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Relationships between Uranyl Bond Lengths and Dihedral Angles and Raman 
Spectroscopic Wavenumbers 

Since 2005, the Burns research team at the University of Notre Dame has explored the synthesis and 

characterization of polynuclear metal oxide nanoclusters containing actinide elements. This nanocluster 

research has applications in the recycling of nuclear waste and increasing the viability of nuclear energy 

as a source of power. Wide applications of the nanocluster in the fuel cycle require their full 

characterization and easy means to identify them in solution and in the solid state. Raman spectroscopic 

data have been correlated to uranyl bond length in uranium dimer compounds. Such correlations directly 

model the bond length as a function of wavenumber. The goal of this project is to expand the model for 

this correlation. Dihedral angles and uranyl bond lengths are both related to the ligand used to form the 

dimer. A simple mathematical model will account for the relationships of both the uranyl bond lengths 

and the dihedral angles. Further, the model will be applied to uranium nanoclusters of various sizes and 

synthetic methods. The results that we will present will demonstrate a direct mathematical relationship 

between a given Raman wavenumber and the corresponding uranyl bond lengths and dihedral bond 

angles present in the nanoclusters. 
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Ionic Liquids are combinations of positively and negatively charged ions that are liquid 
at room temperature. Because of this, they have very interesting properties, especially when 
interacting with other solvents in mixtures. They were originally researched for the possibility 
of CO2 capture and green chemistry, but they have also been shown to have favorable 
properties that could be utilized in the breaking of azeotropic mixtures for extractive 
distillation. If a two-component mixture forms an azeotrope, it is impossible for normal 
distillation to purify the product beyond the azeotropic point. In these cases, either a third 
solvent or a salt can be added to the mixture to ‘break’ the azeotrope, and allow the two 
components to be completely separated by distillation. However, a third solvent can be hard to 
separate from the other two components, and a salt has the potential to damage other 
equipment in the process. Ionic liquids could be the ideal component to use to solve this 
problem. The ionic structure allows the liquid to interact in different capacities with the two 
components in the mixture, adjusting the way the mixture boils, and potentially breaking the 
azeotrope. They are also liquids with extremely low vapor pressure, so they will flow through 
process equipment without damaging it, and can be separated and recycled by boiling off the 
heavier component. Several azeotropes have been investigated in the past, and the current 
study explores the Ethanol-Ethyl Acetate azeotrope. Several different ionic liquids were 
selected to break the azeotrope based on their infinite dilution activity coefficients with the two 
solvents, and different weight percentages of the ionic liquids were used to see how much is 
necessary to break the azeotrope. Results are analyzed for the efficiency of breaking the 
azeotrope in correspondence with infinite dilution activity coefficient values for possible 
extension to other azeotropic systems. 

 



Influence of nanofiller shape and aspect ratio on the ionic conductivity and thermal 
properties of solid polymer electrolytes for rechargeable Li-ion batteries 

Nhu Suong Do,1 Alan C. Seabaugh,1 Susan K. Fullerton-Shirey,1*   
1

Solid polymer electrolytes (SPEs) have superior mechanical properties compared to 
liquid electrolytes, making them attractive for use in Li-ion batteries. However, the room 
temperature conductivity is low (10-6 S/cm).  The addition of spherical metal oxide nanoparticles 
(NPs) slightly improves conductivity. The maximum improvement typically occurs ~10 wt% 
filler concentration. We have shown that α-Fe2O3 nanorods (NRs) improve the conductivity to a 
similar extent as spherical NPs, but at a concentration of only 1 wt%. The goal of this study is to 
investigate whether this finding is universal or unique to Fe2O3 by comparing the conductivity 
and thermal properties of SPEs loaded with four different types of nanofillers of varying size and 
aspect ratio: (1) spherical α-Fe2O3 NPs (diameter ~30 nm), (2) α-Fe2O3 NRs (16 × 105 nm), (3) 
α-TiO2 NRs (4 x 20 nm) and (4) α-TiO2 ellipses (17 × 76 nm). We added 0.5 – 20 wt% 
nanofillers to a polyethylene(oxide) [PEO]/LiClO4 (10:1) electrolyte. We use impedance 
spectroscopy to measure the conductivity and differential scanning calorimetry (DSC) to 
measure the thermal properties.   
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 Fe2O3 NP, TiO2 ellipse, TiO2 NR, and Fe2O3 NR give the maximum conductivity 
improvement at 10 wt%, 5 wt%, 2.5 wt% and 1 wt% loading, respectively, and they increase 
conductivity to a similar extent. Thus, as the aspect ratio increases, the filler concentration 
needed to boost the conductivity decreases. This is the first demonstration of an inverse 
relationship between filler aspect ratio and conductivity. DSC measurements show that the 
crystal fraction decreases for all fillers with one exception: 1 wt% Fe2O3 NR (the fraction 
increases beyond that of the unfilled sample.) This is a surprising result since increased 
crystallinity typically decreases conductivity in SPEs. Furthermore, DSC data show that the 
1wt% Fe2O3 NR sample contains a higher fraction of a conductive crystal structure, 
(PEO)6:LiClO4. We did not find evidence of this crystal structure induced by TiO2 NRs 
although TiO2 and Fe2O3 NRs have similar aspect ratios. It maybe because the large size 
disparity between TiO2 and Fe2O3 NRs. A critical nanofiller size and aspect ratio may be 
required to induce the formation of (PEO)6:LiClO4 and further improve conductivity. 
 

 



Stability and Characterization of Water in Petroleum Emulsions 

Dr. Kilpatrick and Greg Goodman  
Slatt Fellowship 

23 June 2013 
Introduction 

Water-in-petroleum emulsions generated during the transportation, handling, and refining of 
crude oil create many challenges in these processing steps (1).  Emulsions are generally defined 
as a mixture of two immiscible liquids through the stable suspension of droplets of one liquid in 
the other liquid (2). The emulsions that form in water and crude oil systems are generally highly 
stable and lead to an increased viscosity and organic deposition within processing equipment, 
causing numerous issues and decreasing the total recovery of useful crude oil components (3).  
The key component of these highly stable emulsions is an interfacial film composed of various 
asphaltene molecules that forms at the water-oil interface, which demonstrates both mechanical 
rigidity and viscoelastic properties (4, 5).   

Various studies have investigated the mechanical and rheological properties of this film by 
examining the interface between a bulk crude oil and a water phase (1, 4, 6-10).  As early as 
1999 Yeung, Dabros, Czarnecki, and Masliyah observed that the properties of this interfacial 
film were very different at the microscale when compared to the macroscale and pioneered a 
modified micropipette technique to measure the interfacial tension of micrometer-sized water 
droplets in crude oil (6).  This investigation of the microscale droplets was enhanced using 
dilatational rheometry in 2007 by Yarranton, Sztukowski, and Urrutia who found that the 
interfacial modulus of the interface between a dispersed water phase and a continuous phase of 
asphaltenes, toluene, and heptane was a function of both asphaltene concentration and time (4).  
Recent studies have used an oscillating bubble rheometer, similar to the one used in the 
aforementioned study by Yarranton et al., to produce data on the interfacial film that forms at 
this interface as a function of time while varying pH, salt concentration, and the type or fraction 
of crude oil in the bulk oil phase (4-5, 10-11).   

Asphaltenes have been of particular interest due to their role in forming an elastic film at the 
water-oil interface that is widely believed to be responsible for the stability of water-in-crude oil 
emulsions (2, 4-5, 10, 12-13).  Asphaltenes are a fraction of crude oil that is soluble in an 
aromatic solvent, such as toluene, yet insoluble in an aliphatic solvent, such as heptane.  They are 
generally of high molecular weight, ranging from several hundred to a few thousand daltons, and 
feature a highly fused, aromatic ring structure which includes heavy metals and a large polarity 
(2, 10).  From the numerous studies which have been conducted, it is hypothesized that the 
asphaltenes adsorbing at the water-oil interface undergo molecular diffusion and reorientation (7, 
11).  Experiments published by Spiecker and Kilpatrick have shown that the elastic modulus of 
the asphaltene interface undergoes a steady increase over a period of time up to 8 hours, even 
after the asphaltenes have been removed from the oleic phase adjacent to the interface (7).  After 



the asphaltenes adsorb to the interface, they rearrange themselves to maximize the amount of 
intermolecular forces between them, forming a highly cross-linked and elastic film.  A separate 
study conducted by Verruto, Le, and Kilpatrick has characterized the effects of both pH and 
electrolyte concentration on the interfacial tension and elasticity (10).  What they observed was 
that the interfacial film growth slowed with salt addition at both neutral and acidic pH.  This is 
most likely due to three mechanisms occurring simultaneously: electrolyte screening of the 
molecules at the interface, interfacial crowding, and displacement of interfacial molecules with 
those that are less likely to consolidate. 

Previous work on this topic has been completed using pure asphaltene samples isolated from 
various crude oils from around the world (4-5, 7, 10).  A method developed by Wu in 2002 has 
enabled the isolation of the material at the water-oil interface using a D2O bulk droplet phase 
rather than H2O (14).  Analysis of the interfacial material forming at this interface has been 
studied for a number of geographically distinct crude oils using electrospray ionization Fourier 
transform ion cyclotron resonance mass spectrometry (8, 9).  However, a highly reproducible 
experiment using a modified Wu method, which may give additional insight to the materials 
making up the water-oil interface, has not been attempted prior to this report. 

In this analysis, we investigate the ability to isolate the material present within the interfacial 
film (known as interfacial material) in a reproducible manner using the techniques developed by 
Wu (9, 14) as well as the effect of pH and electrolyte concentration on the interfacial film’s 
tension and elasticity, as gauged by oscillating droplet dilatational rheometry.  A mixture of 
crude oil A (obtained from ExxonMobil) and deionized water was used to create the emulsion 
from which the interfacial material was generated.  Examination of the interfacial rheological 
properties was done using an oscillating droplet tensiometer. 



Carolyn Keefe 

S-block catalysts for copolymerization of CO2 and epoxide 

Use of CO2 in an economically profitable fashion will help offset costs of carbon capture and 

storage while providing a renewable alternative to petroleum as a carbon source.  One 

application is the copolymerization of CO2 with an epoxide yielding polycarbonates.  Current 

technology utilizes transition metal catalysts that often require high pressures (100 bar), can 

discolor the product, and are toxic.  The use of environmentally benign light s-block metal 

complexes (Li, Na, K, Mg, Ca) is proposed as a more highly reactive, “greener” alternative.  

Two different families of s-block catalysts were examined.  The first family of catalysts isolated 

were homoleptic hexamethyldisilazide (-HMDS) complexes [M(HMDS)x(d)] (M = Li, Na, K: x 

= 1; M = Mg, Ca: x = 2) that were determined to be inactive in the copolymerization process.  

Spectroscopic data indicates that the mentioned complexes react with carbon dioxide 

successfully; however, the resulting carbamate complexes aggregate in solution, precipitate, and 

do not subsequently react with the epoxide.  To resolve this problem, a second family of 

complexes was examined where application of the sterically bulky, monoanionic Salen-type 

ligands suppresses aggregation, potentially increasing reactivity and selectivity.  Initial studies 

indicate that the Salen-type complexes react with carbon dioxide and that aggregation is limited.  

Polymerization studies are underway.  Finally, the Salen-type ligand provides increased 

flexibility and allows for bimetallic complexes to be isolated, which would facilitate the catalysis 

through a cooperative effect between the two metal centers.  These are also under further 

investigation. 



Blake Lantero 

On Fuel Economy Bounds 

This paper addresses the problem of determining achievable fuel efficiency bounds assuming 

currently available state of the art engine technology for hybrid electric vehicles. We will 

approach this problem by starting with the lowest brake specific fuel consumption (bsfc) values 

of existing production gas and Diesel engines and then estimating power needs at the driven 

wheels using typical vehicle information such as air drag coefficient, cross sectional area, vehicle 

mass, rolling resistance coefficient, etc.  The ideal hybrid drive train must allow for the engine to 

remain in the bsfc sweet spot regardless of load conditions. This requires short-term energy 

buffering and cycling the engine in an “on/off” type of operating mode. Using power train 

efficiency of the drive train as a free parameter, we then estimate achievable fuel consumption 

for various operating conditions and power train efficiencies. Based on the presented bounds, we 

will also propose efficiency index for power train systems. These index can be used to evaluate 

and compare overall driveline efficiencies of vehicles relative to the optimal driveline and engine 

efficiency. 
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Conversion of Carbon Dioxide into Liquid Fuels and Other Commodities 
 
 
The development of economically viable and energy-efficient approaches for carbon 

dioxide (CO2) capture/adsorption is critically important to mitigate climate change 

and preserve the ecosystem . C O 2 is a renew able feedstock, w hich can serve both as a 

reagent in chem ical synthesis and as an environm entally benign solvent system . A t 

present, given the depleting petroleum  feedstocks that w e heavily depend on to 

produce industrially important chem icals, it is of utm ost im portance that w e develop 

new and novel uses for CO2 in chemical synthesis and purification in order to curb 

global petroleum consumption. Hence, for a sustainable energy future, new  m aterials 

and processes need to be investigated and developed that, in addition to capturing 

CO2, would also convert it into useful chemicals/products including fuels. The m ajor 

challenge, however, lies in activating stable CO2. We show a novel approach of both 

CO2 capture and conversion into commercially important chemicals using 

porous polym er nanocom posite m aterials . These multicomponent nanocomposites are 

comprised of com binations of different m etal oxide nanoparticles and catalysts in a 

porous polymer matrix. In contrast to conventional single -component polymer 

membrane systems, our nanocomposites exhibit unique fu nctional capabilities. This is 

because this material system provides num erous localized catalytically active hot 

reaction spots generated by the dispersed m ultifunctional oxide nanoparticles. This 

dramatically enhances CO2 capture and conversion properties . The nanocomposite 

material system contains reactive metal catalysts, which, on reaction w ith in situ 

generated reducing gas forms a reactive species for further conversion of  the captured 

CO2 into some useful products. The integration of polymer materials with catalytically 

active nanomaterials shows a promising strategy for the enhanced CO2 capture 

and conversion tow ards achieving a sustainable energy future. 



Daniel Rish 
 

Low Temperature Membrane Free Water Desalination 
 
Water shortage is a critical problem in the world. The recently demonstrated directional solvent 

extract (DSE) is promising for very low-temperature, membrane-free water desalination. While 

extracting water molecules out of saline sources, directional solvent has been shown to reject 

sodium and chloride Na+ and Cl- ions. In this paper, we demonstrate that the currently used 

directional solvent, decanoic acid, can reject other major salt ions (i.e. Ca 2+, Mg2+, Br-, K+ and 

SO42-). The solvation free energies of different ions in water and decanoic acid are calculated 

using molecular dynamics simulations with thermodynamics integration. Large free energy 

differences have been found, suggesting that ions are unlikely to diffuse from water solution into 

decanoic acid. The computational results are validated by DSE experiments. In these 

experiments, saline sources with different ions go through a DSE cycle in which salt ions are 

rejected and fresh water is recovered. The salinities of the recovered water are found to be 

negligible. The measured ion rejection rates of all the ions tested in the experiment are ~98-99%, 

better than the best reverse osmosis. Both the simulation and experiment shows that decanoic 

acid is able to reject all major ions in seawater. 
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Timothy Siegler 

Reduced Graphene Oxide as a Conductive 2-D Substrate for  
Copper Selenide Cathodes in Lithium Ion Batteries 

 
Lithium ion batteries are of great interest for energy storage in electric vehicles and intermittent energy 

sources. The inherent high energy density and reversible chemistry defining current lithium ion battery 

technologies show great potential for wide scale implementation. However, this high capacity is mostly 

limited by the cathode (or positive electrode) of the cell.  New materials that show good stability and 

moderate capacity could easily overtake the current LiCoO2 commercial cell developed by Sony.  Copper 

Selenides (Cu2Se and CuSe), although largely unstudied as cathode material in this system, exhibit stable 

charge and discharge plateaus during high discharge rates and provide acceptable theoretical capacities, as 

seen in Figure 1. 

In this project, nanostructure synthesis methods were utilized to optimize the reversibility of batteries 

consisting of a lithium metal anode and copper selenide cathode. Several batteries were assembled in a 

custom-made separable battery tester with a lithium anode and a LiPF6 electrolyte in organic solvent. The 

Cu2Se cathode materials were synthesized using various chemical pathways involving chemical bath 

deposition method. Bare Cu2Se nanoparticles displayed good reversibility at fairly high charge and 

discharge rates (specifically 1C), exhibiting a discharge capacity of around 90 mAh/g with approximately 

1% capacity loss through 10 cycles. The observed capacity of this material was improved through the 

development of a reduced graphene oxide (RGO)-Cu2Se composite. Graphene, with its ultrahigh 

conductivity and 2-D single layer sheets, was utilized to improve charge transfer and conductivity within 

the cathode material. Furthermore, the RGO served as a nucleation substrate that inhibited dissolution of 

the conversion intermediates into the electrolyte upon discharge. The performance of these cells is also 

detailed below in Figure 1. 

a.          b. 

  

 

 

 

 

Figure 1a. Cycling Performance of Bare Copper Selenide Nanoparticles; 1b. Cycling Performance of 
RGO-Copper Selenide Composite 
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