
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Figure 4.18: TEM images from different areas of the TEM grid of CuNi particles 
made by heating to 200 ºC for 1 hour and then refluxing the reaction mixture for 1 
hour in benzyl ether while in the presence of 1 mL of oleic acid and 3 mL of 
oleylamine. 
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pattern, the unit cell size for the fcc particles was 3.59 Å, which exactly matched the 

expected value of 3.59 Å of Cu74Ni26 from the JCPDS (PDF# 09-0205). The TEM images 

(Figure 4.18) show that the particles average size is between 60-90 nm and yielded 

mostly spherical particles with some of the particles being rod shaped with lengths up to 

approximately 100 nm. The SEM-EDAX (Table 4.13) shows that the targeted Cu50Ni50 

composition was close to the actual composition of Cu49Ni51 from this synthesis. This 

synthesis did give us a good compositional data, a fcc phase, and the particles were close 

the same diameter. The only criteria not met was that the particles were larger than the 

needed 50 nm in diameter. 

For the second synthesis to be discussed, we used 15 mL of benzyl ether, 3 mL of 

oleic acid, 1 mL of oleylamine, 0.5 mmol of Cu(acac)2, 0.5 mmol Ni(acac)2, and 5 mmol 

1,2 hexadecanediol. Then, the reaction mixture was slowly heated to 200 ºC for and held 

there for 1 hour and then heated to reflux for 1 hour. In the XRD pattern (Figure 4.19), 

the nanoparticles exhibited the expected fcc crystal structure with characteristic 2θ peaks 

at 44.85° (111), 52.10° (200), and 75.60° (220). From the X-ray diffraction pattern, the 

unit cell size for the fcc particles was 3.59 Å, which exactly matched the expected 

Table 4.13: SEM-EDAX atomic percentage data from six line scans with a 
standard deviation of 3.85 for CuNi particles made by heating to 200 ºC for 1 hour 
and then refluxing the reaction mixture for 1 hour in benzyl ether while in the 
presence of 1 mL of oleic acid and 3 mL of oleylamine. 
 

Cu Ni
1 51.53 48.47
2 48.74 51.26
3 42.15 57.85
4 53.36 46.64
5 47.72 52.28
6 49.62 50.38

average 48.85 51.15
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Figure 4.20: TEM images from different areas of the TEM grid of CuNi particles 
made by heating to 200 ºC for 1 hour and then refluxing the reaction mixture for 1 
hour in benzyl ether while in the presence of 3 mL of oleic acid and 1 mL of 
oleylamine. 
 

Figure 4.19: The X-ray diffraction pattern of CuNi particles made by heating to 
200 ºC for 1 hour and then refluxing the reaction mixture for 1 hour in benzyl 
ether while in the presence of 3 mL of oleic acid and 1 mL of oleylamine. 
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value of 3.59 Å of Cu74Ni26 from the JCPDS (PDF# 09-0205). The TEM images  (Figure 

4.20) show that the range of particle size is between 10-150 nm and yielded mostly 

spherical particles with some of the particles being rod shaped with lengths up to 

approximately 250 nm. The SEM-EDAX (Table 4.14) shows that the targeted Cu50Ni50 

composition did not match the actual composition of Cu34Ni66. For this sample, we did 

get the fcc crystal structure that was expected, but the size range was too large and 

composition was not controlled. 

For the third synthesis to be discussed, we used 15 mL of benzyl ether, 3.5 mL of 

oleylamine, 0.5 mmol of Cu(acac)2, 0.5 mmol Ni(acac)2, and 5 mmol 1,2 hexadecanediol. 

Then, the reaction mixture was slowly heated to 200 ºC for and held there for 1 hour and 

then heated to reflux for 1 hour. In the XRD pattern (Figure 4.21), the nanoparticles 

exhibited the expected fcc crystal structure with characteristic 2θ peaks at 44.15° (111) 

and 51.10° (200). From the X-ray diffraction pattern, the unit cell size for the fcc particles 

was 3.59 Å, which exactly matched the expected value of Cu74Ni26 from the JCPDS 

(PDF# 09-0205). The TEM images (Figure 4.22) show that the particles had a range in 

size of approximately 60-150 nm and yielded mostly spherical particles. 

Table 4.14: SEM-EDAX atomic percentage data from six line scans with a 
standard deviation of 11.29 for CuNi particles made by heating to 200 ºC for 1 
hour and then refluxing the reaction mixture for 1 hour in benzyl ether while in the 
presence of 3 mL of oleic acid and 1 mL of oleylamine. 
 Cu Ni

1 52.64 47.36
2 36.52 63.48
3 29.71 70.29
4 32.14 67.86
5 37.22 62.78
6 18.13 81.87

average 34.39 65.61
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Figure 4.22: TEM images from different areas of the TEM grid of CuNi particles 
made by heating to 200 ºC for 1 hour and then refluxing the reaction mixture for 1 
hour in benzyl ether while in the presence of 3.5 mL of oleylamine. 
 

Figure 4.21: The X-ray diffraction pattern of CuNi particles made by heating to 
200 ºC for 1 hour and then refluxing the reaction mixture for 1 hour in benzyl 
ether while in the presence of 3.5 mL of oleylamine. 
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Some of the particles were rod shaped with lengths in excess of 150 nm. The SEM-

EDAX (Table 4.15) shows that the targeted Cu50Ni50 composition was close to the actual 

composition of Cu49Ni51 from this synthesis. This sample did exhibit a fcc crystal 

structure with good composition control.  Although these criteria were met, the particles 

size and range of the particle size was too large.  

For the fourth synthesis to be discussed, we used 15 mL of benzyl ether, 3.5 mL 

of oleic acid, 0.5 mmol of Cu(acac)2, 0.5 mmol Ni(acac)2, and 5 mmol 1,2 

hexadecanediol. Then, the reaction mixture was slowly heated to 200 ºC for and held 

there for 1 hour and then heated to reflux for 1 hour. In the XRD pattern (Figure 4.23), 

the nanoparticles exhibited the expected fcc crystal structure with characteristic 2θ peaks 

at 45.10° (111) and 52.30° (200). From the X-ray diffraction pattern, the approximate unit 

cell size for the fcc particles was 3.59 Å, which exactly matched the expected value of 

Cu74Ni26 from the JCPDS (PDF# 09-0205). The TEM images (Figure 4.24) show that 

there were two different sizes with the sample of particles, with the larger particles being 

between 350 and 450nm and the smaller particles between 5 to 15 nm. The SEM-EDAX 

(Table 4.16) shows that the targeted Cu50Ni50 composition was close to 

Table 4.15: SEM-EDAX atomic percentage data from six line scans with a 
standard deviation of 0.77 for CuNi particles made by heating to 200 ºC for 1 hour 
and then refluxing the reaction mixture for 1 hour in benzyl ether while in the 
presence of 3.5 mL of oleylamine. 
 Cu Ni

1 48.55 51.45
2 49.33 50.67
3 49.71 50.29
4 47.73 52.27
5 47.91 52.09
6 48.56 51.44

average 48.63 51.37
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Figure 4.24: TEM images from different areas of the TEM grid of CuNi particles 
made by heating to 200 ºC for 1 hour and then refluxing the reaction mixture for 1 
hour in benzyl ether while in the presence of 3.5 mL of oleic acid. 
 

Figure 4.23: The X-ray diffraction pattern of CuNi particles made by heating to 
200 ºC for 1 hour and then refluxing the reaction mixture for 1 hour in benzyl 
ether while in the presence of 3.5 mL of oleic acid. 
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the actual composition of Cu80Ni20 from this synthesis. This synthesis had the needed fcc 

crystal structure, but failed to meet the size and composition requirements. 

For the fifth synthesis to be discussed, we only changed one parameter from the 

synthesis of pages 104-106. We doubled the amount of benzyl ether to 30 mL from 15 

mL. The rest of the material used were 3 mL of oleylamine, 1 mL of oleic acid, 0.5 mmol 

of Cu(acac)2, 0.5 mmol Ni(acac)2, and 5 mmol 1,2 hexadecanediol. Then, the reaction 

mixture was slowly heated to 200 ºC for and held there for 1 hour and then heated to 

reflux for 1 hour. In the XRD pattern (Figure 4.25), the nanoparticles exhibited the 

expected fcc crystal structure with characteristic 2θ peaks at 45.80° (111) and 53.20° 

(200). From the X-ray diffraction pattern, the unit cell size for the fcc particles was 3.59 

Å, which exactly matched the expected value of Cu74Ni26 from the JCPDS (PDF# 09-

0205). The TEM images (Figure 4.26) show that the particles size ranged between 20-60 

nm in diameter with some rods that had a length up to 200 nm. The SEM-EDAX (Table 

4.17) shows that the targeted Cu50Ni50 composition was not met, giving the actual 

composition of Cu15Ni85 for this synthesis. The particles did exhibit a fcc crystal structure 

that was not symmetric, which leads us to believe that there was not 

Table 4.16: SEM-EDAX atomic percentage data from six line scans with a 
standard deviation of 6.60 for CuNi particles made by heating to 200 ºC for 1 hour 
and then refluxing the reaction mixture for 1 hour in benzyl ether while in the 
presence of 3.5 mL of oleic acid. 
 Cu Ni

1 77.53 22.47
2 80.74 19.26
3 75.97 24.03
4 71.86 28.14
5 88.94 11.06
6 87.03 12.97

average 80.35 19.66
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Figure 4.26: TEM images from different areas of the TEM grid of CuNi particles 
made by heating to 200 ºC for 1 hour and then refluxing the reaction mixture for 1 
hour in benzyl ether while in the presence of 3 mL of oleylamine and 1 mL of 
oleic acid. 

Figure 4.25: The X-ray diffraction pattern of CuNi particles made by heating to 
200 ºC for 1 hour and then refluxing the reaction mixture for 1 hour in benzyl 
ether while in the presence of 3 mL of oleylamine and 1 mL of oleic acid. 
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a consistent composition within the entire range of the sample. When compared to the 

previous synthesis with only 15 mL of benzyl ether, this sample did have smaller 

spherical particles, but presented larger rod shaped particles and uncontrolled 

composition. 

In the sixth synthesis to be discussed, we used 45 mL of benzyl ether, 3 mL of 

oleic acid, 0.5 mmol of Cu(acac)2, 0.5 mmol Ni(acac)2, and 5 mmol 1,2 hexadecanediol. 

Then, the reaction mixture was slowly heated to 200 ºC for and held there for 1 hour and 

then heated to reflux for 1 hour. In the XRD pattern (Figure 4.27), the nanoparticles 

exhibited the expected fcc crystal structure with characteristic 2θ peaks at 44.75° (111) 

and 51.95° (200). There was also a shoulder present on each of the peaks at 43.95 and 

51.00, which are both indicative of (111) and (200) peaks, respectively. The appearance 

of the shoulders showed that this sample had to two different compositions of fcc CuNi 

particles, one composition being copper rich and the other nickel rich. From the X-ray 

diffraction pattern, the unit cell size for the fcc particles was 3.59 Å, which exactly 

matched the expected value of Cu74Ni26 from the JCPDS (PDF# 09-0205). The TEM 

images (Figure 4.28) show that the particles average size is between 20-100 

Table 4.17: SEM-EDAX atomic percentage data from six line scans with a 
standard deviation of 0.39 for CuNi particles made by heating to 200 ºC for 1 hour 
and then refluxing the reaction mixture for 1 hour in benzyl ether while in the 
presence of 3 mL of oleylamine and 1 mL of oleic acid. 
 

Cu Ni
1 14.65 85.35
2 15.27 84.73
3 14.92 85.08
4 15.12 84.88
5 14.29 85.71

average 14.85 85.15
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Figure 4.28: TEM image from different areas of the TEM grid of CuNi particles 
made by heating to 200 ºC for 1 hour and then refluxing the reaction mixture for 1 
hour in benzyl ether while in the presence of 3 mL of oleic acid. 
 

Figure 4.27: The X-ray diffraction pattern of CuNi particles made by heating to 
200 ºC for 1 hour and then refluxing the reaction mixture for 1 hour in benzyl 
ether while in the presence of 3 mL of oleic acid. 
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nm and yielded mostly spherical particles with some of the particles being rod shaped 

with lengths in excess of 300 nm. The SEM-EDAX   (Table 4.18) shows that the targeted 

Cu50Ni50 composition was well off from the actual composition of Cu9Ni91 from this 

synthesis. So in this synthesis, we did not meet any of our criteria for a good CuNi 

synthesis. The X-ray spectra showed that there were shoulders on each of the peaks, 

which leads us to believe that there is more than one composition of particles. When 

looking at the compositional data in conjunction with the X-ray spectra, there is a 

possibility that there were both nickel and copper particles formed with no alloy. 

Alternatively, a mixture of copper rich and nickel rich alloy particles were formed. 

For the seventh and final synthesis that used the heating sequence of 1 hour at 200 

ºC and 1 hour at reflux, we used 30 mL of benzyl ether, 10 mmol of lauric acid, 2 mmol 

of oleylamine, 0.5 mmol of Cu(acac)2, 0.5 mmol Ni(acac)2, and 5 mmol 1,2 

hexadecanediol. Then, the reaction mixture was slowly heated to 200 ºC for and held 

there for 1 hour and then heated to reflux for 1 hour. In the XRD pattern (Figure 4.29), 

the nanoparticles exhibited the expected fcc crystal structure with characteristic 2θ peaks 

at 45.05° (111) and 52.55° (200). From the X-ray diffraction pattern, the unit cell size for 

Table 4.18: SEM-EDAX atomic percentage data from six line scans with a 
standard deviation of 0.47 for CuNi particles made by heating to 200 ºC for 1 hour 
and then refluxing the reaction mixture for 1 hour in benzyl ether while in the 
presence of 3 mL of oleic acid. 
 

Cu Ni
1 9.96 90.04
2 8.90 91.10
3 9.10 90.90
4 9.48 90.52
5 9.88 90.12

average 9.46 90.54
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Figure 4.30: The TEM image of CuNi particles made by heating to 200 ºC for 1 
hour and then refluxing the reaction mixture for 1 hour in benzyl ether while in the 
presence of 3 mmol of oleylamine and 10 mmol of lauric acid. 
 

Figure 4.29: The X-ray diffraction pattern of CuNi particles made by heating to 
200 ºC for 1 hour and then refluxing the reaction mixture for 1 hour in benzyl 
ether while in the presence of 3 mmol of oleylamine and 10 mmol of lauric acid. 
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the fcc particles was 3.60 Å, which closely matched the expected value of 3.59 Å of 

Cu74Ni26 from the JCPDS (PDF# 09-0205). The TEM images (Figure 4.30) show that the 

particles average size is between 50-80 nm and yielded mostly spherical particles with 

some of the particles being rod shaped with lengths up to approximately 100 nm. The 

SEM-EDAX (Table 4.19) shows that the targeted Cu50Ni50 composition was not obtained 

and the actual composition of Cu10Ni90 from this synthesis. For this synthesis, there was a 

wide range of different shapes. Most of the particles were between 10 and 60 nm in 

diameter.  It appeared that there was not a noticeable change in this sample using lauric 

acid rather than oleic acid. 

In the next two syntheses, we show how the result of the synthesis changes with 

the time of addition of the surfactant. In the first synthesis, we used 15 mL of benzyl 

ether, 0.5 mmol of Cu(acac)2, 0.5 mmol Ni(acac)2, and 5 mmol 1,2 hexadecanediol. We 

heated the reaction to 100 ºC and injected 0.5 mL of both oleic acid and oleylamine into 

the reaction mixture. Then, the reaction mixture was slowly heated to 200 ºC for 30 

minutes and then heated to reflux for 1 hour. In the XRD pattern (Figure 4.31), the 

nanoparticles exhibited a mixed phase of the expected fcc crystal structure with 

characteristic 2θ peaks at 44.55° (111) and 51.60° (200) and a hcp crystal phase with 

Table 4.19: SEM-EDAX atomic percentage data from six line scans with a 
standard deviation of 2.44 for CuNi particles made by heating to 200 ºC for 1 hour 
and then refluxing the reaction mixture for 1 hour in benzyl ether while in the 
presence of 3 mmol of oleylamine and 10 mmol of lauric acid. 
 Cu Ni

1 12.29 87.71
2 6.19 93.81
3 10.91 89.09
4 11.64 88.36
5 9.30 90.70

average 10.07 89.93
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Figure 4.32: TEM images from different areas of the TEM grid of Cu50Ni50 
particles made by heating to 100 ºC then injecting 0.5 mL of oleic acid and 0.5 mL 
of oleylamine into the solution. Then heat the solution to 200 ºC for 30 minutes 
and then refluxing the reaction mixture for 30 minutes in benzyl ether. 
. 

Figure 4.31: The X-ray diffraction pattern of Cu50Ni50 particles made by heating 
to 100 ºC then injecting 0.5 mL of oleic acid and 0.5 mL of oleylamine into the 
solution. Then heat the solution to 200 ºC for 30 minutes and then refluxing the 
reaction mixture for 30 minutes in benzyl ether. 
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characteristic 2θ peaks at 40.30° (010), 42.75° (002), 45.80° (011), 59.75° (012), and 

75.35° (110). From the X-ray diffraction pattern, the unit cell size for the fcc particles was 

3.59 Å, which exactly matched the expected value of Cu74Ni26 from the JCPDS (PDF# 

09-0205). The unit cell parameters for hcp particles was determined to be 2.60 Å for a 

and 4.34 Å for c, which are close to the reported  values from the JCPDS (PDF# 45-

1027) of 2.65 Å for a and 4.34 Å for c for hexagonal Ni nanoparticles. The TEM images 

(Figure 4.32) show that the particles are between 10-150 nm and had various shapes 

(triangles, sphere, hexagons, and rods). The SEM-EDAX data (Table 4.20) shows that the 

targeted Cu50Ni50 composition was close to the actual composition of Cu45Ni55 from this 

synthesis. Although this sample had a composition near our expected value, the particles 

gave a large size distribution, many different shapes, and there was hcp nickel present in 

this sample. So to confirm the result, we tried the synthesis again with slightly different 

target composition.  

In this second synthesis, we used 15 mL of benzyl ether, 0.1 mmol of Cu(acac)2, 

0.9 mmol Ni(acac)2, and 5 mmol 1,2 hexadecanediol. We heated the reaction to 100 ºC 

and injected 0.5 mL of both oleic acid and oleylamine into the reaction mixture. Then, the 

Table 4.20: SEM-EDAX atomic percentage data from six line scans with a 
standard deviation of 2.54 for Cu50Ni50 particles made by heating to 100 ºC then 
injecting 0.5 mL of oleic acid and 0.5 mL of oleylamine into the solution. Then 
heat the solution to 200 ºC for 30 minutes and then refluxing the reaction mixture 
for 30 minutes in benzyl ether. 
 

Cu Ni
1 43.52 56.48
2 40.26 59.74
3 46.29 53.71
4 44.60 55.40
5 45.01 54.99
6 47.63 52.37

average 44.55 55.45
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Figure 4.34: TEM images from different areas of the TEM grid of Cu10Ni90 
particles made by heating to 100 ºC then injecting 0.5 mL of oleic acid and 0.5 mL 
of oleylamine into the solution. Then heat the solution to 200 ºC for 30 minutes 
and then refluxing the reaction mixture for 30 minutes in benzyl ether. 
 

Figure 4.33: The X-ray diffraction pattern of Cu10Ni90 particles made by heating 
to 100 ºC then injecting 0.5 mL of oleic acid and 0.5 mL of oleylamine into the 
solution. Then heat the solution to 200 ºC for 30 minutes and then refluxing the 
reaction mixture for 30 minutes in benzyl ether. 
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reaction mixture was slowly heated to 200 ºC for 30 minutes and then heated to reflux for 

1 hour. In the XRD pattern (Figure 4.33), the nanoparticles exhibited a mixed phase of 

the expected fcc crystal structure with characteristic 2θ peaks at 44.54° (111) and 52.72° 

(200) and a hcp crystal phase with characteristic 2θ peaks at 40.34° (010), 42.68° (002), 

45.66° (011), 59.52° (012), and 72.14° (110). From the X-ray diffraction pattern, the unit 

cell size for the fcc particles was 3.60 Å, which exactly matched the expected value of 

3.59 Å of Cu74Ni26 from the JCPDS (PDF# 09-0205). The unit cell parameters for hcp 

particles was determined to be 2.64 Å for a and 4.37 Å for c, which are close to the 

reported values from the JCPDS (PDF# 45-1027) of 2.65 Å for a and 4.34 Å for c for 

hexagonal Ni nanoparticles. The TEM images (Figure 4.34) show that the particles are 

between 20-150 nm and had various shapes (triangles, sphere, hexagons, and odd 

shaped). The SEM-EDAX data (Table 4.21) shows that the targeted Cu10Ni90 

composition was close to the actual composition of Cu15Ni85 from this synthesis. Again, 

this sample had a composition near our expected value, the particles gave a large size 

distribution, many different shapes, and there was hcp nickel present in this sample. 

Table 4.21: SEM-EDAX atomic percentage data from six line scans with a 
standard deviation of 1.34 for CuNi particles made by heating to 100 ºC then 
injecting 0.5 mL of oleic acid and 0.5 mL of oleylamine into the solution. Then 
heat the solution to 200 ºC for 30 minutes and then refluxing the reaction mixture 
for 30 minutes in benzyl ether. 
 

Cu Ni
1 14.73 85.27
2 16.84 83.16
3 15.07 84.93
4 13.09 86.91
5 14.62 85.38
6 13.40 86.60

average 14.63 85.38
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 When it comes to the surfactant, it appears that it is important to add the 

surfactant at the beginning of mixing and that the ratio should be 1:1 between oleic acid 

and oleylamine. Between the syntheses already discussed, this tends to give the expected 

fcc crystal structure and a control of composition.  

4.1.4 Control of Composition: 

 After evaluating each of the other parameters of the diol reduction, four different 

compositions were made to evaluate the ability of control over the composition. The 

target compositions for heating the reaction mixture to reflux for 30 minutes were 

Cu25Ni75, Cu33Ni66, Cu50Ni50, and Cu60Ni40. The other parameters of the synthesis 

selected to complete this evaluation was: the total amount of Ni(acac)2 and Cu(acac)2 that 

add up to 1 mmol,  5.00 mmol of 1,2 hexadecanediol, 1.5 mL of oleic acid, 1.5 mL of 

oleylamine and 15 mL of benzyl ether.  

 The example of the Cu50Ni50 composition was previously shown in the Figure 4.3, 

Figure 4.4, and Table 4.4 in a previous section that compared solvents. This sample had a 

fcc crystal structure, yielded mostly spherical particles with a size distribution in the 

range of 50-100 nm and had some rod shape particles with lengths up to 150 nm, and had 

an average composition of Cu53Ni47.  

For the case of Cu25Ni75 under these conditions, the XRD pattern (Figure 4.35) 

shows that the nanoparticles exhibited a fcc crystal structure with characteristic 2θ peaks 

at 44.90° (111), 52.05° (200), and 76.00° (220). From the X-ray diffraction pattern, the 

unit cell size for the fcc particles was 3.60 Å, which closely matched the expected value 

of Cu74Ni26 from the JCPDS (PDF# 09-0205). The TEM images (Figure 4.36) 
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Figure 4.36: TEM images from different areas of the TEM grid of Cu25Ni75 
particles made by heating to reflux for 30 minutes in benzyl ether. 
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Figure 4.35: The X-ray diffraction pattern of Cu25Ni75 particles made by heating 
to reflux for 30 minutes in benzyl ether. 
 



 

125 
 

 

show that the particle size distribution between 30-100 nm and the synthesis yielded 

mostly spherical particles with some of the particles being rod shaped with lengths up to 

200 nm. The SEM-EDAX (Table 4.22) shows that the targeted Cu25Ni75 composition was 

close to the actual composition of Cu22Ni78 from this synthesis. This sample did meet the 

criteria of composition control while yielding the expected fcc structure.  

For the case of Cu33Ni67 under these conditions, the XRD pattern (Figure 4.37) 

shows that the nanoparticles exhibited a fcc crystal structure with characteristic 2θ peaks 

at 44.60° (111). From the X-ray diffraction pattern, the unit cell size for the fcc particles 

was 3.63 Å, which closely matched the expected value of 3.59 Å of Cu74Ni26 from the 

JCPDS (PDF# 09-0205). The TEM images (Figure 4.38) show that there is a particle size 

distribution between 30-80 nm which yielded mostly spherical particles with 

Table 4.23: SEM-EDAX atomic percentage data from five line scans with a 
standard deviation of 0.34 for Cu33Ni67 particles made by heating to reflux for 30 
minutes in benzyl ether. 
 

Cu Ni
1 33.90 66.10
2 33.05 66.95
3 33.50 66.50
4 33.83 66.17
5 33.72 66.28

average 33.60 66.40

Table 4.22: SEM-EDAX atomic percentage data from five line scans with a 
standard deviation of 0.54 for Cu25Ni75 particles made by heating to reflux for 30 
minutes in benzyl ether. 
 Cu Ni

1 21.44 78.56
2 21.43 78.57
3 22.64 77.36
4 21.59 78.41
5 22.22 77.78

average 21.86 78.14
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Figure 4.38: TEM images from different areas of the TEM grid of Cu33Ni67 
particles made by heating to reflux for 30 minutes in benzyl ether. 
 

Figure 4.37: The X-ray diffraction pattern of Cu33Ni67 particles made by heating 
to reflux for 30 minutes in benzyl ether. 
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some of the particles being rod shaped with lengths up to 200 nm. The SEM-EDAX 

(Table 4.23) shows that the targeted Cu33Ni67 composition was close to the actual 

composition of Cu34Ni66 from this synthesis. Again, this sample did meet the criteria of 

composition control and gave the expected fcc structure.  

For the case of Cu60Ni40 under these conditions, the XRD pattern (Figure 4.39) 

shows that the nanoparticles exhibited a fcc crystal structure with characteristic 2θ peaks 

at 44.90° (111) and 52.05° (200). From the X-ray diffraction pattern, the unit cell size for 

Table 4.24: SEM-EDAX atomic percentage data from five line scans with a 
standard deviation of 0.25 for Cu60Ni40 particles made by heating to reflux for 30 
minutes in benzyl ether. 
 Cu Ni

1 58.64 41.36
2 58.07 41.93
3 58.02 41.98
4 58.15 41.85
5 58.09 41.91

average 58.19 41.81

Figure 4.39: The X-ray diffraction pattern of Cu60Ni40 particles made by heating 
to reflux for 30 minutes in benzyl ether. 
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the fcc particles was 3.60 Å, which closely matched the expected value of 3.59 of 

Cu74Ni26 from the JCPDS (PDF# 09-0205). The TEM images (Figure 4.40) show that the 

particle size distribution is between 30-70 nm and this synthesis yielded mostly spherical 

particles with some of the particles being rod shaped with lengths below 200 nm. The 

SEM-EDAX (Table 4.24) shows that the targeted Cu60Ni40 composition was close to the 

actual composition of Cu58Ni42 from this synthesis. This sample did meet the criteria of 

composition control and gave the expected fcc structure.  

 4.1.5 Reducing agent: 

 To try improving on the previous reactions that only use 1,2-hexadecanediol as a 

reducing agent, we evaluated stearyl alcohol, sodium triethylborohydride, and super-

hydride either instead of 1,2-hexadecadiol or in combination with it. 

We begin this section about reducing agents by showing a comparison of using 

only 1,2-hexadecanediol, 1,2-hexadecanediol with stearyl alcohol, and only stearyl 

alcohol. In the first synthesis, we used 10 mL of benzyl ether, 1.75 mL of both oleic acid 

Figure 4.40: TEM images from different areas of the TEM grid of Cu60Ni40 
particles made by heating to reflux for 30 minutes in benzyl ether. 
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and oleylamine, 0.5 mmol of Cu(acac)2, 0.5 mmol Ni(acac)2, and 5 mmol of 1,2-

hexadecanediol. The reaction was slowly heated to 200 ºC for 2 hours and then refluxed 

for 1 hour. In the XRD pattern (Figure 4.41), the nanoparticles exhibited a fcc crystal 

structure with characteristic 2θ peaks at 43.85° (111) and 51.05° (200). From the X-ray 

diffraction pattern, the unit cell size for the fcc particles was 3.59 Å, which exactly 

Table 4.25: SEM-EDAX atomic percentage data from ten spot scans with a 
standard deviation of 0.96 for CuNi particles made with 1,2-hexadecanediol as the 
reducing agent in benzyl ether. 
 
 

Cu Ni
1 49.86 50.14
2 48.44 51.56
3 50.17 49.83
4 51.10 48.90
5 51.27 48.73
6 49.96 50.04
7 50.58 49.42
8 51.18 48.82
9 50.18 49.82
10 48.82 51.18

average 50.16 49.84

Figure 4.41: The X-ray diffraction pattern of CuNi particles made with 1,2-
hexdecanediol as the reducing agent in benzyl ether. 
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matched the expected value of Cu74Ni26 from the JCPDS (PDF# 09-0205). The TEM 

images (Figure 4.42) show that the particles range in size between 10 – 100 nm for the 

spherical particles and the rod shaped particles had lengths up to approximately 500 nm. 

The SEM-EDAX data (Table 4.25) shows that the targeted Cu50Ni50 composition was 

close to the actual composition of Cu50Ni50 from this synthesis. This sample meets the 

criteria for a good CuNi alloy nanoparticle synthesis for the composition and crystal 

structure. Although it met these criteria, the TEM showed that it failed the size and shape 

criteria due to the large range of diameter and that there was large amount of rods that 

formed. 

In the second synthesis for comparison, we used 15 mL of benzyl ether, 2 mL of 

both oleic acid and oleylamine, 0.75 mmol of Cu(acac)2, 0.75 mmol Ni(acac)2, 2.5 mmol 

stearyl alcohol, and 5 mmol of 1,2-hexadecanediol. The reaction was slowly heated to 

200 ºC for 2 hours and then refluxed for 1 hour. In the XRD pattern (Figure 4.43), the 

nanoparticles exhibited a fcc crystal structure with characteristic 2θ peaks at 44.50° 

Figure 4.42: TEM images from different areas of the TEM grid of CuNi particles 
made with 1,2-hexadecanediol as the reducing agent in benzyl ether. 
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Figure 4.44: TEM images from different areas of the TEM grid of CuNi particles 
made with a combination of stearyl alcohol and 1,2-hexdecanediol as the reducing 
agent in benzyl ether. 
 

Figure 4.43: The X-ray diffraction pattern of CuNi particles made with a 
combination of stearyl alcohol and 1,2-hexdecanediol as the reducing agent in 
benzyl ether. 
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(111), 51.70° (200), and 75.25º. From the X-ray diffraction pattern, the unit cell size for 

the fcc particles was 3.60 Å, which exactly matched the expected value of 3.59 Å of 

Cu74Ni26 from the JCPDS   (PDF# 09-0205). The TEM images (Figure 4.44) show that 

the particles average size is between 50-80 nm and yielded mostly spherical particles 

with some of the particles being rod shaped with lengths up to approximately 100 nm. 

The SEM-EDAX data (Table 4.26) shows that the targeted Cu50Ni50 composition was 

close to the actual composition of Cu49Ni51 from this synthesis. This sample gave us both 

the expected fcc crystal structure and the target composition but failed to give us the 

complete control of the size and shape of particles. 

In the third synthesis for comparison, we used 15 mL of benzyl ether, 2 mL of 

both oleic acid and oleylamine, 0.5 mmol of Cu(acac)2, 0.5 mmol Ni(acac)2, and 10 

mmol stearyl alcohol. The reaction was slowly heated to 200 ºC for 2 hours and then 

refluxed for 1 hour. In the XRD pattern (Figure 4.45), the nanoparticles exhibited a fcc 

crystal structure with characteristic 2θ peaks at 44.75° (111), 52.00° (200), and 75.60º. 

From the X-ray diffraction pattern, the unit cell size for the fcc particles was 3.60 Å, 

Table 4.26: SEM-EDAX atomic percentage data from ten spot scans with a 
standard deviation of 0.96 for CuNi particles made with a combination of stearyl 
alcohol and 1,2-hexdecanediol as the reducing agent in benzyl ether. 
 Cu Ni

1 49.48 50.52
2 49.01 50.99
3 49.08 50.92
4 48.03 51.97
5 48.72 51.28
6 48.56 51.44
7 49.66 50.34
8 49.20 50.80
9 49.84 50.16
10 49.20 50.80

average 49.08 50.92
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Figure 4.46: TEM images from different areas of the TEM grid of CuNi particles 
made with a stearyl alcohol as the reducing agent in benzyl ether. 
 

Figure 4.45: The X-ray diffraction pattern of CuNi particles made with a stearyl 
alcohol as the reducing agent in benzyl ether. 
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which exactly matched the expected value of 3.59 Å of Cu74Ni26 from the JCPDS (PDF# 

09-0205). The TEM images (Figure 4.46) show that the particles average size is between 

50-80 nm and yielded many different shapes of particles with  some of the particles being 

rod shaped with lengths up to approximately 100 nm. The SEM-EDAX data (Table 4.27) 

shows that the targeted Cu50Ni50 composition was close to the actual composition of 

Cu53Ni47 from this synthesis. This synthesis gave us the expected fcc crystal structure and 

the compositional control, but the sample had various shapes of particles. 

To further explore reducing agents, we decided to use a stronger reducing agent 

than 1,2-hexadecanediol in conjunction with 1,2-hexadecanediol. For this synthesis, we 

used 20 mL of benzyl ether, 0.5 mL of both oleic acid and oleylamine, 0.25 mmol of 

Cu(acac)2, 0.75 mmol Ni(acac)2, and 2.5 mmol 1,2-hexadecanediol. The reaction was 

slowly heated to 200 ºC where 0.5 mL of sodium triethylborohydride was then added. 

Then the solution was heated to refluxed and held there for 1 hour. In the XRD pattern 

Cu Ni
1 53.74 46.26
2 52.48 47.52
3 53.63 46.37
4 51.62 48.38
5 52.00 48.00
6 52.47 47.53
7 52.25 47.75
8 53.89 46.11
9 51.65 48.35
10 52.33 47.67
11 52.89 47.11
12 54.37 45.63
13 53.71 46.29
14 52.26 47.74
15 51.60 48.40

average 52.74 47.26

Table 4.27: SEM-EDAX atomic percentage data from fifteen spot scans with a 
standard deviation of 0.92 for CuNi particles made with a stearyl alcohol as the 
reducing agent in benzyl ether. 
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Figure 4.48: TEM images from different areas of the TEM grid of Cu25Ni75 
particles made with 1,2-hexdecanediol and sodium triethylborohydride as reducing 
agents in benzyl ether. 
 

Figure 4.47: The X-ray diffraction pattern of Cu25Ni75 particles made with 1,2-
hexdecanediol and sodium triethylborohydride as reducing agents in benzyl 
ether. 
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(Figure 4.47), the nanoparticles exhibited an mixed phase for the fcc crystal structure 

with characteristic 2θ peaks at 44.30° (111) and 51.35° (200) and a hcp crystal phase with 

characteristic 2θ peaks at 40.15° (010), 42.55° (002), 45.25° (011) and 59.60° (012). From 

the X-ray diffraction pattern, the unit cell size for the fcc particles was 3.59 Å, which 

exactly matched the expected value of Cu74Ni26 from the JCPDS (PDF# 09-0205). The 

unit cell parameters for hcp particles was determined to be 2.63 Å for a and 4.37 Å for c, 

which are almost exactly the reported values from the JCPDS (PDF# 45-1027) of 2.65 Å 

for a and 4.34 Å for c for hexagonal Ni nanoparticles. The TEM images (Figure 4.48) 

show that there were two ranges of sizes of particles. There was a group of particles that 

are between 10-20 nm and the larger particles range between 50-80 nm and were 

mostly spherical particles. The SEM-EDAX data (Table 4.28) shows that the targeted 

Cu25Ni75 composition was close to the actual composition of Cu22Ni78 from this 

synthesis. This synthesis did not meet our criteria for a good CuNi alloy synthesis.  

We performed the synthesis again and only varied the ratio of precursors. In this 

synthesis, we used 20 mL of benzyl ether, 0.5 mL of both oleic acid and oleylamine, 0.10 

mmol of Cu(acac)2, 0.90 mmol Ni(acac)2, and 2.5 mmol 1,2-hexadecanediol. The 

reaction was slowly heated to 200 ºC where 0.5 mL of sodium triethylborohydride was 

Table 4.28: SEM-EDAX atomic percentage data from six line scans with a 
standard deviation of 3.74 for Cu25Ni75 particles made with 1,2-hexdecanediol and 
sodium triethylborohydride as reducing agents in benzyl ether. 
 

Cu Ni
1 20.56 79.44
2 21.37 78.63
3 18.52 81.48
4 24.79 75.21
5 28.28 71.72
6 19.14 80.86

average 22.11 77.89
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Figure 4.50: TEM images from different areas of the TEM grid of Cu10Ni90 
particles made with 1,2-hexdecanediol and sodium triethylborohydride as reducing 
agents in benzyl ether. 

Figure 4.49: The X-ray diffraction pattern of Cu10Ni90 particles made with 1,2-
hexdecanediol and sodium triethylborohydride as reducing agents in benzyl ether. 
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then added. Then the solution was heated to refluxed and held there for 1 hour. In the 

XRD pattern (Figure 4.49), the nanoparticles exhibited a mixed phase for the fcc crystal 

structure with characteristic 2θ peaks at 44.42° (111) and 52.72° (200) and a hcp crystal 

phase with characteristic 2θ peaks at 40.22° (010), 42.58° (002), 45.50° (011), and 59.58° 

(012). From the X-ray diffraction pattern, the unit cell size for the fcc particles was 3.59 

Å, which exactly matched the expected value of Cu74Ni26 from the JCPDS (PDF# 09-

0205). The unit cell parameters for hcp particles was determined to be 2.64 Å for a and 

4.35 Å for c, which are almost exactly the reported values from the JCPDS (PDF# 45-

1027) of 2.65 Å for a and 4.34 Å for c for hexagonal Ni nanoparticles. The TEM 

images (Figure 4.50) show that the particles average size is between 50-80 nm and that it 

yielded mostly spherical particles. The SEM-EDAX data (Table 4.29) shows that the 

targeted Cu10Ni90 composition was close to the actual composition of Cu40Ni60 from this 

synthesis. This synthesis did not meet our criteria for a good CuNi alloy synthesis.  

In this synthesis of CuNi nanoparticles, we used 1,2-hexadecanediol with the 

addition of super-hydride to evaluate the combination of the reducing agents. For this 

synthesis, we used 25 mL of phenyl ether, 2 mmol of 1,2-hexadecanediol, 0.5 mmol of 

Cu(acac)2, 0.7 mmol of nickel (II) chloride hexahydrate, 0.2 mL of both oleic acid and 

Table 4.29: SEM-EDAX atomic percentage data from six line scans with a 
standard deviation of 3.74 for Cu10Ni90 particles made with 1,2-hexdecanediol and 
sodium triethylborohydride as reducing agents in benzyl ether. 
 

Cu Ni
1 38.27 61.73
2 41.07 58.93
3 41.75 58.25
4 38.19 61.81
5 38.52 61.48
6 40.39 59.61

average 39.70 60.30
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oleylamine, and 2.5 mL of super-hydride. The procedure for the reaction condition and 

cleanup are demonstrated in Procedure 2.2.5. In the XRD pattern (Figure 4.51), the 

nanoparticles seems to exhibited a mixed phase of the expected fcc crystal structure with 

Figure 4.52: A TEM image of CuNi particles made with the reducing agents 1,2-
hexadecanediol and super-hydride in phenyl ether. 
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Figure 4.51: The X-ray diffraction pattern of CuNi particles made with the 
reducing agents 1,2-hexadecanediol and super-hydride in phenyl ether. 
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characteristic 2θ peaks at 45.00° (111) and 52.35° (200) and a hcp crystal phase. The hcp 

peaks are very weak and are not easily distinguished from the noise of the spectrum. 

From the X-ray diffraction pattern, the unit cell size for the fcc particles was 3.59 Å, 

which closely matched the expected value of Cu74Ni26 from the JCPDS (PDF# 09-0205). 

The unit cell parameters for hcp particles were not determined due to the weak peaks in 

the spectrum. The TEM images (Figure 4.52) show that there was two different sizes of 

particles within the sample the larger particles were approximately 25-30 nm and the 

smaller particles were approximately 2-5 nm. The SEM-EDAX (Table 4.30) shows that 

the targeted Cu42Ni58 composition was not close to the actual composition of Cu22Ni78 

from this synthesis. This sample did give us our desired criteria for a good CuNi alloy 

synthesis. 

In the synthesis of CuNi nanoparticles with the addition of super-hydride, we used 

25 mL of phenyl ether, 2 mmol of 1,2-hexadecanediol, 0.75 mmol of copper acetate, 0.25 

mmol of nickel(acac)2, 0.2 mL of both oleic acid and oleylamine, and 2.5 mL of super-

Table 4.30: SEM-EDAX atomic percentage data from 10 spot scans with a 
standard deviation of 4.47 atomic % of CuNi particles made with the reducing 
agents 1,2-hexadecanediol and super-hydride in phenyl ether. 

Ni Cu

1 75.15 24.85

2 84.92 15.08

3 75.51 24.49

4 81.86 18.14

5 81.28 18.72

6 73.54 26.46

7 84.53 15.47

8 73.56 26.44

9 75.32 24.68

10 76.33 23.67

average 78.2 21.8
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hydride. In the XRD pattern (Figure 4.53), the nanoparticles exhibited the expected fcc 

crystal structure with characteristic 2θ peaks at 44.10° (111) and 51.30° (200). From the 

X-ray diffraction pattern, the unit cell size for the fcc particles was 3.59 Å, which 

matched the expected value of Cu74Ni26 from the JCPDS (PDF# 09-0205). The TEM 

 

Table 4.31: SEM-EDAX atomic percentage data from 10 spot scans with a 
standard deviation of 1.10 atomic % of CuNi particles made with the reducing 
agents 1,2-hexadecanediol and super-hydride in phenyl ether. 

Cu Ni
1 72.71 27.29
2 72.82 27.18
3 72.11 27.89
4 74.81 25.19
5 74.09 25.91
6 72.11 27.89

average 73.11 26.89

Figure 4.53: The X-ray diffraction pattern of CuNi particles made with the 
reducing agents 1,2-hexadecanediol and super-hydride in phenyl ether. 
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images (Figure 4.54) show that the particles average size is between 50-80 nm and 

yielded mostly spherical particles with some of the particles being rod shaped with 

lengths up to approximately 100 nm.  The SEM-EDAX (Table 4.31) shows that the 

targeted Cu75Ni25 composition was close to the actual composition of Cu73Ni27 from this 

synthesis. 

4.2 Synthesis of CuNi alloy nanoparticles in the presence of PVP 
 

We attempted a preliminary experiment for making CuNi nanoparticles in the 

presence of PVP and in ethylene glycol to determine if this was a viable synthesis. This 

was adapted from a NiPd synthesis described by Lu et al.18 The description of the 

experiment is given in 2.2.9. The XRD spectrum (Figure 4.44) showed that the 

nanoparticles exhibited the expected fcc crystal structure with characteristic 2θ peaks at 

45.00° (111), 52.25° (200), and 75.80° (220). From the X-ray diffraction pattern, the 

Figure 4.54: TEM images from different areas of the TEM grid of CuNi particles 
made with the reducing agents 1,2-hexadecanediol and super-hydride in phenyl 
ether. 
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unit cell size for the fcc particles is 3.60 Å, which closely matched the expected value of 

3.59 Å. The broadness of the (111) and (200) peaks and the separation of the (220) peak 

give an indication that the composition varies throughout the sample. This assumption is 

due to the two peaks at the (220) position being close to the fcc copper (Table 4.1) and 

fcc nickel (Table 4.2) peaks, thus showing that there are both copper rich particles and 

nickel rich particles within the sample. The SEM images (Figure 4.45) showed that the 

procedure gave particles with diameters in the range of 25 to 70 nm with the majority of 

the particles between 40 and 65 nm. The average diameter from the distributional 

analysis was 51.6 nm over a 50 particle sample with a standard deviation was 10.2 and 

the coefficient of variance is 0.2. Scherrer analysis calculated the average crystallite size 

of the CuNi alloy particles to be 5.6 nm. With the predicted crystallite size being below 

10 nm, this suggests that there is at least a 20 nm thick shell of PVP surrounding the 

particles. The SEM-EDAX (Table 4.32) shows that the targeted Cu60Ni40 

Figure 4.55: XRD spectrum of CuNi nanoparticles with PVP. 
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Figure 4.56: (top) SEM images of CuNi nanoparticles with PVP on surface. 
(bottom) Histogram depicting the particle size distribution from the SEM images. 
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Table 4.32: SEM-EDAX atomic percentage data from six line scans with a 
standard deviation of 0.31 for CuNi particles made with PVP. 
 Cu Ni

1 27.91 72.09
2 27.97 72.03
3 28.40 71.60
4 28.19 71.81
5 28.01 71.99
6 27.47 72.53

average 27.99 72.01



 

145 
 

the targeted Cu60Ni40 composition was not close to the actual composition of Cu28Ni72 

from this synthesis. We concluded that the control of the composition of the particles 

would be needed to further be useful for our needs. Also, a thinner shell of PVP would be 

needed to allow for us to get a more accurate size of the particles. 

4.3 CuNi nanoparticles by seeding of nickel particles by diol reduction 

 We attempted a couple of preliminary experiments for making CuNi nanoparticles 

by seeding nickel nanoparticles with copper by diol reduction.  For this two stage 

reaction, we first needed to make nickel nanoparticles to use as a seed for this reaction 

that had two main criteria. First, we needed the particles to be smaller than 10 nm so that 

the CuNi particles could possibly stay within the desired size range of 20-50 nm after 

seeding. Secondly, we need for nickel particles that have a fcc crystal structure.  

After reviewing the literature, there were very few publications discussing the 

synthesis of well defined nickel nanoparticles. We attempted a series of syntheses for 

making nickel nanoparticles in the presence of TOPO and HDA by Hou et al.45 They 

showed that they could produce fcc nickel particles that were size controlled with sizes 

ranging from 3 nm to 11 nm by varying the amount of TOPO to HDA. These syntheses 

and cleaning procedures are described in Procedure 2.2.7.2. We attempted to synthesis 

for each of the three sizes (3, 8, and 11 nm) of particles, but didn’t produce any particles 

in any of the three cases. The reaction solution was cleaned ethanol as suggested in the 

literature, but only received a white flaky solid after drying the precipitate. We concluded 

that we were unable to produce nickel particles from this synthesis to use as seeds for the 

CuNi alloy particle synthesis.  
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After not being able to reproduce the literature procedure, we adapted the Sun 

method for making magnetite to try making fcc nickel particles.28 The synthesis is 

described in procedure 2.2.7.1. The synthesis produced a black precipitate that was 

cleaned and characterized by XRD and TEM. The synthesis did not produce the expected 

fcc crystal structure but it presented the hcp crystal structure, as seen in Figure 4.57. The 

XRD pattern showed that particles exhibited a mixed phase of the expected fcc crystal 

structure with characteristic 2θ peaks at approximately 45.00° (111), 52.90° (200), and 

77.35° (220) and the hcp crystal phase with characteristic 2θ peaks at 40.45° (010), 42.80° 

(002), 45.70° (011), 59.65° (012), and 72.25° (110). From the X-ray diffraction pattern, 

the unit cell size for the fcc particles was 3.58 Å, which closely matched the 

Figure 4.57: XRD patterns of (top) a mixture of fcc copper and Cu2O 
nanoparticles, (middle) hcp nickel nanoparticles that have been seeded with 
Cu(acac)2, and (bottom) hcp nickel nanoparticles by diol reduction.  
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expected value of 3.59 Å of Cu74Ni26 from the JCPDS (PDF# 09-0205). The unit cell 

parameters for hcp particles was determined to be 2.65 Å for a and 4.36 Å for c, which 

are close to the reported values from the JCPDS (PDF# 45-1027) of 2.65 Å for a and 4.34 

Å for c for hexagonal Ni nanoparticles. The TEM image (Figure 4.56) shows that 

approximately 50 nm clusters of small nickel particles formed.  

Secondly, we tried to make copper seeds (Procedure 2.2.6) in the same way as we 

did the nickel seeds. This gave us a dark green reaction solution. After examining the 

precipitate by XRD, it was discovered to be a mixture of fcc copper particles and Cu2O 

particles, as seen in Figure 4.57(top). The fcc copper particles exhibited characteristic 2θ 

peaks at 44.35° (111), 51.25° (200), and 74.95° (220). The peaks at 37.80° (111), 43.60° 

(200), and 62.60° (220) belong to cubic Cu2O. Due to appearance of Cu2O particles we 

did not further examine this synthesis, but only used it to compare to the seeding 

information for the Cu(acac)2 onto the nickel nanoparticles.  

Figure 4.58: TEM images from different areas of the TEM grid of hcp nickel 
phase nanoparticles made by diol reduction. 
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We then took the hcp nickel particles and used them as seeds as described in 

Procedure 2.2.8. After reacting it with the Cu(acac)2, The XRD pattern showed that 

particles exhibited a mixed phase of the fcc nickel, fcc copper, and hcp nickel (Figure 

4.57 middle). We see peaks at 40.30°, 42.85°, 44.35°, 45.85°, 51.70°, 52.75°, 59.65°, 

72.25°, and 75.25°. From these peaks, 40.30° (010), 42.85° (002), 45.85° (011), 59.65° 

(012), and 72.25° (110) are all characteristic peaks for the hcp nickel. The unit cell 

parameters for hcp particles was determined to be 2.66 Å for a and 4.37 Å for c, which 

are close to the reported values from the JCPDS (PDF# 45-1027) of 2.65 Å for a and 4.34 

Å for c for hexagonal Ni nanoparticles. The other four peaks are indicative of both the fcc 

phase of copper and nickel. For this sample, we believe that there are three different types 

of particles present. The TEM image (Figure 4.59) shows that most of the particles are 

between 10-30 nm in size and have random shapes. After weeks to months of the solution 

sitting on the shelf, this solution of nanoparticles did eventually settle out and then turn 

the hexane solution green. 

Figure 4.59: TEM images from different areas of the TEM grid of nanoparticles 
made by seeding Cu(acac)2 onto hcp nickel nanoparticles by diol reduction. 
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4.4 CuNi alloy nanoparticles by metal oleate reduction methods  

Our second approach to synthesizing CuNi alloy nanoparticles for Curie temperature 

limited hyperthermia was to reduce metal oleate precursors in 1-octadecene solution. This 

approach was a modified from a literature procedure for making magnetite reported by 

Park, et al.38 For this synthesis of CuNi nanoparticles, first the copper oleate and nickel 

oleate precursors needed were synthesized. The oleate ligand is an eighteen carbon chain 

with a double bond between the 9th and 10th carbon and carboxylic acid group on one end 

of the chain, as in Figure 4.60. To do this, sodium oleate and was reacted with a nickel or 

copper salt in procedure 2.2.10. The COO- of the oleate can coordinate to metal atoms in 

one of three different ways (Figure 4.61): unidentate, bidentate, or bridging.46 To 

determine the mode of coordination, the difference in the peak positions between 

asymmetric and symmetric stretches of the COO must be considered. The difference in 

the peak positions for the symmetric and asymmetric carbonyl stretching mode is larger 

for unidentate complexes (difference of approximately 200-455 cm-1) than for the ionic 

structure (difference of approximately 160-200 cm-1). Bidentate complexes show a lower 

range (difference of approximately 40-80 cm-1), while bridging complexes (differences of 

approximately 140-190 cm-1) show a range higher than bidentate complexes, but slightly 

Figure 4.60: Oleate compound with a divalent metal ion. (M = Ni2+ or Cu2+) 

M2+

O
-O

O

O-



 

150 
 

lower than the ionic structure. In some cases, there can be a combination of both a 

unidentate and either bidentate or bridging complexes. In these cases, the difference in 

the carbonyl stretches for a bridging complex will be within the normal range, but the 

bidentate species can have as large of a change as the bridging complexes.  

The formation of the nickel oleate compound was confirmed by NMR and IR 

spectroscopy. The nickel oleate solid after drying was a transparent green solid, as seen in 

Figure 4.62. The 1H NMR spectrum for the nickel oleate is shown in Figure 4.63. The 

sample was prepared by dissolving approximately 10 mg of nickel oleate in 1 mL of 

deuterated chloroform. The peaks in the 1H NMR spectrum were broad because the Ni 

canter was paramagnetic. However, there were five peaks that could be interpreted for 

Figure 4.62: Image of nickel oleate  

Figure 4.61: Schematic representations of (a.) unidentate, (b.) bidentate, and (c.) 
bridging configurations between a metal ion and a COO bond.  
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nickel oleate. The first peak for the sample was a relatively small peak at 5.40 ppm which 

was indicative of the hydrogen attached to a carbon that has both a carbon-carbon single 

and carbon-carbon double bond. There was another peak at 2.20 ppm which is indicative 

of hydrogen attached to a carbon with a CH2 group and carboxylic acid group. The third 

peak was at 2.06 ppm and is representative of the hydrogen attached to a carbon that is in 

the presence of a carbon-carbon double bond and a CH2 group. The fourth and most 

intense peak is at 1.32 ppm and is indicative of the CH2 groups along the carbon chain. 

Finally, the fifth peak is at 0.93 ppm and shows the presence of the CH3 groups at the end 

of the oleate carbon chain.  

Figure 4.63: 1H NMR spectra of nickel oleate.  
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 The infrared spectrum for the nickel oleate is shown in Figure 4.64. The IR 

sample was prepared by drying a couple of drops of nickel oleate that is dissolved in 

hexane on a ZnSe crystal. The intense peaks in the spectrum around 2850 cm‐1 and 2920 

cm‐1 are indicative of the CH2 stretching mode of the oleate ligand. The very weak peak 

around 3005 cm‐1 and the shoulder at 2950 is characteristic of the carbon hydrogen 

stretch on a carbon-carbon double bond. The medium intense peaks at 1455 and 1460 

cm‐1 are indicative of the CH2 bending mode. The weak peak at 722 cm‐1 is indicative of 

the cis structure of the carbon-carbon bond located in the oleate chain. The broad peak 

around 1580 cm‐1 suggests the asymmetric stretching mode of the 

Figure 4.64: FTIR spectrum of nickel oleate.  
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COO bond to the copper atom. The intense peak at 1710 cm‐1 is indicative of a C=O 

stretch. The medium intense peak around 1410 cm‐1 suggests the symmetric stretching 

mode of the COO bonded to the copper atom. Due to the distance between the 

asymmetric and symmetric stretch of the COO group (difference of 170 cm-1) and the 

appearance of the C=O stretch (giving a difference of 300 cm-1 between the carbonyl 

stretch and the symmetric stretch of the COO), it suggests that this oleate ligand is bound 

to nickel in both a unidentate fashion and either a bridging or bidentate fashion (Figure 

4.2.2). The infrared spectrum in Figure 4.64 along with the NMR spectrum in Figure 4.63 

suggests a successful synthesis of nickel oleate.  

 The formation of the copper oleate compound was confirmed by 1H NMR and IR 

spectroscopy. The copper oleate solid after drying was a dark blue solid, as seen in Figure 

4.65. The NMR spectrum for the copper oleate is shown in Figure 4.66. The sample was 

prepared by dissolving approximately 10 mg of copper oleate in 1 mL of deuterated 

chloroform. The NMR spectrum showed 5 broad peaks for the copper oleate. As was the 

case with the nickel oleate, the 1H NMR was broadened due to the paramagnetism of the 

Figure 4.65: Image of copper oleate. 
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Cu2+. The first peak for the sample was a relatively small peak at 5.29 ppm which was 

indicative of the hydrogen attached to a carbon that has both a carbon-carbon single and 

carbon-carbon double bond. The second peak was at 2.40 ppm which is indicative of 

hydrogen attached to a carbon with a CH2 group and carboxylic acid group. The third 

peak was at 1.96 ppm and is representative of the hydrogen attached to a carbon that is in 

the presence of a carbon-carbon double bond and a CH2 group. The fourth and most 

intense peak is at 1.27 ppm and is indicative of the CH2 groups along the carbon chain. 

Finally, the fifth peak is at 0.90 ppm and shows the presence of the CH3 groups at the end 

of the oleate carbon chain.  

Figure 4.66: NMR spectra of copper oleate. 
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The infrared spectrum for the copper oleate is shown in Figure 4.67. The IR 

sample was prepared by drying a couple of drops of copper oleate that is dissolved in 

hexane on a ZnSe crystal. The intense peaks in the spectrum around 2850 cm‐1 and 2920 

cm‐1 are indicative of the CH2 stretching mode of the oleate ligand. The very weak peak 

around 3005 cm‐1 and the shoulder at 2950 is characteristic of the carbon hydrogen 

stretch on a carbon-carbon double bond. The medium intensity peaks at 1450 and 1460 

cm‐1 are indicative of the CH2 bending mode. The weak peaks at 725 and 668 cm‐1 are 

indicative of the cis structure of the carbon-carbon bond located in the oleate chain. The 

intense peak around 1590 cm‐1 suggests the asymmetric stretching mode of the COO  

Figure 4.67: FTIR spectrum of copper oleate. 
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bond to the copper atom. The medium intense peak around 1415 cm‐1 suggests the 

symmetric stretching mode of the COO bond to the copper atom. Due to the distance of 

the asymmetric and symmetric stretch of the COO group, it suggests that this oleate 

ligand is bound to copper either in a bidentate or bridging fashion (Figure 4.61). The 

crystal structure of copper(II) oleate has not been determined; however, the crystal 

structure of copper(II) acetate (Figure 4.68) shows a binuclear copper complex with four 

acetate ions bridging the two copper(II) ions. Although we can not conclude that this 

structure is present in copper(II) oleate, it is reasonable to expect that the binuclear 

copper species may be present. The infrared spectrum in Figure 4.67 along with the NMR 

spectrum in Figure 4.66 suggests a successful synthesis of copper oleate. 

For the synthesis of CuNi alloy nanoparticles, we began with conditions similar to 

the conditions used by Park et al.38 for making magnetite nanoparticles. In all cases the 

solvent was 1-octadecene and the ratio of nickel oleate to copper oleate was 3:1, but the 

parameters that were changed between each synthesis were surfactant, heating rate, and 

time for the oleate compounds to dissolve in 1-octadecene.  

In the initial experiment, we used 5 mmol oleic acid, 2.5 mmol copper oleate 

complex, 7.5 mmol nickel oleate complex, and 65 mL 1-octadecene. The mixture was 

placed in the three-neck round bottom and allowed to fully dissolve overnight. After the 

Figure 4.68: Schematic representation of a bridging copper(II) acetate molecule. 
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oleate complexes dissolved, the solution was slowly heated to reflux (320 ºC) for 30 

minutes. The initial blue-green solution began to change brown when heated to between 

150-180 ºC. Between 200 ºC and 300 ºC, the solution color slowly changed to a darker, 

black color. The blackish-brown precipitate was dispersed in hexane and then cast on a 

silicon wafer for X-ray diffraction analysis. In the XRD pattern (Figure 4.69), the 

nanoparticles exhibited a mixed phase of the expected fcc crystal structure with 

characteristic 2θ peaks at approximately 45.00° (111), 52.25° (200), and 75.80° (220) and 

a hcp crystal phase with characteristic 2θ peaks at approximately 40.80° (010), 43.25° 

(002), 46.30° (011), 60.30° (012), and 72.90° (110). From the X-ray diffraction pattern, 

the approximate unit cell size for the fcc particles was 3.60 Å, which closely matches the 

expected value of 3.59 Å of Cu74Ni26 from the JCPDS (PDF# 09-0205). The unit cell 

Figure 4.69: The X-ray diffraction for the first synthesis of CuNi alloy 
nanoparticles from the oleate synthesis with oleic acid as the surfactant. 
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parameters for hcp particles was determined to be 2.64 Å for a and 4.34 Å for c, which 

are almost exactly the reported values from the JCPDS (PDF# 45-1027) of 2.65 Å for a 

and 4.34 Å for c for hexagonal Ni nanoparticles. After completion of the XRD with this 

sample, the sample was then characterized by SEM-EDAX to obtain a sample 

composition. The EDAX gave us an average atomic percentage of 77% nickel and 23% 

over five different spot scans and two line scans, as seen in Table 4.33. The TEM images 

 

Figure 4.70: TEM image of the first synthesis of CuNi alloy nanoparticles from 
the oleate synthesis with oleic acid as the surfactant and a histogram of the particle 
size distribution.  
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Table 4.33: SEM-EDAX atomic percentage data from five spot scans (1-5) and 
two line scans (6-7) with a standard deviation of 3.28 atomic % for the first 
synthesis of CuNi alloy nanoparticles from the oleate synthesis with oleic acid as 
the surfactant. 

Ni Cu
1 83.97 16.03
2 76.43 23.57
3 76.06 23.94
4 74.64 25.36
5 76.67 23.33
6 74.11 25.89
7 75.94 24.06

average 76.83 23.17
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(Figure 4.70) showed that the procedure gave particles with diameters in the range of 10 

to 40 nm with the majority of the particles between 15 and 30 nm. The average diameter 

was 20.8 nm over a 50 particle sample. Also, the standard deviation was 5.5 and the 

coefficient of variance is 0.3. Scherrer analysis calculated the average crystallite size to 

be 11 nm, which was lower than the distributional analysis indicated.   

The oleate synthesis with oleic acid as the surfactant was repeated three more 

times and each gave different results. The second attempt was set up the same as the first 

attempt. The metal oleate precursors were allowed to fully dissolve overnight. The 

reaction mixture was slowly heated to reflux. However, this time the solution would not 

reach the reflux temperature of 320 ºC and would only reach as high as 300 ºC. After the 

solution had refluxed at this lower temperature for 30 minutes, the solution was cleaned 
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Figure 4.71: The X-ray diffraction for the second synthesis of CuNi alloy 
nanoparticles from the oleate synthesis with oleic acid as the surfactant. 
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as before and analyzed. The blackish-brown precipitate was dispersed in hexane and then 

cast on a silicon wafer for X-ray diffraction analysis. In the XRD pattern (Figure 4.71), 

the nanoparticles exhibited a mixed phase of the expected fcc crystal structure with 

characteristic 2θ peaks at approximately 44.95° (111), 52.00° (200), and 75.70° (220) and 

a hcp crystal structure with characteristic 2θ peaks at approximately 40.95° (010), 43.45° 

(002), 46.30° (011), 60.25° (012), and 72.90° (110). From the X-ray diffraction pattern, 

the approximate unit cell size for the fcc particles is 3.60 Å, which closely matches the 

expected value of 3.59 Å of Cu74Ni26 from the JCPDS (PDF# 09-0205). The unit cell 

parameters for hcp particles was determined to be 2.64 Å for a and 4.33 Å for c, which 

are almost exactly the expected values of 2.65 Å for a and 4.34 Å for c. After completion 

of the XRD with this sample, the sample was then characterized by SEM-EDAX to 

obtain a sample composition. The EDAX gave us an average atomic percentage of 

53.59% nickel and 46.41%, which was not the expected ratio of nickel to copper, over six 

different spot scans and two line scan, as seen in Table 4.34. The TEM images (Figure 

4.72) showed that the procedure gave particles with various shapes and sizes in the range 

of approximately 2 to 30 nm. Since the particle sizes and shapes were so varied, it was 

Table 4.34: SEM-EDAX atomic percentage data from five spot scans (1-6) and 
two line scans (7-8) with a standard deviation of 5.08 atomic % for the second 
synthesis of CuNi alloy nanoparticles from the oleate synthesis with oleic acid as 
the surfactant. Ni Cu

1 50.64 49.36
2 52.67 47.33
3 45.85 54.15
4 54.08 45.92
5 51.22 48.78
6 55.35 44.65
7 55.38 44.62
8 63.55 36.45

average 53.59 46.41
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decided not to generate a histogram of particle sizes. Scherrer analysis calculated the 

average crystallite size to be 13 nm.   

In the third attempt of making CuNi alloy using the oleate synthesis with oleic 

acid as the surfactant, the same amounts of reactants were used. This time, the metal 

oleate complexes were only given two hours to dissolve. Before heating there appeared to 

still be some undissolved nickel complex. The rate of heating was approximately twice as 

fast as done within the two previous attempts. In this attempt, the solution did reach the 

expected reflux temperature of 320 ºC and was held there for 30 minutes. After cleaning 

the particles, the blackish-brown precipitate was dispersed in hexane and then cast on a 

silicon wafer for X-ray diffraction analysis. In the XRD pattern (Figure 4.73), the  

nanoparticles exhibited mixture of the expected fcc crystal phase with characteristic 2θ 

peaks at approximately 45.10° (111), 52.25° (200), and 75.80° (220). From the X-ray 

diffraction pattern, the approximate unit cell size is 3.59 Å, which matches the expected 

value of 3.59 Å of Cu74Ni26 from the JCPDS (PDF# 09-0205). After completion of the 

Figure 4.72: TEM image of the second synthesis of CuNi alloy nanoparticles from 
the oleate synthesis with oleic acid as the surfactant.  
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Figure 4.74: TEM image of the third synthesis of CuNi alloy nanoparticles from 
the oleate synthesis with oleic acid as the surfactant and a histogram of the particle 
size distribution.  
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Figure 4.73: The X-ray diffraction for the third synthesis of CuNi alloy 
nanoparticles from the oleate synthesis with oleic acid as the surfactant. 
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XRD with this sample, the sample was then characterized by SEM-EDAX to obtain a 

sample over six different spot scans and two line scan, as seen in Table 4.35. The EDAX 

gave us an average atomic percentage of 17% nickel and 83% Cu83Ni17 was much less 

than anticipated from the ratio of 75% nickel and 25% copper charged to the reactor. The 

TEM images (Figure 4.74) showed that the procedure gave single crystal particles with 

diameters in the range of 20 to 90 nm with the majority of the particles between 40 and 

80 nm. The average diameter was 60.4 nm with a standard deviation of 12.9 nm and a 

coefficient of variance of 0.2 over a 50 particle sample. Scherrer analysis calculated the 

average crystallite size to be 20 nm and was extremely inaccurate in this case.   

 In the fourth attempt of making CuNi alloy with the oleate synthesis with oleic 

acid as the surfactant, the same amounts of reactants were used. This time, the metal 

oleate complexes were given overnight to fully dissolve. The rate of heating was 

approximately twice as fast as done within the first two attempts. In this final attempt, the 

solution did reach the expected reflux temperature of 320 ºC and was held there for 30 

minutes. After cleaning the particles, the blackish-brown precipitate was dispersed in 

hexane and then cast on a silicon wafer for X-ray diffraction analysis. In the XRD pattern 

Ni Cu
1 11.84 88.16
2 13.71 86.29
3 16.99 83.01
4 15.33 84.67
5 13.21 86.79
6 17.42 82.58
7 20.89 79.11
8 23.01 76.99

average 16.55 83.45

Table 4.35: SEM-EDAX atomic percentage data from five spot scans (1-6) and 
two line scans (7-8) with a standard deviation of 3.86 atomic % for the third 
synthesis of CuNi alloy nanoparticles from the oleate synthesis with oleic acid as 
the surfactant. 
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(Figure 4.75), the nanoparticles exhibited a mixed phase of the expected fcc crystal 

structure with characteristic 2θ peaks at approximately 44.95° (111), 52.10° (200), and 

75.85° (220) and a hcp crystal structure with characteristic 2θ peaks at approximately 

41.05° (422), 43.35° (002), 46.40°  (011), 60.40° (012), and 72.90° (110). From the X-ray 

Table 4.36: SEM-EDAX atomic percentage data from five line scans with a 
standard deviation of 4.49 atomic % for the fourth synthesis of CuNi alloy 
nanoparticles from the oleate synthesis with oleic acid as the surfactant. 
 Ni Cu

1 74.37 25.63
2 76.65 23.35
3 84.66 15.34
4 73.11 26.89
5 77.44 22.56

average 77.25 22.75
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Figure 4.75: The X-ray diffraction for the fourth synthesis of CuNi alloy 
nanoparticles from the oleate synthesis with oleic acid as the surfactant. 
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diffraction pattern, the approximate unit cell size is 3.60 Å, which closely matches the 

expected value of 3.59 Å of Cu74Ni26 from the JCPDS (PDF# 09-0205). The EDAX 

analysis gave an average atomic percentage of 77% nickel and 22% over five line scan,  

as seen in Table 4.36. The TEM images (Figure 4.76) showed that the procedure gave 

particles with diameters in the range of 10 to over a 100 nm with the particles varying in 

shapes and sizes too large for determining the histogram of particle sizes. Scherrer 

analysis calculated the average crystallite size to be 12 nm.   

In the second oleate experiment, we used 5 mmol oleylamine, 2.5 mmol copper 

oleate complex, 7.5 mmol nickel oleate complex, and 65 mL 1-octadecene. The metal 

oleate precursors were allowed to fully dissolve overnight and the reaction mixture was 

then slowly heated. This time, the solution would not reach the reflux temperature of 

320ºC and would only reach as high as 300ºC. After the solution had refluxed at this 

lower temperature for 30 minutes, the solution was cleaned as before and analyzed. The 

blackish-brown precipitate was dispersed in hexane and then cast on a silicon wafer for 

Figure 4.76: TEM images from different areas of the TEM grid of the fourth 
synthesis of CuNi alloy nanoparticles from the oleate synthesis with oleic acid as 
the surfactant. 
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Figure 4.78: TEM images from different areas of the TEM grid of the first 
synthesis of CuNi alloy nanoparticles from the oleate synthesis with oleylamine as 
the surfactant.  
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Figure 4.77: The X-ray diffraction for the first synthesis of CuNi alloy 
nanoparticles from the oleate synthesis with oleylamine as the surfactant. 
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X-ray diffraction analysis. In the XRD pattern (Figure 4.77), the nanoparticles exhibited a 

mixed phase of the expected fcc crystal structure with characteristic 2θ peaks at 

approximately 44.90° (111), 51.95° (200), and 75.65° (220). From the X-ray diffraction 

pattern, the approximate unit cell size is 3.61 Å, which closely matches the expected 

value of 3.59 Å of Cu74Ni26 from the JCPDS (PDF# 09-0205). The EDAX gave an 

average atomic percentage of 48% nickel and 52% copper over five different spot scans 

and two line scan, as seen in Table 4.37. The TEM images (Figure 4.78) showed that the 

procedure gave  single crystal particles with diameters in the range of 5 to 30 nm with the 

particles varying in shapes and sizes so that an accurate size distribution analysis is not 

possible. Scherrer analysis calculated the average crystallite size to be 11 nm.  

The second attempt at making the CuNi alloy particles with oleylamine was set up 

as it was in the previous experiment. The metal oleate complex was allowed to fully 

dissolve over night and was heated twice the rate as the previous experiment. The 

resulting blackish-brown precipitate was dispersed in hexane and then cast on a silicon 

wafer for X-ray diffraction analysis. In the XRD pattern (Figure 4.79), the nanoparticles 

exhibited an mixed  phase of the expected fcc crystal structure with characteristic 2θ 

Ni Cu
1 42.02 57.98
2 47.97 52.03
3 44.66 55.34
4 49.52 50.48
5 46.27 53.73
6 48.76 51.24
7 56.24 43.76

average 47.92 52.08

Table 4.37: SEM-EDAX atomic percentage data from five spot scans (1-5) and 
two line scans (6-7) with a standard deviation of 4.48 atomic % for the first 
synthesis of CuNi alloy nanoparticles from the oleate synthesis with oleylamine as 
the surfactant. 
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Figure 4.80: TEM images from different areas of the TEM grid of the second 
synthesis of CuNi alloy nanoparticles from the oleate synthesis with oleylamine as 
the surfactant.  
 

Figure 4.79: The X-ray diffraction for the second synthesis of CuNi alloy 
nanoparticles from the oleate synthesis with oleylamine as the surfactant. 
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peaks at approximately 45.15° (111), 52.15° (200), and 75.85° (220) and a hcp crystal 

structure with characteristic 2θ peaks at approximately 41.40° (010), 43.60° (002), 46.70°   

(011), 60.60° (012), and 73.20° (110). From the X-ray diffraction pattern, the approximate 

unit cell size for the fcc particles is 3.59 Å, which matches the expected value of 3.59 Å 

of Cu74Ni26 from the JCPDS (PDF# 09-0205). The unit cell parameters for hcp particles 

were determined to be 2.62 Å for a and 4.26 Å for c, which are close the expected values 

of 2.65 Å for  a and 4.34 Å for c. After completion of the XRD with this sample, the 

sample was then characterized by SEM-EDAX to obtain a sample composition. The 

EDAX gave us a average atomic percentage of 80% nickel and 20% copper over five line 

scans, as seen in Table 4.38. The TEM images (Figure 4.80) showed that the procedure 

gave single crystal particles with diameters in the range of 10 to 40 nm with the particles 

varying in shapes and sizes so that an accurate size distribution analysis is not possible. 

Scherrer analysis calculated the average crystallite size to be 12 nm.   

The third oleate experiment used 2.5 mmol copper oleate complex, 7.5 mmol 

nickel oleate complex, and 65 mL 1-octadecene. The mixture was placed in the three-

neck round bottom and allowed to fully dissolve overnight. After the oleate complexes 

dissolved, the solution was slowly heated to reflux. The blackish-brown precipitate was 

dispersed in hexane and then cast on a silicon wafer for X-ray diffraction analysis. In the 

Ni Cu
1 42.02 57.98
2 47.97 52.03
3 44.66 55.34
4 49.52 50.48
5 46.27 53.73

average 46.09 53.91

Table 4.38: SEM-EDAX atomic percentage data from five line scans with a 
standard deviation of 2.91 atomic % for the second synthesis of CuNi alloy 
nanoparticles from the oleate synthesis with oleylamine as the surfactant. 
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Figure 4.82: TEM images from different areas of the TEM grid of the synthesis of 
CuNi alloy nanoparticles from the oleate synthesis with no surfactant.  
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Figure 4.81: The X-ray diffraction for the synthesis of CuNi alloy nanoparticles 
from the oleate synthesis with no surfactant. 
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XRD pattern (Figure 4.81), the nanoparticles exhibited a mixed phase of the expected fcc 

crystal structure with characteristic 2θ peaks at approximately 45.00° (111), 52.10° (200), 

and 75.80° (220) and a hcp crystal structure with characteristic 2θ peaks at approximately 

41.05° (010), 43.35° (002), 46.45° (011), 60.25° (012), and 73.05° (110). From the X-ray 

diffraction pattern, the approximate unit cell size is 3.60 Å for the fcc phase, which 

closely matches the expected value of 3.59 Å of Cu74Ni26 from the JCPDS  

 

(PDF# 09-0205). The unit cell parameters for hcp particles was determined to be 2.63 Å 

for a and 4.31 Å for c, which are close the expected values of 2.65 Å for a and 4.34 Å for 

c. SEM-EDAX gave an average atomic percentage of 71% nickel and 29% copper over 

five different spot scans and two line scan, as seen in Table 4.39. The TEM images 

(Figure 4.82) showed that the procedure gave single crystal particles with diameters in 

the range of 2 to 60 nm with the particles varying in shapes and sizes so that an accurate 

size distribution analysis is not possible. Scherrer analysis calculated the average 

crystallite size to be 13 nm. 

 

 

Table 4.39: SEM-EDAX atomic percentage data from five spot scans (1-5) and 
two line scans (6-7) with a standard deviation of 11.99 atomic % for the synthesis 
of CuNi alloy nanoparticles from the oleate synthesis with no surfactant. 
 

Ni Cu
1 44.94 55.06
2 69.74 30.26
3 77.04 22.96
4 78.20 21.80
5 79.04 20.96
6 76.27 23.73
7 72.33 27.67

average 71.08 28.92
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Chapter 5 
 

Conclusions and Future Work 

 

5.1 Conclusions and Future Work for Transition Metal Oxide Nanoparticles and 
Surface Chemistry 

 
The first objective of the transition metal oxide nanoparticles and surface 

chemistry chapter was to find a literature synthesis procedure that could produce 

monodisperse particles to be used for MRI contrast enhancement. After examining many 

literature procedures that suggested they had a small size distribution and particles 

smaller than 20 nm in diameter, synthesis by diol reduction gave the best results. We 

chose the transition metal oxide nanoparticles syntheses produced by Sun et al.29 as being 

the best for our purposes, due to the better size distribution than most of the other most 

common co-precipitation routes. For the case of magnetite, the 6 nm particle synthesis for 

magnetite gave the best distribution of size and shape of the magnetite nanoparticles. 

Also, we were able to easily double and quadruple the batch size to produce greater 

quantities of particles with only a small disturbance in the distribution of size. We also 

demonstrated that we could make transition metal ferrites that range between 10 and 15 

nm with small distributions of shapes and sizes, which could be used to improve MRI 

contrast enhancement depended on the needed magnetic properties. These particle 

syntheses tended to produce particles that were not as spherical as those produced within 

the magnetite synthesis, but still producing good particle size distributions.  
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For future work on producing magnetite nanoparticles for MRI contrast or 

possibly nanoparticles for heating for controlled drug release, an evaluation of other 

reducing agents should be conducted to determine if there is a equivalent reducing agent 

to 1,2-hexadecanediol but less expensive. From our work, we did examine the triethylene 

glycol and stearyl alcohol as reducing agents in these syntheses. The triethylene glycol 

was substituted for the 1,2-hexadecanediol in the 6nm synthesis for magnetite. The price 

of triethylene glycol is 10% of the cost of 1,2-hexadecanediol. The synthesis produced 

larger particles that were not as spherical as the synthesis with the 1,2-hexadecanediol. 

When the stearyl alcohol was used in the seeding procedure to make 16 nm particles from 

8 nm, the particles produced a wide range of particle sizes that were between 6 and 24 nm 

in diameter and gave irregular shaped particles. For this synthesis, it was an attempt to 

reproduce the Sun et al.29 synthesis that they said that they could double the size of the 8 

nm diameter particles by similar seeding procedure to the one used to make 8 nm 

particles from 6 nm particles. The only difference in the two procedures was basically the 

reducing agent. They substituted 1,2-hexadecanediol with stearyl alcohol. So, I would 

like to see what size and size distribution of particles would be given from the same 

conditions but using 1,2-hexadecanediol. Another possible reducing agent to try to 

replace 1,2-hexadecanediol is 1,2-decanediol, which is similar in structure and is 

approximately 1/6th of the cost.  

The second objective of the transition metal oxide nanoparticles and surface 

chemistry chapter was to understand the surface chemistry of oleic acid and oleylamine 

coated nanoparticles so that we could attach ligands to the surface for attachment to a 

targeting moiety, such as a genetically engineered adenovirus or herpes simplex virus. 
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We did show that we could attach ligands with silane functional groups to the surface of 

the metal oxide particles via simple silane coupling chemistry; these were the AEAPT 

ligand, triethoxysilane/PEG ligand, and biotin/triethoxysilane ligand. The 

triethoxysilane/PEG ligand and biotin/triethoxysilane ligand were bound to the surface of 

magnetite nanoparticles. As for the AEAPT ligand, we demonstrated that we could 

successfully bind it to the surface of NiFe2O4, CoFe2O4, MnFe2O4, and Fe3O4 

nanoparticles. By confirming the attachment of these ligands to the surface of the 

particles by IR and XPS, our next step would be to attempt attachment to a targeting 

moiety that displays either polyhistidine tags or tegument proteins.  

Since we were not able to reproduce to biotin/hydroxy ligand as it was done in the 

literature, we then decided to attach the biotin/triethoxysilane ligand to the surface of the 

metal oxide particles by our simple silane coupling chemistry. We were able to confirm 

the attachment by XPS and FTIR. We did notice that with this ligand attached that the 

particles were not dispersible in water. So, to make the particles dispersible in water we 

used TMAOH and triethoxysilane/PEG ligands. We had to use both ligands because 

TMAOH alone would make the water solution too basic.  

The future work pertaining to surface modified transition metal ferrites would 

consist of attachment to a targeting moiety. At this time, we are not sure of the identity of 

the targeting moiety. Some of the collaborators that we were working with at the 

beginning of my project have changed, therefore changing the availability of the 

originally envisioned targeting moiety of the adenovirus with polyhistidine tags or biotin 

rich hexons. Other options are being explored so that proof of concept experiments could 

be proven.  
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For future research, it would be interesting to determine what happens to the oleic 

acid and the oleylamine surfactants on the particle surfaces when reacted with silane 

functional groups. The main question in regard to this is: How much of the oleic acid and 

oleylamine is displaced and replaced with the silanol groups? From our results of from 

XPS of the magnetite before addition of the AEAPT, the XPS spectra showed no 

evidence of the nitrogen from the oleylamine but did give an approximate 18:1 ratio of 

carbons within the carbon chain to the carbon within the carboxylic acid. When we 

analyzed the IR spectra, we found that there was evidence that there was a NH2 stretching 

mode present from the oleylamine ligand. So, we know that there is both oleic acid and 

oleylamine present of the surface of the particles, but we would like to find out how 

much is being displaced to make room for the other ligands.  

 
5.2 Conclusions and Future Work for Synthesis of CuNi Nanoparticles 
 
 We evaluated the synthesis of CuNi nanoparticles by diol reduction, since there 

was no reported synthesis of CuNi nanoparticles by this method and we have experience 

with synthesizing other nanoparticles by this method. So, to do this we evaluated five of 

the different parameters for making particles, choice of solvent, temperature sequence, 

amount and type of surfactant, precursor composition and reducing agent. The best 

solvent for making the CuNi nanoparticles was benzyl ether. Benzyl ether was the only 

solvent that we initially tried that produced fcc CuNi particles with an average size under 

100 nm and composition that was close to target composition. The best temperature 

sequence was when the reaction solution was slowly heated to reflux for 30 minutes. 

When the solutions were heated for longer times, more rod shaped particles or other 

irregular shaped particles formed. When it comes to the surfactant, it appears that it is 
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important to add the surfactant at the when mixing the components before heating and 

that the ratio should be 1:1 between oleic acid and oleylamine. Also, the particles tend to 

have a better control of composition when the ratio of oleic acid to oleylamine has a 

higher amount of oleylamine.  When the surfactants were added at 100 ºC, there was the 

appearance of hcp particles with a very wide range of sizes and shapes being present. The 

target compositions for heating the reaction mixture to reflux for 30 minutes were 

Cu25Ni75, Cu33Ni66, Cu50Ni50, and Cu60Ni40. In each case when heated to reflux for 30 

minutes, we received compositions very close to the target compositions. We found 1,2-

hexadecanediol to be the best reducing agent. When a stronger reducing agent was used, 

the size distribution became larger and there was an emergence of hcp nickel. In 

conclusion for the diol synthesis of CuNi, the best synthesis was when the reaction was 

the synthesis described in the control of composition section. In each of the synthesis 

discussed within that section, they each give the expected fcc crystal structure, 

demonstrate the control of composition, give mostly spherical particles with some rods, 

and have an average size of spherical particles under 100 nm in diameter.  

The synthesis of CuNi nanoparticles in the presence of PVP is a common type of 

polyol synthesis used for making other alloy nanoparticles. In our attempt for making the 

CuNi nanoparticles with this procedure, we found that it gave a small size distribution 

with an average size of approximately 50 nm in diameter. The actual diameter of the 

CuNi nanoparticles is unknown, due a thick layer of PVP. Scherrer analysis predicted 

that the particles are less than 10 nm. Also, the Cu28Ni72 composition did not match the 

targeted Cu60Ni40 composition. So, we concluded that these particles needed to have a 

better control over the composition and the thickness of the PVP shell. Ai et al. suggested 
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that when they made their NiPd nanoparticles that PVP has been widely used in medicine 

and foods due to its excellent solubility and biocompatibility.1 Therefore, it is believed 

that capping of nanoparticles with PVP should improve the cytocompatibility of the 

nanoparticles. So, I suggest that further synthesis of these CuNi particles could lead to a 

viable nanoparticle for the hyperthermia application. To do this, I propose first that we 

change the molecular weight of the PVP used so that we can attempt to control the 

thickness of the PVP shell.  

 Formation of CuNi nanoparticles by seeding with a diol reduction proved to be a 

very complex task. First, it was very difficult to find a literature procedure that produced 

particles small enough that they could be used as a seed for the formation of the alloy. 

Each literature procedure that we attempted for this purpose, failed to meet what the 

authors of the procedures reported. In most cases, it was almost impossible to get any 

particles precipitated out of the reaction solution from the cleaning procedure that was 

given in the paper. So, we tried to synthesize both copper nanoparticles and nickel 

nanoparticles by diol reduction in the same method as making magnetite, and resulted in 

making a mixed phase of hcp and fcc nickel particles and a mixture of fcc copper and 

cubic Cu2O particles. Neither of these results gave the desired result, but we then took a 

small amount the hcp and fcc nickel particles and added Cu(acac)2 to the reaction and 

hoped that with the addition of the copper and more time refluxing that we would then 

get the desired fcc structure. This did not happen, but we did get peaks that corresponded 

with fcc nickel, fcc copper, and hcp nickel. So, unlike the synthesis were we received 

Cu2O particles with the fcc copper, the Cu2O particles did not form. This leads us to 
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believe that the presence of nickel may have some role in preventing the copper oxide 

from forming.  

 The synthesis of CuNi nanoparticles by oleate reduction proved to be the most 

inconsistent particle synthesis of all of the synthesis. It was very difficult to reproduce the 

results. Looking back at how each of the syntheses was prepared, it appears that a main 

problem may have been the solubility of the nickel oleate precursor in 1-octadecene. No 

matter how long the precursor was left in the solvent, there was always a small amount 

left floating in the solution at the beginning of heating. I believe that the oleate precursors 

have potential for making CuNi nanoparticles, but using a different solvent may be the 

key to making this successful. So, I would suggest trying the diol synthesis with these 

precursors instead of the acac precursors to see what may happens.  

 When comparing our synthesis to the literature syntheses, I believe that we did 

make an improvement on the synthesis of CuNi nanoparticles. Our diol reduction method 

that gave us our best result, consisted of a total amount of 1 mmol of Cu(acac)2 and 

Ni(acac)2,  5.00 mmol of 1,2 hexadecanediol, 1.5 mL of oleic acid, 1.5 mL of oleylamine 

and 15 mL of benzyl ether. Our synthesis did present smaller particles and in most cases 

a better size distribution. Although we did not accomplish all of the characteristics that 

we set out to accomplish, we did find that we could make CuNi nanoparticles that would 

have an fcc structure, control of composition, and an average particles size smaller than 

100 nm.  

For future work, first I would take the best CuNi nanoparticles synthesis from the 

diol reduction method and measure the Curie temperature of different compositions by 

using temperature dependant vibrating sample magnetometry. This way we can 
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determine what is the best composition for a Curie temperature in the therapeutic range. 

By doing this for different compositions between a Cu50Ni50 and a Cu10Ni90, we can 

determine how the composition affects the Curie temperature. After determining which 

composition is best, we will determine the SAR and the heating efficiency of the particles 

by using the hyperthermia chamber in Dr. Chris Brazel’s lab. For the measurement of 

SAR, the magnetic particles will be dispersed in a solvent (mg of particles/ mL of 

solvent) and the dispersion will be placed in a vial in the middle of the hyperthermia 

chamber coils. An IR camera and associated software will provide plots of temperature as 

a function of time while the dispersion is subjected to the radio frequency magnetic field. 

Values of SAR (W/g) will be calculated using equation 4, where Cp is the heat capacity 

of the dispersion, ∆T/∆t is the initial slope of the heating curve and m is the mass of entire 

sample. For particles with moderate values of Curie temperature, we will determine 

whether the heating curve is limited by the Curie temperature.  

Another suggestion that I would make is to study the formation of the particles 

through the synthesis. To do this, there would need to be a TEM study of the particles 

throughout the reaction process. So, to do this we would follow a procedure that was 

done by Chandan Srivastava in his Ph D. research that requires for 1 mL samples from 

different stages of the synthesis to be extracted and then quenched in ethanol.47 The 

samples were then worked up as normal with a rinsing sequence of ethanol and hexane. 

Each of the samples were imaged by TEM and compositional data was obtained by TEM-

EDAX on single particles within the sample. By doing this method of studying the 
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progression of the particle formation during synthesis, we would be able to determine if 

both copper or nickel atoms nucleate together or if one leads to the other being nucleated. 

This would be a very important study, due to the fact that there are not many research 

groups worldwide that study the progression of how the nanoparticles form. 
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