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Engineering Bacterial Nanovesicles as Vaccine Delivery Vehicles: 

Polyvalent Display in Outer Membrane Vesicles
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Linxiao Chen and Dr.Mathew DeLisa 
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Abstract: 

Escherichia coli outer membrane vesicles (OMVs) are demonstrated to be a new 

possible platform for vaccines. This is why we want to be able to increase the 

effectiveness of OMVs by trying to use them as multivalent vaccines. We do this by 

inserting ClyA-Scfv and ClyA-GFP proteins into the plasmid vector pBAD18amp and 

transforming it into JC8031, a vesicle-overproducing strain. We are able to do this by 

taking advantage of the fact that OMVs are filled with the protein ClyA. Despite this 

was not successful because ClyA did not bind to the OMVs, our results show that we do 

have the Scfv and GFP proteins in our OMVs. 

I. Introduction

As new disease threats arise and 

existing pathogens grow resistant to 

conventional interventions, attention 

increasingly focuses on the 

development of vaccines to induce 

protective immune responses [1].  

Vaccination is one of the most 

important and economic tool available 

for preventing disease for a large 

amount of people. Vaccinations not 

only protect children from developing a 

potentially serious disease but also 

protect the community by reducing the 

spread of infectious disease. The 

majority of widely administered 

vaccines currently in use rely on killed 

or attenuated pathogens to stimulate an 

immune response. While extremely 

effective, this route of vaccination does 

pose some dangers due to the 

introduction of pathogenic replicative 

material into the body; preventing those 

with compromised immune systems 

from being privy to such vaccines [2].

This is why new platform for vaccines 

are being study. A potential new 

vaccine platform, which is based on 

engineered bacterial outer membrane 

vesicles (OMVs) is being study in our 

laboratory.  

OMVs are nanoscale ( 100 nm) 

proteolipo-somes that constitutively bud 

from the outer membrane of Gram-

negative bacteria as they grow [3, 4], in 

this case Escherichia coli. This new 

platform is composed of vaccine, 

adjuvant and particulate carrier all in 

one, and can easily and economically be 

purified. OMVs are also proven to 

enhance immunogenicity of a protein 

antigen without added adjuvants. 



We want to be able to increase the 

effectiveness of OMVs vaccines by 

designing them to be multivalent. This 

means that we want OMVs to be able to 

provide immunization against multiple 

diseases with only one vaccine. This 

will help reduce the manufacture cost of 

the vaccines as well as the number of 

medical visits dramatically.  

OMVs are greatly enriched with E. coli 

ClyA protein, a proteinaceous 

bacterial hemolysin. We want to be able 

to localize two proteins, unnatural to E. 

coli, within OMVs by binding it to 

ClyA. These are single-chain Fv 

antibodies (Scfvs) and green fluorescent 

protein (GFP). The aim of this research 

project is to display multiple antigens 

on the surface of OMVs, specifically to 

display ClyA-GFP and ClyA-Scfvs on 

OMVs.

II. Experimental

Plasmid Construction: Plasmids for 

ClyA-GFP, and ClyA-Scfv were

constructed with C-terminal 6×-

histidine tags to facilitate purification

of the protein products. We use the PCR 

to cut and amplify the DNA we want to 

express in our final vector. We PCRd

out ClyA-Scfv from a pBADamp vector 

plasmid with a restriction enzyme. We 

PCR out ClyA-scFv from a 

pBad18Amp with ClyA-scFv plasmid 

vector using restriction enzymes, and 

amplified this DNA using primers and 

put EcoRI and SbfI sites on the ends. 

This helps us insert the ClyA-scfv later 

on into the final construct. We PCR out

ClyA-GFP from a pBad18Cm vector 

with ClyA-GFP, again with restriction 

enzymes and put SbfI and HindIII sites 

on the ends. Then we ligate ClyA-GFP 

into pBad18amp. Both have been 

digested with SbfI and HindIII. We also 

ligate the ClyA-scFv into our new 

ClyA-GFP construct after digesting 

both with EcoRI and SbfI. The final 

plasmid has ClyA-GFP and ClyA-scfv 

in it inserted through these cutsides.  

Transforming and obtaining OMVs:

Following successful ligation confimed 

by sequencing, we transformed these 

plasmids into JC8031, which is an E. 

coli vesicle-overproducing strain, and 

they were selected in an LB medium. 

Flasks containing 250 mL of medium 

were inoculated with overnight culture 

and allowed to grow until they were at 

their peak of growth. Protein expression 

was induced by addition of L-arabinose 

to a final concentration of 0.2%. Cell-

free culture supernatants were collected 

12 hours after induction and 

through a 0.45-

isolated by ultracentrifugation at 28000 

rpm for 3 hours and resuspended in 

PBS. After this, we ran our OMVS 

through a gel and perform a western 

blot to detect the presence of Anti-His. 

This is an analytical technique used to 

detect specific proteins in a given 

sample. DNA constructs were verified 

by automated dideoxy chain-

termination sequencing.  

III. Results and Discussion

Our results showed that we do have 

Scfv and GFP in our OMVs, but 

because they are not in the banding we 

want in our western blot we know that 

our ClyA didn’t bind to our proteins. 

We can not explain why this happen, 

but to help explain it, future 

experiments and troubleshooting are to 

be done. 



IV. Conclusion 

We took advantage that OMVs are 

filled with ClyA, to be able to localize 

two proteins, unnatural to E. coli, within 

OMVs. These are single-chain Fv 

antibodies (Scfv) and green fluorescent 

protein (GFP). We showed that 

multivalent OMVs can be achieved, but 

more research is to be done about the 

binding of ClyA to the proteins.  
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Changing the Surface Morphology of Silicon by Wet 
Chemical Etching 

Nydia I. Burgos 
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Abstract     Recent experiments have proven that Phosphate buffers etch silicon surfaces 
in such a way that can be beneficial to the numerous applications in which silicon is used. 
The surface morphology can be unveiled using Fourier Transform Infrared (FTIR) 
spectroscopy, which provides us with chemical and orientational information, and 
Scanning Electron Microscopy (SEM) with provides images of the surface morphology of 
silicon. Understanding the chemistry behind the phosphate buffers used as etchants 
could potentially have a profound effect in changing the surface morphology of silicon in 
a cost-effective manner. By exploring this chemistry we can see that even the counter-
ions in a phosphate buffer used as etchant plays a role in etching. 
Keywords: Silicon, FTIR spectroscopy, SEM 
 

 

Introduction 

As a semiconductor, silicon has a wide 
variety of industrial applications.  
Experiments have been run in the 
search for understanding the chemistry 
behind obtaining flat silicon surfaces. 
Throughout these experiments SEM 
images have revealed that nano-scale 
sized pyramids spontaneously form on 
the surface of silicon when etching with 
some phosphate buffers.
 The formation of pyramids on the 
surface of silicon might seem like a 
setback when trying to produce flat 
silicon surfaces for nano-electronic 
devices, however, with another 
application in mind, such as solar cells, 
the formation pyramidal hillocks can be 
favorable. In contrast to a solar cell 
composed of a flat silicon surface, in 
which a great majority of the light 
would be reflected and very little would 
be absorbed, pyramids on the silicon
surface provide an anti-reflective 
characteristic in which a greater 
quantity of light is absorbed. (Figure 1) 
Pyramidal structures could be 
nanofabricated on silicon surfaces, but 
in an area of interest such as solar cells, 

price becomes an important issue. 

Simple chemistry is more precise and 
inexpensive than some very advanced 
microfabrication tools.1 If a solution as 
chemically simple as a phosphate buffer 
can produce pyramids spontaneously, 
than understanding the chemical 
process of etching is important for 
future applications in solar cells. 
In some areas of chemistry, for 
example organic chemistry, counter-
ions play an important role in 
reactions; however, in buffer 
solutions, should the cation have an 
effect in the etching process?  
Previous studies have shown the 
importance of pH in the etching 
process, so in a buffer solution used 
as etchant, pH and concentration are 

Figure 1: Light absorbance and reflection 
on a pyramidal and flat silicon surface 



kept constant. Previous studies have 
explored etching silicon with 
Tetramethylammonium (TMA) 
phosphate and potassium phosphate, 
newer studies have researched the 
effects of other counter ions such as 
cesium and sodium in the search to 
find a correlation between the effects 
of the cation in the phosphate buffer.
A Closer Look at Silicon 
Silicon has different close-packed 
surfaces. These are: Si(111) in which 
the silicon atoms on the surface are 
bonded to one hydrogen atom 
(monohydrides) which are oriented 
vertically upwards; Si(110) in which 
each surface silicon atom is bonded 
to a hydrogen which directions 
alternate from one silicon atom to 
another; and Si(100) in which each 
silicon atom is bonded to two 
hydrogen atoms (dihydride).  

Si(100) is nearly atomically flat and 
for this reason is used frequently in 
microelectronics. Through etching, 
however, pyramidal structures can 
be formed, containing different 
ratios of the silicon close-packed 
surfaces. Si(100) is present at the 
apex of the pyramid, while the 
vertices consist of Si(111) and the 
faces are composed of Si(100). 

 
Using FTIR and SEM to Determine the Surface of Silicon 
Using SEM allows us to obtain nano-

scale images of the surface of silicon 
proving the formation of pyramids. 
Depending on the different etchant 
used, different sizes of pyramids are 
formed. However, SEM has a limit in 
resolution. This would mean that 
smaller pyramids could be forming but 
the SEM could not be capable of 
capturing them. For this reason the 
FTIR is convenient for obtaining 
chemical and orientational information 
about the silicon surface. FTIR does not 
present a limit in resolution as does the 
SEM, and even if small pyramids form, 
the FTIR is sensitive enough to pick up 
the presence of any of the silicon close-
packed surface. The spectra produced 

by the FTIR allow us 
to assign the different 
close-packed surfaces 
to a specific peak, 
allowing us to monitor 
the ratio of the close-
packed surfaces. For 
example, pyramid 
growth can be verified 
by comparing the ratio 
between the peaks of 
Si(111) which make up 
the faces of the 
pyramid and Si(110) 
which make up the 
vertices. 

Figure 2: Model of the close-packed 
surfaces that make up the pyramidal 
hillocks formed by etching 

Figure 3: Spectra showing 
the assignment of Si(111) 
and Si(110) peaks. 



Results and Discussion 

In order to study the effect the sodium 
phosphate buffer has on etching a Si(100) 
surface, different etching experiments were 
done, while just changing the etching time, 
and these were analyzed through Multiple 
Internal Reflection (MIR) on the FTIR. 
Figure 4 shows the spectra of the silicon 
wafer etched for different periods of etching 
times. When comparing each wave to each 
other the peaks’ ratios look constant and 
unchanging. At the wave numbers in which 
Si(111) and Si(110) peaks appear, there are 
none present, proving that there is no 
pyramid formation. 

Another set of experiments, called 
transmission experiments, was analyzed on 
the FTIR, but this type of experiment allows 
us to look at the Si-O stretch on the spectra. 
Why is this region being looked upon? When 
looking at the SEM images of the pyramids 
formed by some phosphate buffer, some show 
a white material at the apex of the pyramids. 
There is no evidence that this substance, 
which we believe to be siliceous products, is
related to the formation of pyramids. 

 

 

 

Figure 4: MIR spectra for different etch 
times using Na-Phosphate buffer 

Figure 5:  SEM image of the pyramids formed by (from lef to right) Cs-Phosphate, TMA-
Phosphate and K-Phosphate. 



Experimental Section 

Throughout the numerous experiments 
that were done, the etchant was always a 
Sodium Phosphate buffer with a 7.8 pH
and a 0.1M concentration. The silicon 
wafer always went through the same 
cleaning process: 2-minute bath in 
acetone, afterwards it soaked in TCE for 
twenty minutes, then a 15 minute SC2 (a 
5:1:1 ratio of water: hydrogen peroxide:
HCl), a 15 minute SC1 (a 5:1:1 ratio of 
water: hydrogen peroxide: NH4OH), a 1 
min 30 sec etch in BOE (Buffered Oxide 
Etchant), another SC2, and a 30 sec etch 
in BOE.  After this step, the silicon wafer 
is placed in an etching vessel that 

contains a beaker with the sodium 
phosphate solution used as buffer. 
Before this step the vessel is purged for 
more than an hour with argon gas as a 
way to remove oxygen from the etching 
environment to avoid contamination or 
oxidation.  The silicon wafer is then 
etched for the amount the experiment 
requires, and afterwards is loaded into 
the FTIR in which spectra are recorded 
at s and p polarized light. The spectra 
are analyzed using Igor Pro, in which we 
generate the absorbances and 
deconvolute the spectra into its 
cartesian components.  

Conclusions 

From the series of MIR experiments that 
were carried out with the Na-Phosphate 
buffer, we can infer that although the 
buffer does etch the surface, the sharp 
peaks associated with Si(111) and Si(110) 
were absent, no pyramid formation 
occurs with this buffer. In addition, the 
transmission experiments show that the 
Na-Phosphate buffer do not form 
pyramids nor polisilicates on the 
surface. However, the spectroscopic data 
and SEM images from the other buffers 
do not permit us to establish any 
correlation between polisilicates and 
pyramid growth. Most important of all is 
to assert that the cations of the 
phosphate buffers do play a role in 
etching silicon surfaces, but how this 
exactly occurs is not known. Future 
works include elucidating a mechanism 
for how these pyramids form, and how 
the cation is involved in this process.  

References: 

[1] Hines, MA. In search for perfection: 
understanding the highly defect-
selective chemistry of anisotropic 
etching. Annu. Rev. Phys. Chem. 2003. 
54:29–5

Figure 6: FTIR transmission spectra after 
an 18-hour etch experiment with 
different counter-ions 
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An X-Ray Spectroscopic Study of Iron-

Based Enzymes

by Rayna Burke, Dept. of Chemistry, 

Cornell University 

Abstract

The purpose of this research was to better 

understand high-valent, heme and nonheme, 

Fe enzymes which have inspired decades of 

biomimetic catalysis. X-Ray Emission 

Spectroscopy (XES) provides a direct 

picture of Iron and ligand electronics. 

Theoretical XES molecular orbital 

calculations were generated for N4Py ligand. 

XES data was fitted to compare Fe15 

precursor and Fe15 peroxo models, as well 

as chloroperoxidase protein, with no 

significant differences in either. 

Introduction

Iron enzymes are present in many life forms,

are important for metabolism and

detoxification and catalyze many reactions 

[1]. Both heme and nonheme enzymes carry 

out alkyl hydroxylations which are notably 

difficult [2]. These enzymes are equipped 

with high valent iron active sites and include 

examples such as Cytochrome P450, 

chloroperoxidase, methane monooxygenase 

and taurine dioxygenase enzymes [3]. 

Though much is already known about the 

catalytic cycle of these enzymes (figure 1.), 

there is still more to be learned about the Fe 

intermediates involved. 

Stages 3 and 4 of this catalytic cycle are 

most intriguing. The entrance of O2, the 

formation of an iron peroxo, and the 

cleavage of the O-O bond are all still 

ambiguous. The O2 may either form a side-

on peroxo or end-on peroxo. It may also be a 

superoxo (O2
-
) or peroxo (O2

-2
). The 

mechanism of dioxygen interaction may be 

studied with XES to reveal Fe metal and 

ligand interactions.

The region of interest in an XES spectrum 

 [5]

Based on relative energies, one can 

understand more about the bonding 

interactions 

Results and Discussion

There was no difference observed between 
the Fe(II)pentadecane precursor and peroxo 

model (graphs 1 and 2). The deconvoluted 

components are almost identical. 

Graph 1. 
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 Graph 2. 

The chloroperoxide protein contains the 

most scattered data (graph 3). It was also the 

most difficult to fit because it is a protein.

Graph 3. 

Graph 4 shows the theoretical calculations 

for N4Py ligand. At the lower energy is an O 

s energy transition. Higher energies show 

delocalization of energy over the N4py 

ligand. Spin polarization, sigma bonding, 

and pi bonding are all visible. There is 

presently no experimental data to compare.  

Experimental Section

Theoretical calculations were made using 

ORCA. Models were drawn using 

ChemBioDraw. All samples were previously 

synthesized by collaborating partners. 

Conclusions

There was no observed differences between 

XES spectra of the Fe(II) precursor and the 

peroxo form. The chloroperoxidase data was 

unfavorable. It made data fitting more 

difficult. The calculated [Fe(IV)N4PyO]
+2 

XES spectrum reflected what should be 

expected in a future spectrum obtained 

experimentally. 
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Interfacial Study of Self-Assembled Monolayers and Water 
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Results and Discussion:





Experimental Section:
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Characterization of Oxygen Vacancies in SrTiO3 
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Abstract  
SrTiO3 exhibits interesting properties many of which are due to the oxygen 
vacancies within the system. Previously studies have been conducted on the 
low and high concentration of oxygen vacancies regime. However, this 
summer studies were conducted to determine the temperature at which the 
vacancy concentration transitioned from the low concentration to the high 
concentration. If determined more control of vacancy concentration within 
the sample may be obtained. The SrTiO3 sample was annealed under vacuum 
conditions, with annealing temperature ranging from 700C to 850C. Due to 
the relationship between vacancy concentration and conductivity, resistance 
measurements were made on the sample using a simple high-voltage RC 
circuit, with voltage ranging from 100V to 500V. The results showed that as 
the annealing temperature increased the resistivity decreased. Thus, 
concluding that changing the annealing temperature can alter the oxygen 
vacancies concentration in the SrTiO3 system.  

 
 
 

I. Introduction    

The SrTiO3 (STO) system can be 
characterized as a cubic pervoskite oxide 
with chemical formula ABO3. The crystal 
lattice parameter is 3.905 Å. 
Stoichiometric STO is insulating, 
transparent and colorless.  However, STO 
has exhibited interesting properties such as 
a high dielectric constant, 
superconductivity, and paraelectricity. 
These properties are noted to appear when 
dopants are introduced in the system1

II. Research Background 

.  

An intrinsic and fundamental dopant (n-
type) for STO is the oxygen vacancy. 

                                                           
1
 59T. Ohnishi, K. Shibuya, T. Yamamoto, and M. 

Lippmaa, J. Appl. Phys. 103, 103703 (2008) 

Initially, stoichiometric STO has zero 
oxygen vacancies; as additional vacancies 
are introduced to the system, STO 
transitions from an insulator to a 
semiconductor and will even eventually 
exhibit metallic behavior2

Vacancies affect not only the electronic 
properties but also the structure of the 
crystal. Stress applied to a sample 

. These 
electronic transitions are coupled with 
optical responses: STO crystals with 
vacancies change from clear and 
transparent to dark and opaque.    

                                                           
2
 Do Duc Cuong, Bora Lee, Kyeong Mi Choi, Hyo-Shin 

Ahn, Seungwu Han, and Jaichan Lee, "Oxygen 

Vacancy Clustering and Electron Localization in 

Oxygen-Deficient SrTiO3: LDA+U Study," Physical 

Review Letters 98 (11), 115503 (2007). 



determines the orientation of the oxygen 
vacancies. 3

Therefore, the ability to understand and 
control oxygen vacancies is important for 
potential usage in electronic applications. 
Ultimately investigating oxygen vacancies 
in greater detail, especially the difference 
in the organization of vacancies in dilute 
and high concentration, is an integral part 
of these applications. 

 

III. Experimental Theory 

A. Oxygen Vacancy Concentration 

While X-ray diffuse scattering can provide 
information about the oxygen vacancy 
concentration, it is important to determine 
how to tune the vacancy concentration.  
Using the ideal gas law, we can make a 
simple estimate of how to tune the 
concentration of vacancies, 

Ideal Gas Law 

 

 = amount of gas 
 = pressure 
=volume 

=gas constant 
=temperature 

Therefore, in a constant space, such as a 
crystal substrate, an increase in pressure will 
increase the concentration. 

B. X-Ray Scattering 

3
 Freedman, D. A., Roundy, D. & Arias, T. A. (2009). 

Phys. Rev. B, 80(6), 064108. 

 

X-ray scattering can be used to determine 
the structure of a material.  In particular, 
diffuse scattering, which is scattering 
outside of the Bragg Reflections, can 
provide detailed information about the 
organization, symmetry, dimensions, and 
structural features within the crystal. 
These crystal defects and imperfections 
may produce weakening of Bragg peak 
intensity and diffuse scattering. The 
resultant data from X-ray scattering at 
various crystal orientations can provide 
information on the distribution of the 
diffuse scattering intensity I (Q) as a 
function of the scattering vector Q 
throughout the reciprocal lattice space (see 
Figure 1).4 

Figure 1: Normalized intensity versus graphs of the (005) and 
(044) Bragg Peaks. Scanning through two different orientations 
takes into account differing geometries in the crystal. The blue 
curve is the system prior to an appropriate method is applied, 
while the red curve is the system after. 

Huang Diffuse Scattering (HDS) is 
scattering due to defects, such as oxygen 
vacancies in crystals.5

4
 M.A. Krivoglaz, X-Ray and Neutron Diffraction in 

Nonideal Crystals, 1
st

 Edition, Springer, (1996) 

 For a point defect 
such as an oxygen vacancy, the scattering 
intensity can be expressed as  

5
 Kim, Y., Babakol, T., Disa, A., and Brock, J. (Winter 

2010).  Nontrivial Huang Diffuse Scattering of Mobile 

Oxygen Vacancies in Perovskite SRTiO3, Cornell 

University, unpublished. 
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 = vacancy concentration 

 = Fourier Transform; = displacement field 

of defect at origin 

 = scattering vector  

Therefore, the diffuse scattering intensity 
measured can be utilized to determine the 
oxygen vacancy concentration.  

C. Relationship between Vacancy 
Concentration and Conductivity 

As shown in the literature and previous 
experiments, vacancies become mobile in 
low atmospheric pressure and high 
temperature (10-7 torr and 600C). There is 
a change in the sample conductivity as a 
result of vacancies and each vacancy 
contributes to the conductivity like a 
carrier. The carrier density is proportional 
to the conductivity. Therefore, there is a 
direct relationship between the vacancy 
concentration and the conductivity. 
Conductivity and resistivity are also 
related. Thus, a resistivity measurement of 
a SrTiO3 sample will give information 
about the conductivity and therefore the 
number of vacancies. 

III. Experimental Methods 

A sample with known concentration 
defects needs to be prepared in order to 
control the concentration of oxygen 
vacancies in the system.  One way to 
create such a situation is to anneal a 
SrTiO3 substrate under the conditions for 
vacancy mobility (see Figure 2). This will 
cause oxygen to easily vacate the system.  

 
Figure 2: Experimental method used to induce oxygen vacancies 
and measure the resultant concentration. 

For this experiment a platinum covered 
substrate was placed into a Lindberg Tube 
Vacuum Heat Furnace under partial 
pressures of 10-7 torr for a 12 hour 
annealing period, with temperature 
ranging from 700C to 850C. The sample 
was then removed and placed into a simple 
RC circuit with a 106 Ohms resistor and 
high voltage cable to make resistivity 
measurements. The high voltage input 
varied from 100V to 500V. A voltmeter 
was placed across the resistor to note 
system changes.  

IV. Results and Discussion 
It can be observed that as annealing 
temperature increased, the resistance of 
the sample decreased, indicating an 
increase in the amount of vacancies within 
the SrTiO3 system (see Figures 3,4, & 5).  

Figure 3: The graph displays the results obtained from the 



conductivity measurements when the sample was annealed at 
700C. 

 

 
Figure 4: The graph displays the results obtained from the 

conductivity measurements when the sample was annealed at 
750C. 

 

 
Figure 5: The graph displays the results obtained from the 

conductivity measurements when the sample was annealed at 
800C.  

The resistivity measurement transitioned 
from 7.17E+05 Ohms for 700C to 3.25E+05 
Ohms for 750C and finally 2.41E+04 for 
850C. The conductivity increased by a 
factor of 2 when the annealing 

temperature was increased by 50 degrees 
and then by a factor of 10 when the 
annealing temperature was increased by 
150 degrees. Thus, the conductivity can be 
increased by changing the annealing 
temperature.   

Although a gradual transition to the high 
concentration was not seen, other 
transitions were observed. At 850C 
annealing temperature it was possible to 
measure the resistance across the sample 
without applying contacts or placing it in 
the circuit. This shows that the sample has 
transitioned from being insulating to 
highly conductive and possibly into the 
high vacancy concentration regime. 
However, to be certain that this is the high 
concentration regime, further conductivity 
and x-ray diffuse scattering measurements 
must be conducted.  

V. Conclusion 

The system appears to have followed the 
theory outlined above. As annealing 
temperature increased the resistance of the 
sample decreased. Further work should 
include exploring annealing the sample at 
temperatures below 700C and above 850C 
to determine if the results follow a similar 
trend, as well as utilizing the four probe 
method to avoid contact resistance. 
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which shows that the kinetic of oxidation is 

quite low compare with another catalyst 

bimetallic nanopowder as TixNbyN for example. 



. 

Potassium dichromate is a very stable 

compound; however the final product of the 

nitration is TiN/CrN. Which mean that in this 

study potassium did not form bonds with 

nitrate compounds.  A precipitate solution with 

potassium is important in this synthesis 

because the residual potassium in the sample 

drastically improves its resistance to corrosion. 

This can be seen on the TGA results. The as-

prepared nitride powder has an average 

particle size of about 30nm.  
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ABSTRACT

The need for cost-effective, efficient, and environmentally friendly photovoltaic materials 

continues to fuel new research in the field of semiconductor nanocrystal photovoltaics. SnSe 

nanocrystals are highly absorbing, have a tunable bandgap close to ideal, are made from earth 

abundant materials, and are relatively environmentally friendly. This work explores the potential 

of this new material in photovoltaic devices and is the first reported solution-based fabrication of 

SnSe nanocrystal photovoltaics in which the SnSe nanocrystal layer was demonstrated to 

perform the photoaction.  

1. INTRODUCTION

The world is facing the problem that 

global energy demand is increasing 

exponentially and CO2 levels are approaching

dangerous levels. Solar radiation is abundant 

and converting useful energy from the sun is 

relatively environmentally friendly, but is 

expensive. Developing cheaper and more 

efficient devices can lower solar energy prices, 

which currently are prohibitively expensive for 

many applications.

Using thin film nanoscale semiconductors 

as building blocks of photovoltaics has the 

potential to fill this need for solar devices. 

Thin films are fabricated through low-cost 

solution-based processing techniques, taking 

advantage of their high absorptivities to use far 

fewer materials than conventional devices. 

Nanocrystal (NC) films have tunable electrical

and optical properties and these devices 

theoretically have the potential to breach 40% 

efficiency through multiexcition generation. 

Currently the most efficient devices for 

nanocrystal photovoltaics use environmentally 

dangerous elements such as Cd and Pb. 

However, more benign SnSe nanocrystals have 

recently been successfully synthesized. Made 

from earth abundant materials, SnSe 

nanocrystal films are highly absorbing and 

have a band gap range (.9 to 1.2 eV) that is 

very close to ideal for the solar spectrum.  

This paper describes exploratory SnSe 

photovoltaic devices. These studies aimed to 

fabricate devices to demonstrate the potential 

of SnSe nanocrystal films and to explore the

fundamental aspects of SnSe photovoltaic

devices in order to harness their considerable 

potential.  Some parameters explored include 

different electron transporter layers, NC 

capping ligands, and interface properties, as 

well as heat, air, and ozone treatment for 

improved charge extraction. 

2. RESULTS AND DISCUSSION

2.1 Devices using PCBM

The IV-curves of ITO/SnSe(3)/PCBM/Al 

with capping ligands of either acetic acid, 

formic acid, EDT, and MPA all exhibit very 

good rectification with and without a PEDOT 

hole conducting layer. EDT and acetic acid 

devices yielded the highest efficiencies.

The low efficiency of PEDOT containing 

devices of this type is explainable by the 

energy level offset of the SnSe and PEDOT 

HOMOs.  Since the HOMO level of SnSe NCs 

is higher than PEDOT, inefficient hole transfer 

results, diminishing charge extraction, leading 

to poor efficiencies.

As shown in Figure 2, the external quantum 

efficiency (EQE) curves of 



ITO/SnSe(3)/PCBM/Al do not have the same 

profile as that of PCBM absorbance but has a 

similar peak at 710 nm, which weakly suggests 

that both layers contribute to the photoaction

in this device.   

Figure 1. | IV-Curves and Energy Levels. The IV-

curves of and approximate energy levels within PCBM 

devices a) without a PEDOT layer b) including a 

PEDOT layer. Acetic acid was the ligand on the SnSe

particles for these devices. 

Figure 2. | EQE and Absorption profile. The EQE 

curves of devices and the absorbance of the individual 

layers. This suggests that the photoaction is contributed 

to by each layer. 

2.2 Devices using TiOx nanocrystals

Devices employing TiOx nanocrystals as 

the electron transporting layer have exhibited 

very low efficiencies. The IV-curves in Figure 

3 demonstrate that these devices are very 

sensitive to annealing treatments. Optimizing 

these treatments could yield more efficient 

devices. Since TiOx does not absorb strongly 

and has a large band gap, the EQE profile in 

Figure 4 closely matches that of the absorption 

of the SnSe nanoparticles. This is 

unambiguous evidence that SnSe provides the 

photoaction in these prototypes.

b)

a)



Figure 3. | IV-Curves and Energy Levels. The IV-

curves of and approximate energy levels within TiOx 

devices. This shows that annealing treatment has a large 

effect on performance.

Figure 4. | EQE and Absorption profile. The EQE 

curves of devices and the absorbance SnSe nanocrystals. 

Since TiOx does not absorb strongly and has a large 

band gap, the EQE profile closely matches that of the 

absorption of the SnSe nanoparticles.

2.3 Devices using PbS nanocrystals

The most efficient device was fabricated 

using PbS to form a type II heterojunction with 

SnSe. As expected, the IV-curves of devices 

with two PbS layers are more asymmetrical 

and rectifying than those with only one.  

The interface between SnSe and PbS was 

found to be important since devices with 

mismatching ligands on the SnSe and the PbS 

yielded poor efficiencies. ITO/PEDOT/

SnSe(3)(acetic acid)/PbS(EDT)/Al yielded 

efficiencies <0.009%, while ITO/PEDOT/

SnSe(3)(EDT)/PbS(EDT)/Al yielded 

efficiencies up to 0.063%. 

Figure 6 shows power being produced in 

these devices at wavelengths only accessible 

by SnSe absorption. This is an unambiguous 

signature that SnSe provides at least some of 

the photoaction in these prototypes.  

Figure 5. | IV-Curves and Energy Levels. The IV-

curves of and approximate energy levels within SnSe 

devices with one and two layers of PbS.



Figure 6. | EQE and Absorption profile. The EQE 

curves of devices and the absorbance of the individual 

layers. This suggests that the photoaction is at least 

partially from SnSe absorption since these devices 

produce power at wavelengths which are higher than 

those that could be absorbed given the band gap of PbS 

nanocrystals used.

2.4 Devices using CdSe nanocrystals

In Figure 7, the IV curves of 

ITO/PEDOT/SnSe(3)(EDT)/CdSe(1)(EDT)/Al

have relatively high open circuit voltages up to 

0.3V, but poor current densities. 

Figure 7. | IV-Curves. The IV-curves of 

ITO/PEDOT/SnSe(3)(EDT)/CdSe(1)(EDT)/Al.

3. EXPERIMENTAL METHODS 

SnSe particles were made using the 

synthesis described in Baumgardner 2010 (1).

All SnSe particles in this paper were 

synthesized at 135 C resulting in band gaps 

near 1.05eV. All PbS particles had a band gap 

of 1.7eV and a concentration of 30mg/mL in 

chlorobenzene. 1 x 1 inch glass slides with the 

Hanrath pattern of 85nm thick ITO were used. 

Pixel sizes ranged from 9 to 64 mm
2
. 250 mL 

of PEDOT was spin coated for 1 minute at 

6000 RPM and annealed at 170 C for 4 

minutes. 200mL of 20mg/mL PCBM in 

chloroform was spin coated for 1 minute at 

2000 RPM in N2 environment. 135mL of all 

other layers were spin coated at 1000 RPM for 

30 seconds. To deposit one particle layer 20 or 

30 mg/mL of filtered particles were spun and 

its long oleic acid ligands allowed to exchange 

with a smaller ligand. 60nm Al contacts were 

evaporated in a vaccum of <10^-5 Torr. Sliver 

paste was used to improve the contact between 

the ITO and the measurement probes. Devices 

were characterized by measuring IV-curves of 

each device pixel in the dark and under 100 

mW/cm2 of 1.5 AM illumination and by 

measuring EQE.

4. CONCLUSIONS

This work demonstrates that SnSe 

nanocrystals have potential in photovoltaic 

devices. This work is the first reported 

solution-based fabrication of SnSe nanocrystal 

photovoltaics in which the SnSe nanocrystal 

layer was demonstrated to do the photoaction. 

Many different device stacks were fabricated 

and measured to have nontrivial efficiencies.  

However, there are many challenges in using 

this new material that must be overcome. Low 

film quality, uncharacterized surface states and 

termination facets, as well as trap sites are all 

potential hurdles in this, or any new material. 

In the future, possible other devices to try 

include those devices using different hole 

injection layers such as MoO3 (7), devices 

Illuminated

Dark

Best pixel:

Eff = 0.0081%,

Voc = 0.3 V

Jsc = 0.11 mA/cm
2

FF= 0.25



using HMDS to improve sticking, devices 

using a LiF interface layer (2) or using LiF to 

decrease the work function of the back contact, 

devices using annealing, ozone, and other 

treatments (12). But most importantly more 

research is needed to improve the robustness 

of these devices and to understand why the 

photocurrent in these devices is so low. All of 

the devices in this work exhibit very poor 

current densities, which is the major cause for 

poor efficiencies. Future studies should focus 

on the optimization of these low-cost devices 

to best utilize this earth-abundant photovoltaic

material.
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ABSTRACT

 
Integration of graphene into large scale industrial applications as well as synthesis on a larger variety of 
substrates necessitates the need to produce graphene at low temperatures.  Through a downstream
chemical vapor deposition technique, predominately monolayer graphene with little defects was shown to 
grow on copper substrates at temperatures as low as 700

o
C. These growths were done primarily on 500nm 

copper thin films evaporated directly onto a silicon wafer with thermal oxide, which allows for easy removal 
of the copper film for device fabrication or other types of patterning. The graphene on copper substrates was 
characterized by Raman spectroscopy, scanning electron microscopy, and atomic force microscopy. 

 

 

 

Introduction:

Results and discussions:



Figure 1. A.) Illustration of the downstream 

growth technique.  B.) Raman spectrum of a 

graphene film on copper substrate grown at 

700
o
C. 

Experimental Procedure:

(A) 

(B) 



Figure 2. A.) AFM image of graphene grown on 

copper foil. B.) SEM image of the graphene film 

on the copper film. Images courtesy of the Park 

Group. 
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Modeling transpiration with porous silicon membranes 

 

Abstract 

 The purpose of the project was to better understand the characteristics of porous silicon 

membranes and assess their possible applications, especially in the area of heat transfer. Porous silicon 

can be used in the modeling of transpiration in plants, where water is transported under negative 

pressure. If porous silicon is found to be able to hold high enough levels of tension (negative pressure), 

then it has great potential in cooling systems; it could act as a “self-driving pump” that would not need 

large amounts of external energy like most current systems. 

Introduction 

 Heat exchange systems can be generally classified as active or passive. Active systems require 

energy input to function, and while they can cool a device effectively, they often require large amounts 

of external energy to drive them. Passive systems can function autonomously and are much more 

desirable when/where effective, although current technology often limits the scales on which they can 

be used. The typical model of a passive heat transfer system is a heat pipe using an evaporator, a 

condenser, and a wick to connect the two. As heat is generated, it is dissipated as it evaporates the 

cooling fluid in the evaporator, which is turned back into liquid as the vapor passes the condenser, and 

then “wicked” back to the evaporator by capillary action for the cycle to repeat (see Fig 1 below).   



Fig 1. Diagram of a heat pipe 

 

This method of heat transfer is extremely efficient, both in its cooling ability and the fact that the system 

uses little to no energy as it is self-driven. However, the amount of capillary tension generated by the 

wicks of current heat pipes is quite low, less than one atmosphere, which limits their use to relatively 

small applications. Capillary tension in our membranes is calculated using the Young-Laplace equation 

which states , where  is the pressure drop across the membrane (tension),  is the 

surface tension (of water),  is the wetting angle (dependent on materials selected), and  is the pore 

radius. As one can see, the variable able to be manipulated to achieve a large pressure difference is pore 

radius, as the rest are essentially fixed once materials are chosen. Since silicon is capable of nanometer 

scale pores we decided it would be a good candidate to model transpiration.
1
  

Designing more efficient heat transfer systems would have a great impact on energy usage, as 

most modern technology has some form of heating/cooling system; computer processors, cell phones, 

engines, homes. A large pressure drop across the heat exchange system would allow cooling fluid to be 

transferred more quickly, and against the force of gravity, which is what we hope to accomplish. 

Transpiration in plants is analogous to passive heat transfer in heat pipes, except plants can generate 

much higher capillary tensions; up to 100atm when under stress. We draw inspiration from the 



transpiration process in plants, and, using porous silicon as the novel material, look to overcome the 

limitations of modern heat pipes. Nano-porous silicon membranes can mimic the function of xylem in 

plants; the tissue through which a plant pulls water from roots to leaves. 

Experiments: 

 The research performed during this program can be broken down into two basic categories; 

device fabrication and testing. Variables were manipulated in both categories throughout the program. 

 Fabrication of the devices involved chemical etching of silicon wafers with a HF solution, 

creation of glass slides with an array of 200 micron diameter, semispherical pits etched 30 micron deep 

in them, preparation for bonding, and bonding of the porous silicon to the glass slides. The main 

experimentation in the fabrication process was the varying of the etch conditions under which the 

porous silicon was made. The basic process involves exposing a portion of the surface of a silicon wafer 

to a HF-ethanol mix under constant electrical current. By varying the amount of constant current 

applied, the etch speed could be altered in a seemingly linear relationship, with higher current 

corresponding to faster etch time; a finding congruent with other research on the topic.
2
 

 Testing of the devices occurred once a piece of porous silicon and glass slide were successfully 

bonded. It was carried out by filling the array of cavities in the glass slide by pressurizing the sample 

under water, and thus forcing water through the porous silicon and into the cavities. When the cavities 

were filled, the sample was then placed in a sub saturated (below 100% humidity) environment to apply 

negative pressure on the water inside the cavities; creating a “pulling tension” on the water in the 

cavities that could be calculated based on the relative humidity of the environment. The sample was the 

sealed in this sub saturated environment and observed for cavitation, which is the spontaneous 

formation of vapor within a liquid phase after which the vapor can displace the liquid as it grows 

(creating an air filled cavity). However, there is another means by which the cavities can fill with air; 

membrane failure. This is when the largest pore in the membrane cannot withstand the tension, and the 



water is pulled out through that pore, which then allows vapor to get in. The lower the relatively 

humidity, the higher negative pressure a sample was under, and the more promising it was for potential 

heat transfer applications if it could survive without cavitation or membrane failure. 

 

Results and Discussion 

 Initial testing on the nano-porous silicon membranes has proven promising. In some tests the 

bonded, membrane-glass substrates were able to withstand conditions of 98% relative humidity without 

cavitation. The pressure being experienced in the cavities (voids) can be calculated using Pvoid =Patm  

  (RT/ w,liq) ln(aw,vap), at temperature T [°C] and for vapor of activity aw,vap, which is the 

saturation level (relative humidity) at the air-membrane interface ( w,liq  1.8 × 10
5
 m

3
 mol

1
 is the 

molar volume of liquid water and R [J mol
1
] is the ideal gas constant).

3
  At 98% humidity, the pressure is 

equivalent to a capillary tension of ~30atm, which is comparable to the levels of tension seen in many 

plants. This level of tension was sustained for over 15 hours, which is more than enough time for the 

sample to equilibrate with the sub saturated surroundings. Full cavitation only occurred after the sample 

was transferred to 95% relative humidity and allowed to equilibrate for a few hours. The fact that the 

membrane remained stable under approximately 30 atmospheres of tension is very encouraging, and 

suggests porous silicon is indeed a viable candidate to model xylem in plants. As mentioned earlier, 

current heat transfer systems generate less than one atmosphere of negative pressure, so even though 

we hope to get the porous silicon to remain stable at even higher pressures, 30atm of tension is very 

noteworthy. 

 One problem we encountered in the process was that once one cavity filled with air, it would 

cause a chain reaction and those around it would start cavitating until all were empty. This suggests that 

it is possible what we were observing was membrane failure rather than true cavitation. In plants there 

exists a region known as a border pit membrane that serves as a vapor-water lock, and prevents an 

w,l



individual cavitation event from spreading. The glass-silicon systems we have made so far have not 

exhibited this quality of independent cavitation, and while they are capable of supporting relatively high 

tensions, once one cavity is compromised the rest follow soon after. Currently we believe the reason for 

this is insufficient contact in the bond between the porous silicon and the glass. It appears there is a very 

small space between the glass and silicon, and that once air gets into one cavity it can then spread 

through this gap to the other cavities, rather than being trapped by the water filed porous silicon. Once 

we solve this problem and achieve independent cavitation we will have a much better model of the 

natural phenomenon of transpiration in plants and a more useful platform for further research.                                                                                                                             

Conclusion: 

 Nano-porous silicon has shown great potential as a medium to model the process of 

transpiration in plants. Samples we made were able to withstand pressures similar to those seen in 

plants, and much higher than current wick materials in heat pipe systems. If the challenge of linked 

cavitation can be solved, porous silicon vapor locks would provide for robust operation of heat pipes 

under large negative pressures.  Furthermore, it would provide an intriguing platform for 

experimentation on the liquid refilling of emptied cavities, an active area of research in plant physiology. 
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Block copolymer derived nanostructured materials provide a unique platform for 
novel membranes used for water filtration. One challenge in this field is the high 
cost of block copolymers and the necessity to orient the pore structure Using 
polystyrene-block-poly(4-vinylpyridine) we constructed a model membrane to 
examine the relationship between its macromolecular structure and function. Our
model membrane has uniform porosity, tunable pore sizes, and adjustable 
mechanical and chemical properties in order to achieve optimum performance. 
We demonstrate the process of finding a suitable solvent system and generating a 
porous, nanostructured membrane . The resulting membrane shows promise for
selective separations on the nanometer scale.

Introduction
Block copolymers have the ability to 
self assemble into well ordered 
structures ideal for the fabrication of 
thin membranes. The most interesting 
aspect of block copolymers is their 
capacity to self assemble into 
morphologies such as spherical, 
cylindrical, gyroidal, and lamellar in 
the nanometer length scale as shown in 
Figure 1. This is due to the repulsive 
interactions from the two chemically 
distinct segments within the polymer, 
polystyrene and poly(4-vinylpyridine), 
respectively, the entropy loss, solvent 
selection, and the volume fraction of 
poly(4-vinylpyridine) associated with 
the assembly1. At a volume fraction of 

poly(4-vinylpyridine) block of 0.12 to 
0.31, the polymer will form a 
cylindrical morphology. By giving the 
macromolecule sufficient time to self 
assemble, we obtain a top surface 
containing cylinders of poly(4-
vinylpyridine) in a matrix of 
polystyrene. We then plunge the 
membrane in a non-solvent where the 
polymer precipitates into a 
macroporous substructure formed by a 
non-solvent induced phase separation. 
The macroporous substructure acts as a 
support and creates an open back 
surface where water can flow through.

Figure 1: Diagram of phase separated morphologies with increasing fA 

concentration. fA is the volume faction of poly(4-vinylpyridine). 



  

Results
Polystyrene-block-poly(4-vinylpyridine) 
with two molecular weights were used,
103 kg/mol and 56 kg/mol. Both 
polymers had a composition of 79% 
polystyrene and 21% poly(4-
vinylpyridine). With the larger 
molecular weight polymer (103 
kg/mol), a solvent screening process 
was conducted with 
toluene/tetrahydrofuran, dioxane, 
dioxane/chloroform, and 
dioxane/tetrahydrofuran. The best 
results were obtained with 
dioxane/tetrahydrofuran as the solvent 

as seen in Figure 2. The smaller 
molecular weight polymer (56 kg/mol) 
underwent the same solvent screening 
process with dioxane/tetrahyrdrofuran, 
dioxane/chloroform, and dioxane. As 
shown in the SEM images in Figure 3, 
dioxane as the solvent allowed the 
polymer to self assemble into vertically 
oriented cylinders. These solvents 
worked best with their respective 
polymers because their thermal 
properties gave the polymer sufficient 
time to assemble into the desired 
morphology. 

           
 

 

 

 

 

Method
Polystyrene-block-poly(4-vinylpyridine)
was synthesized by Rachel Dorin. A 10-
15 wt % solution was made with 

polystyrene-block-poly(4-vinylpyridine) 
with the appropriate solvents. The 
polymer was allowed to dissolve in the 
solvent overnight. A thin film was cast 

Figure 2: SEM images of Polystyrene-block-poly(4-vinylpyridine) with molecular weight of 103 kg/mol. 

The polymer underwent a solvent screening process to find a polymer-solvent system. The dioxane/THF 

solvent system created uniform porosity within the membrane.  

Figure 3: SEM images of polystyrene-block-poly(4-vinylpyridine) with molecular weight of 56 

kg/mol. To find a good solvent, a screening process was performed. The dioxane solvent system 

generated uniform porosity throughout the surface.  



in a fume hood with an automated 
doctor blade with a gate height of 400 
micrometers and allowed to self 
assemble for three minutes. The film 
was then plunged into a non-solvent of 
water and left to solvent exchange 
overnight. It was then taken out of the 
non-solvent bath and put into a 
methanol bath. Methanol washes out 
the poly(4-vinylpyridine) from within 
the cylinders to create free volume. 
Figure 5 is presented as a schematic for 
this approach. The membrane was then 
dried in the fume hood for SEM 
imaging. The LEO 1550 Scanning 
Electron Microscopy (SEM) was used to 
image the membranes. 

Conclusion
The block copolymer polystyrene-
block-poly(4-vinylpyridine) can self 
assemble into a cylindrical morphology 
when the volume fraction of poly(4-
vinylpyridine) is between 0.12 and 
0.31. respectively. A solvent of 
dioxane/THF allowed the 103 km/mol 
polymer to self assemble in the desired 
orientation. Similarly, the 56 kg/mol 
polymer self assembled well with 
dioxane as the solvent.  The 
membranes have uniform porosity 
throughout the surface and pores that 
extend from the surface through the 
separation layer into the macroporous 
substructure.  By discovering a good 
polymer-solvent system, the next step 
is to increase the mechanical 
properties to sustain flux data testing. 

Self Assembly 

Poly(4-vinylpyridine) 

removal 

Figure 5: Schematic of approach.  
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ABSTRACT 

     Nonwoven, electrospun nanofibers have enjoyed increased research attention for many of their unique 

electrical, optical and mechanical properties; high surface to volume ratio; and ability to be designed to 

display a desired surface charge.  In order to aid future research involving filtration and particle detection, 

the goal of this study was to quantify pore characteristics of polyvinyl alcohol (PVA) fabrics spun for low 

times.  The two methods used were capillary flow porometry and scanning electron microscope image 

analysis.  8, 10 and 12 w% solutions of PVA with maleic anhydride (MA) and Polybrene additives for surface 

charge were spun at 0.01 mL/min with a 15 cm collecting distance and an applied charge of 12kV.  The 10 w% 

for both solutions had better spinnability and fiber uniformity, although the PVA/MA had significantly greater 

fiber diameter uniformity over the PVA/Polybrene solution.  The porometer returned a range of 30.9 m to 

3.3 m and the image analysis a range of about 6 m to 1 m from 5 seconds to 5 minutes.  Although 

capillary flow porometry cannot measure porosity, SEM image analysis found that the porosity of both 

solutions was reduced from 80% at 5 seconds to only 28% at 5 minutes.  The uniformity of pores became 

apparent with roughly 1 minute of spinning time and increased with times greater than 1 minute. 

 

 

 

 

1. INTRODUCTION 

     Nonwoven, electrospun nanofibers have 

enjoyed an upsurge in research attention for 

many of their unique properties and high surface 

to volume ratio.  Electrospinning is a relatively 

inexpensive and simple setup that offers control 

over fiber morphology, strength, biocompatibility, 

biodegradability, and surface charge.  For these 

highly sought after characteristics, nanofibers are 

being investigated for a breadth of applications 

including, but not limited to, filtration [1], 

biosensing [2], catalyst support [3], drug delivery 

scaffolding [4], bone tissue engineering [5], and 

protective clothing [6].   

     Many of these applications, specifically 

filtration and biosensing, require the capture of 

particles and depend largely on the porosity of the 

nanofiber fabric, the size of the pores, and the 

uniformity of such pores.  In order to assist in the 

research and development of filtration and 

particle detection techniques, pore properties of 

polyvinyl alcohol (PVA), with additives for surface 

charge display, was investigated at low 

electrospinning times: points between 5 seconds 

and 5 minutes. Fibers spun onto a nylon-6 filter 

were analyzed using a capillary flow porometer.  

Images were also taken of the timed fibers with a 

LEICA-440 Scanning Electron Microscope (SEM).  

These images were processed and analyzed with 

ImageJ to extract information about mean pore 

lengths, porosity, and uniformity.  Typically, 

porosity refers to the void volume to total volume 

ratio in a 3-dimensional structure.  This concept 

can easily be applied to thick, nonwoven fabrics.  



However, with thin nonwovens, such as those 

tested in this study, it is accepted that porosity 

can be measured as the percentage of open areas 

to the total sample area.  This data and analysis 

has enabled quantification of fabric pore 

characteristics.  By understanding these 

properties that are dependent on electrospinning, 

a more efficient design of the nanofibers can be 

attained in capturing or allowing through specific 

particles such as bacteria, fluorescing liposomes, 

or proteins. 

 

2. MATERIALS AND METHODS 

2.1 Materials 

     99.7 mole% hydrolyzed PVA from Polysciences 

Inc. dissolved in deionized water was the polymer 

responsible for creating the nanofiber structure.  

Additives maleic anhydride (MA) and 

hexadimethrine bromide (Polybrene) from Sigma-

Aldrich were added to give the fabric a surface 

charge.  The carboxyl groups of MA provided a 

negative charge and the amine group of 

Polybrene provided a positive surface charge. A 

small amount of surfactant was also used to 

promote solvent evaporation during the 

electrospinning process. 

 

2.2 Preparation of solutions 

     MA and PVA were dissolved in deionized water 

in a 95 C oven for 30 minutes and 4 hours, 

respectively.  Polybrene does not require thermal 

energy to dissolve in water.  Once dissolved, the 

PVA solution and additive solution (either MA or 

Polybrene) were combined and vortexed for 4 

minutes to ensure complete mixing of the 

polymer and additive.   

 

2.3 Equipment and Electrospinning  

     The electrospinning process, shown in Figure 1, 

utilized a PHD Ultra, Harvard Apparatus infuse 

pump to maintain constant flow rate through a 

5mL syringe.  A Gamma DC Voltmeter was 

employed to apply a positive charge to the 19-

gauge needle tip.  Nanofibers were spun onto a 

grounded copper plate covered in a piece of 

nylon-6 filter for samples used in porometry 

testing and onto aluminum foil for samples used 

in SEM imaging. Optimal electrospinning 

parameters were found to be a flow rate of 0.01 

mL/min, a collecting distance of 15cm, and an 

applied voltage of 12kV.  These conditions were 

maintained for both PVA/MA and PVA/Polybrene 

solutions for all experiments.   

 
Figure 1 – Electrospinning setup 

 
 
 

2.4 Determining optimal concentration 

     Separate 8, 10, and 12 w% PVA/additive 

solutions were made with MA and Polybrene.  

Each solution was spun for approximately 30 

seconds and a small section was cut from the 

most densely covered region of the foil and taped 

to SEM mounts.  These samples were then sputter 

coated for 30 seconds with gold-palladium (Au-

Pd).  High magnification images were taken to 

measure fiber diameters and to determine fiber 

morphology for selecting the concentration that 

produced the most uniform fibers.   

 

2.5  Porometry and ImageJ analysis 

     The 10 w% concentration was maintained for 

the timed experiments.  Spinning times 5s, 15s, 

30s, 60s, 180s, and 300s were selected. The 

PVA/MA was spun onto a piece of nylon-6 filter 

twice for each time point.  From these two filters 

per time interval, 5 samples, 2.5 cm in diameter, 

were cut out and tested with the capillary flow 

porometer.  This process used a wet up, dry down 

testing process.  4 drops of SilWick fluid, with a 

surface tension of 20.1 dyne/cm, was used as the 

wetting agent.  The porometer works by 

increasing gas pressure until the largest pore is 

emptied of fluid.  With differentially increasing 

pressure, successively smaller pores are emptied 

and the gas flow increases until the sample is 

completely dried.  The porometer can determine 

throat diameter of pores and distribution of these 

pores based on the gas flow and pressure 

required [7].   

      



10 w% PVA/MA and PVA/Polybrene were also 

each spun onto aluminum foil at the varied 

spinning times and imaged at a high, medium, and 

low magnification.  These samples were analyzed 

with ImageJ to extract mean pore length, porosity, 

and pore uniformity. To validate these results and 

establish experimental confidence, these 

processes were repeated for both PVA/MA and 

PVA/Polybrene.  20s, 45s, and 120s time points 

were also added to get a more accurate picture of 

trends between mean pore length and 

electrospinning time. 

 

3.  RESULTS AND DISCUSSION 

3.1 Concentration Analysis 

     After collecting SEM images, at least 60 

diameter measurements were taken with ImageJ 

from the high magnification image of each 

solution.  From these measurements, mean 

diameter, standard deviation, and a 95% 

confidence interval were calculated.  Table 1 

shows the results of these measurements for each 

concentration of both solutions. 

 

The 8 w% concentrations for both solutions, 

although thinnest in diameter, were dismissed 

due to beading.  Other studies have also observed 

that lower concentrations of PVA facilitate bead 

formation [8].   Beading is contributed to jet 

instability and studies have shown that the 

amount of beading increases with decreasing 

viscosity and, thus, viscoelastic force [9].   

     Although the 10 and 12 w% have similar 

diameters for both solutions, the 10 w% of each is 

slightly thinner and has a lower standard 

deviation, indicating greater uniformity.  Choosing 

a concentration that yielded fibers of uniform 

thickness was important to this study as pore size 

has been shown to be strongly associated with 

fiber diameter [10].  The confidence intervals also 

indicate that the PVA/Polybrene solution is more 

variable than the PVA/MA.  This may have been 

due to small variations in sample preparation, 

such as less vortexing and thus mixing of the 

PVA/Polybrene solution.  A concentration of 10 

w% was chosen for both solutions and held 

constant in subsequent experiments. 

 

3.2 Capillary Flow Porometry Analysis 

     Capillary flow samples were observed with a 

light microscope before and after porometry was 

conducted to ensure that the process did not 

destroy or disrupt the PVA fiber mats.  Although 

this porometry method requires pressure an order 

of magnitude less than that of the liquid mercury 

intrusion technique, it calculates pore distribution 

by the gas’ flow as opposed to volume.  Capillary 

porometry is thus a better technique to use with 

non-rigid pore structures, but is limited in that 

without measuring pore volume, sample porosity 

cannot be measured [11]. 

     The porometer used provides an output of data 

that enabled calculation of mean pore length and 

a graph of pore length distribution for each time 

point.  Figures 2 and 3 display pore length 

distribution and mean pore length results. 

 
Figure 2 – Distribution of pore diameters for each timed sample  

(each sample adds up to 100%) 

 

The pore distribution in Figure 2 shows that a 

shift in distribution towards smaller pore lengths 

occurred with longer electrospinning times onto 

the nylon-6 filter. 

Table 1 – Fiber morphology results of SEM images analysis to 

determine optimum concentration 

Solution      

PVA/            

Concen-  

  tration     

Mean Fiber 

Diameter 

95% Confidence 

Interval 

Standard 

Deviation 

MA [w%] [um] [um] [um] 

 8 0.224 0.016 0.070 

 10 0.250 0.011 0.045 

 12 0.361 0.013 0.049 

Polybrene

. 8 0.202 0.060 0.015 

10 0.368 0.159 0.036

  12 0.483 0.179 0.046 
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Figure 3 – Mean pore length decreasing with increasing 

electrospinning time and following a power law trend 

 

    Figure 3 depicts the clear trend in mean pore 

length changing inversely with spinning time.  The 

pores range from 30.9 m at 5 seconds to 3.3 m 

at 5 minutes.   

 

3.3 SEM Image Analysis 

     To compare the porometry results to those 

derived from SEM imaging, ImageJ was used for 

processing the images and measuring pore areas.  

The decrease in pore length and porosity from 5 

seconds to 5 minutes was evident in the original 

SEM images (Figure 4).   

 
Figure 5 - Medium magnification images of fibers spun for a) 5 

seconds, b) 1 minute, and c) 5 minutes 

 
 

     Prior to image processing, the program’s scale 

was set to the scale bar recorded in the image to 

obtain areas in micrometers instead of pixels.  A 

median filter between 2 and 3 was applied (Figure 

5.2) to reduce background noise.  This background 

noise was especially apparent with the low 

spinning times where more aluminum foil was 

subject to the electron beam.  Brightness/contrast 

was altered (Figure 5.3) to enhance the fibers, 

particularly those in the background.  

 

After converting the image to binary (only black 

and white), the threshold was adjusted to mimic 

the diameters of the fibers in the original image 

(Figure 5.4).  ImageJ then measured and recorded 

each pore, or enclosed black area.  

 
Figure 5 - SEM image processing: 1) original image, 2) adjust 

brightness/contrast, 3) apply median filter, 4) alter threshold 

and convert to binary 

 

3.3.1  Pore length 

Because pores were of varied shape and size, 

pore length was found by equating each area to 

that of a circle and then solving for diameter, as is 

demonstrated by Figure 6 and equation 1, below.  
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     Each image was processed 5 times to reduce 

analyst subjectivity.  Mean pore lengths were 

found from each data set and averaged.  These 

pore lengths had standard deviations as low as 

0.11 m in the 5 minute samples and increased to 

approximately 3 m in the 5 second samples.  

Figure 4 - Determination of Pore Length 



Figure 7 shows the average of mean pore lengths 

between the two experiments for each solution.  

Trendlines were added in Figure 7 to demonstrate 

the slightly higher lengths of PVA/Polybrene 

solution samples and the adherence of both 

solutions to similar power laws.   

 
Figure 6 - The effect of electrospinning time on mean pore length 

for PVA/MA and PVA/Polybrene 

 

The mean pore lengths calculated from image 

analysis range from approximately 6 m at 5 

seconds to 1 m at 5 minutes.  The discrepancy 

between the mean pore lengths found by 

porometry versus those calculated from images 

was expected.  The porometer may not be 

sensitive enough for such large pores as are found 

below 1 minute.  Additionally, the nylon-6 

acquired static charging and reduced the 

spinnability during fiber collection.  Finally, the 

SEM image is a 2-dimensional view looking down 

upon the nanofibers and assumes that they are all 

stacked on top of each other with no spaces in 

between.  Alternatively, the porometer pushes 

gas through the pores and analyzes them on a 3-

dimensional level; where two stacked fibers are 

not directly touching, the pore size detected will 

be much larger.   

 

3.3.2  Porosity 

     By assuming a constant thickness, porosity 

could be measured by summing the areas of each 

pore measurement and dividing by the total area 

of the image analyzed (equation 2). 

 

                                      (  2  ) 

      

      

     Porosity, like pore length, was calculated 5 

times per sample to reduce error.  Like pore 

length, porosity decreases as spinning time 

increases and more fibers are collected, as shown 

in Figure 8.   

 
Figure 7 - Porosity's dependence on electrospinning time 

 

     The porosities were calculated with standard 

deviations ranging from 0.3 to 5.5 percent.   

 

3.3.3  Pore uniformity 

     From the same data set, cumulative percentage 

can be plotted against pore lengths.  Taking the 

middle 15-85% removes noise and outliers and 

the points in that range of the graph will be 

approximately linear, especially as electrospinning 

time is increased.  A higher slope corresponds to 

greater pore uniformity as it indicates a smaller 

range in pore length.  Additionally, no real 

uniformity of pores can be seen at spinning times 

below 1 minute, as indicated by Figure 9. 

 
Figure 9 - Uniformity versus pore length shows uniformity 

increasing with electrospinning time 

 

 

 

As seen by the overlapping between the 3 and 



5 minute points in Figure 9, uniformity will not 

change greatly at electrospinning times above 5 

minutes. 

 

4.  CONCLUSIONS 

     For research involving filtration or particle 

detection, porosity is a very important factor in 

determining how long to electrospin and is often 

based on the size of the particles. The porometer 

returned a range of 30.9 m to 3.3 m from 5 

seconds to 5 minutes while the SEM images 

yielded a range from about 6 m at 5 seconds to 1 

m at 5 minutes.  Both the porometry and image 

analysis results show very similar power law 

trends where pore length decreases with 

increasing electrospinning time.   

     Neither technique is superior to the other in all 

aspects; each has its strengths.  The porometer 

has a much larger testing area and looks at the 

fabric 3-dimensionally.  However, the nylon-6 

filter also reduced the spinnability as it 

accumulated static charge and it is suspected that 

the porometer may not be sensitive enough to 

detect true changes made by such thin fibers on 

the nylon-6 base, especially at the lower times 

where fibers may not overlap enough to create a 

3-dimensional structure.  Alternatively, the SEM 

image analysis technique is more myopic, looking 

at only a very small area of the fabric in 2-

dimensions.   Where some overlying fibers may 

not be touching, the top view method of this 

technique will not be able to sense that.  Thus, 

this method most likely underestimates pore size 

at the higher time points where there are more 

overlapping fibers.  A benefit of image analysis, 

however, is that the analyst can make judgments 

about the fibers and not leave pore calculation up 

to the sensitivity of a machine.  Image analysis 

also yields more information about the webs 

including fiber morphology, porosity, and pore 

uniformity.  

     With a trend very similar to pore length, 

porosity of the fabrics also decreases with 

increased electrospinning time and ranges from 

around 80% at 5 seconds of spinning to 28% given 

5 minutes to spin.  Graphs of cumulative 

distribution versus pore length provide insight 

into pore uniformity.  As spinning time increases, 

the uniformity of pores will increase 

asymptotically, changing little with times greater 

than 5 minutes.  It can also be concluded from this 

plot that uniformity is not attained until the 

polymer is allowed to spin approximately 1 

minute or more.   

     This study also determined that 8 w% 

PVA/additive is not viscous enough and produces 

beaded fibers.  The greatest spinnability was 

achieved by using 10 w% PVA/additive and the 12 

w% had less uniformity of fiber diameters.  

Analysis of diameters also concluded that 

PVA/Polybrene did not spin as well as the PVA/MA 

as it was seen to have more variance in diameter 

for all concentrations.  The quantified results from 

this study can act as a stepping-stone for future 

porosity studies and a predictive tool in 

determining spinning times for filtration and 

detection systems. 
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Abstract Using the float-zone technique and an image furnace, single crystals of the

olivine compound Mn2SiO4 were grown to be used for defect-related properties analysis.

The crystals grown so far are not of high enough quality to perform this analysis on;

however, the crystals are well suited for producing oriented seed crystals for later high

quality crystal growth. The crystals were grown with the aid of a ceramic afterheater.

This type of afterheater proved effective at growing crack-free single crystals, and the use

of an afterheater is planned to be implemented for all further growth of high-quality sin-

gle crystals of Mn2SiO4.

1. Introduction

The most abundant mineral within

the Earth’s upper mantle is the orthosili-

cate compound olivine, (Fe,Mg)2SiO4. Its

crystal structure of the same name is the

(orthorhombic) crystal structure of mul-

tiple A2
[6]B[4]X4

[4] compounds found

naturally within the Earth’s mantle. Ac-

cordingly, the understanding of mass,

heat, and charge transport through the

crystal system has great importance for

geothermal and geochemical concerns1,2.

Unfortunately, the relationship between

point defects and transport along with an

underlying understanding of the trans-

port mechanisms within the crystal

structure are still not well developed.

One of the main investigations that

needs to be accomplished in order to de-

velop a fundamental understanding of

the olivine structure is a detailed analysis

of the defect-related transport properties

of the crystal system. One way to ac-

complish this task is to perform exten-

sive and systematic studies of defect-

related properties of olivine crystals (in-

cluding tracer diffusion and electrical

conductance experiments)3.

To complete these types of defect-

related experiments it is typical to use

synthetic, high purity single crystals of

olivine. These crystals have several ad-

vantages over natural olivine crystals.

Natural samples contain different types

and concentrations of impurities and in-

clusions depending origin. These defects

can significantly impact the chemical,

physical, and electrical properties of the

crystals4. Furthermore, natural crystals

are not typically of suitable dimensions

for characterization4.  Synthetic crystals

can be grown to a high purity, and it is

possible to orient a fabricated crystal

along multiple axes for experiments on

transport orientation dependence within

the anisotropic orthorhombic structure.

It is under this pretext that the pri-

mary goal of our research this summer

was growing single crystals of appropri-

ate length and purity of the orthosilicate



Mn2SiO4 (tephroite) for later characteri-

zation.

2. Experimental procedures

2.1 Preparation of feed rods

Feed rods of Mn2SiO4 were produced

for float zone single crystal growth from

powder prepared by traditional powder

processing techniques. MnCO3 and SiO2

powders were ball-milled for 24 hours.

These powders were then calcined at 700

°C for 10 hours within a controlled

CO/CO2 atmosphere with 5% CO

(log!aO2 ! —18.6). The calcined powder

was then ball-milled for 24 hours. The

powder was isostatically pressed at 110

MPa for an hour into rods. These rods

were then sintered at 1220 °C for 24

hours in a 5% CO atmosphere (log!aO2 !

—8.3). All temperatures and atmos-

pheres were determined with the aid of a

thermodynamic stability range plot of

Mn2SiO4, see Fig.1.5

2.2 Single Crystal Growth

The generated Mn2SiO4 feed rods

were used within an image furnace for

float zone crystal growth. A feed rod

was melted at its tip and connected to the

top of a melted seed crystal to create a

molten float zone. This float zone was

then moved through the feed rod by

slowly moving the feed rod and seed

crystal downwards.

The image furnace supplied radiant

heat to the rods, as they rotated in oppo-

site directions, by means of a halogen

lamp located at one focal point of a gold-

coated ellipsoid. The molten zone of the

crystal was located at the other focal

point. The ramp time to heat the feed rod

to its molten point from room tempera-

ture was about 2 hours. During heating,

crystal growth, and cooling the feed rod

and seed crystal were rotated in opposite

directions. The feed rod was typically

rotated at about 18 rpm and the seed

crystal was typically rotated at about 11

rpm. The rods were moved downwards

at rates between 0.8 and 2.4 mm/h.

These rates were adjusted to create dif-

ferent crystal diameters and to ensure

stable float zones during crystal growth.

The time to take the halogen lamp from

its peak voltage to its off position was

about 2 hours.

In later trials of crystal growth, a

passive afterheater made from three ce-

ramic tubes of decreasing diameter was

employed in order to reduce thermal

stresses within the growing crystals.

Crystals grown earlier by the Dieckmann

group of Mn2SiO4 showed high degrees

of interior cracking. The afterheater was

used in order to attempt to eliminate the

formation of cracks by reducing the

temperature gradient present in the so-

lidified crystal adjacent to the float zone

to ensure a crystal suitable for latter dif-

fusion experimentation.

3. Results and Discussion

Single crystal growth was attempted

several times; however, unstable float

zones terminated the growth many times

leading to crystals of improper length for

Fig 1.  Thermodynamic stability range of Mn2SiO4, where

the various lines represent the different types of phase

equilibria present at a given a O2 and temperature.  This plot

was used to determine temperatures and atmospheres for
feed rod preparation and crystal growth



Fig. 4.   Single crystal of Mn2SiO4 w ithout interior cracking

grown with an afterheater.

~ 1 cm

Fig. 2.  Single crystal of Mn2SiO4 used for the preparation of
oriented seed crystals for later crystal growth.

~ 2 cm

diffusion experiments along with the

presence of unwanted multi-crystalline

material surrounding single crystalline

material. These unstable float zones

were most likely caused by feed rods

with insufficient homogeneity as the

rods produced from powder generated

by traditional powder processing tech-

niques had varying densities and rod di-

ameters. Higher quality feed rods made

by sol-gel synthesis were to be used;

however, leakage within an atmosphere-

controlled furnace prevented any sinter-

ing when needed.

Despite multiple single crystal

growth attempts that resulted in unusable

crystals for diffusion experiments, Laue

back reflection was used to ensure that

the few crystals grown were single

crystalline, see Fig. 2. These crystals are

not suitable for diffusion experiments,

but are suitable for the preparation of

high quality oriented seed single crys-

tals. Furthermore, single crystals of

Mn2SiO4 that were grown using an after-

heater did result in a considerable reduc-

tion of interior cracking, see Fig. 3-4.

4. Conclusions

Crystals of Mn2SiO4 suitable for

measurements on defect-related proper-

ties still need to be grown. This could

possibly be achieved by starting with

higher-quality Mn2SiO4 feed rods pro-

duced from sol-gel synthesized powder.

Furthermore, new Mn2SiO4 crystals

should be grown using oriented seed

crystals in order to grow high purity

crystals of preferred orientation for dif-

fusion experiments, and the growth

should be done with the aid of an after-

heater to ensure low levels of interior

cracking, or to prevent any such crack-

ing.
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Fig. 3.  Single crystal of Mn2SiO4 with considerable

amounts of  interior cracking grown without an afterheater.
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Abstract

Recently graphene has become and extremely hot topic in Material Science and Physics

research due to its numerous novel electronic characteristics, namely its role as a topological

insulator[1], and the anomalies in the structure of its Fermi surface[2]. Though with all of its

promise, graphene is a material that is costly to produce and at this point impossible to produce

in large quantities, thus its role in electronic devices must be limited to the research lab until

these fundamental problems can be solved. However, there have been recent theoretical studies

done on the vanadium oxide titanium oxide (V Ox/T iO2) system that suggest similar electronic

properties to that of graphene [3, 4], but in a material system that is already well understood

and produced on an industrial scale as a chemical catalyst[5]. The aim of this research project

is to explore the possibilities of producing these electronic states in the (V O2/T iO2) system

as thin films via molecular beam epitaxial (MBE) growth.

Introduction

The search for new electronic materials has been in full effect for a few decades now, with new

promising materials coming to light every few years, but the effective processing of these materials

to the purity and structural perfection required has been a major problem. Recent advances in

processing techniques for oxide based electronic materials, as well as the role that the substrates

that they are deposited on have[6], has made possible highly perfect layered oxide based electronic
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Figure 1: Schematic of V O2/T iO2 interface and lattice[4].

materials[7] with increasing tunability. This area also serves as a major point of current research

with much interest focused on the future still[8].

Pardo and Pickett created much buzz with the publication of two papers in 2009[3, 4], with

their theoretical report of topological insulating behavior, a semi-Dirac point, and ‘massless Dirac’

transport in V O2/T iO2 interfaces, especially since these properties had only before been observed

in interfaces where there was a polarity discontinuity, most notably superconductivity between two

insulating layers[9]. The layered structure theorized by Pardo and Pickett requires atomic layer

control of the deposition of two different materials. This in essence requires MBE growth. No other

methods offer such fine control over atomic deposition. Figure 1 shows the (T iO2)5/(V O2)3 format

of the reported system.

Experimental Methods

MBE growth is an extremely controlled method of thermal evaporation of materials. In the Schlom

Group’s case these materials are elemental metals and they are evaporated in an oxidizing environ-

ment. In essence a substrate crystal (wafer) is loaded into the ultra high vacuum growth chamber,

heated to a desired temperature, and then placed in front of thermally atomized metals, which are

themselves heated in effusion cells. All the while there is a small amount of oxygen being pumped

into the chamber to oxidize these metals on the surface of the substrate. In addition, there are
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Figure 2: Schematic of MBE with Al/Ga/As/Dopant capabilities[10].

shutters in front of each metallic evaporator that allow the plume of metal to be stopped from

reaching the sample. This control of deposition is the factor that allows for layered structures to be

grown via MBE. Figure 2 shows a schematic drawing of a general MBE system with shutters and

thermal evaporators.

The huge amount of control over growth conditions that MBE offers allows one to make a nearly

infinite number of combinations of pressures and temperatures and growth rates. This requires

that one chooses the growth parameters in a sensible, educated way. Therefore, I undertook a

thermodynamics study of the Vanadium Oxide system. My goal was to study the conditions,

both temperature and oxygen partial pressure that would be required for the equilibrium phase

of vanadium and oxygen to be V O2, instead of one of the many other combinations of VxOy.

I created an Ellingham diagram using a procedure outlined elsewhere[11] and with data available

elsewhere[12], for the VxOy system. Figure 3 shows the full diagram with all of the Vanadium Oxide

phases present and also the segment of the diagram that is accessible to MBE growth, highlighted

in red.

As one can see from Figure 3, the accessible regions to MBE are complete in the V2O5 region.

This means that attempting to grow V O2 will not be possible in equilibrium because it is not the

3



Figure 3: Ellingham diagram that outlines the thermodynamic stability of different phases of the
VxOy system as a function of temperature and partial pressure of oxygen. The first diagram is
over a full range of temperature and compounds. The lower diagram is simply for more moderate
regimes with the box indicating temperatures and pressures accessible to MBE.
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Figure 4: Graph of the different oxygen pressure and substrate temperatures attempted over the
course of the project.

thermodynamically favored phase. This implies that we must grow in the kinetics dominated regime

where we limit the amount of oxygen available to each vanadium atom in a stoichiometric ratio.

We must keep the flux of the vanadium atoms and oxygen atoms at approximately 1:1. This will

ensure that each vanadium atom will only interact with one O2 molecule and therefore only have a

change of making V O2 rather than the preferred V2O5.

Many different parameters are able to be controlled during the growth process. However, there

are two major parameters that are the most important for growth. They are the temperature at

which the substrate crystal is maintained and the other is the partial pressure of oxygen during

the growth process. Figure 4 shows the spread of the different growth parameters tried in different

experiments this summer.

During the MBE growth process reflection high energy electron diffraction (RHEED) was used

to monitor the growth of the films in-situ. The study of thin film growth via RHEED is well

understood[13] and simplistically tells one about the surface quality, roughness, and reconstruction

during the growth process. High energy electrons are incident at a grazing angle to the growing

sample. The electrons are then scattered and create an interference pattern that allows one to

5



observe the inverse lattice of the crystal.

Ex-situ characterization was also performed on the grown samples. X-ray diffraction (XRD)

was performed to determine the phase of the VxOy system[14]. XRD gives a characteristic spacing

of lattice planes that are parallel to the growth surface. This spacing combined with the knowledge

of what elements are present is enough, often times, to identify the crystal formed. In the case of

this report XRD was sufficient to determine approximate film composition.

Further, more characterization is planned for some of the more promising films grown. The

short length of this project prevented full characterization of the films over the course of the ten

week program. Temperature vs. Resistivity measurements are planned to determine the metal

insulator transition temperature that is characteristic of V O2[15]. This will further characterize the

film stoichiometry.

Results and Discussion

Date Name Substrate TSubstrate(
◦C) PO2

(Torr) O3(%)
2010-06-30 TM001 T iO2(001) 500.0 1e-06 10.0
2010-06-30 TM002 T iO2(001) 500.0 1e-06 10.0
2010-07-31 TM003 T iO2(001) 450.0 1e-07 0.0
2010-07-31 TM004 T iO2(100) 450.0 1e-07 0.0
2010-07-31 TM005 T iO2(111) 450.0 1e-07 0.0
2010-07-31 TM006 T iO2(001) 500.0 1e-07 0.0
2010-07-31 TM007 T iO2(100) 500.0 1e-07 0.0
2010-07-31 TM008 T iO2(111) 500.0 1e-07 0.0
2010-07-31 TM009 T iO2(001) 500.0 5e-07 0.0
2010-07-31 TM010 T iO2(100) 500.0 5e-07 0.0
2010-07-31 TM011 T iO2(111) 500.0 5e-07 0.0
2010-08-01 TM012 T iO2(001) 400.0 5e-07 0.0
2010-08-01 TM013 T iO2(100) 400.0 5e-07 0.0
2010-08-01 TM014 T iO2(111) 400.0 5e-07 0.0
2010-08-01 TM015 T iO2(001) 450.0 4e-08 0.0

Table 1: Overview of all of the growth parameters used.

As one can see from the abbreviated table of growth parameters in Table 1, there were more
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Figure 5: RHEED images taken during the growth of TM003. From top left to bottom right the
images are as follows: Bare T iO2 substrate, after one minute of vanadium deposition, after five
minutes, thirty minutes, one hour and at the completion of the vanadium deposition, two hours
later.

than 15 samples grown. To include a full analysis of each sample would far exceed any reasonable

length. Therefore, I will include the detailed analysis of just one sample named TM003. It is also

the best sample that was grown.

RHEED images were taken during the growth process of TM003. Figure 5 shows the evolution

of the RHEED image as a function of time. As one can see from the figure, initially the streaks

from the substrate begin to disappear, indicating an increase in surface roughness followed by the

appearance and eventual saturation of transmission spots on the images. This indicates that the

upper most mono-layers of the sample became rough within the first five minutes and continued

to remain rough throughout the remaining time of the growth. The sample was then sent to

Pennsylvania State University to be characterized via high resolution XRD. Figure 6 shows a small

portion of the XRD spectra, centered around the substrate peak. The XRD spectra confirms our

synthesis of phase pure V O2. Further testing of this sample is underway.
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Figure 6: XRD spectra showing substrate and film peak.
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Conclusion

This work successfully laid the ground work for further studies on the T iO2/V O2 super lattice

system. V O2 was successfully synthesized in pure phase form on a T iO2 substrate. However,

there needs to be further work on reducing the as grown roughness of V O2. Atomically smooth

interfaces are a requirement for the proper fabrication of super lattices. Furthermore, metal insulator

transition temperature tests are currently underway on the V O2 film.
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(b) 

Fig. 6 Long-term cyclic voltammograms of (a,c) dry-cast and (b,d) electrophoretically deposited Co3O4 films [same 

as in Fig. 5]. Note the change in peak height and shift with additional cycling, as well as stabilization of 

voltammetric curve after several cycles. 
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Fig. 8 Voltage-capacity curves of Co3O4 

material showing approximate capacity of 530 

mA·h/g, taken after many cycles. 
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How Mosquitoes Use Their Legs to Stabilize Flight. 

Candy Reid, Leif Ristroph, Itai Cohen, Cornell Flight Group 

Abstract:  Much can be learnt from insects, which, with only two flapping wings can perform 

maneuvers that produce both powerful  forward speed like that of an airplane and hovering 

capabilities like those of a helicopter. With these things in mind, we study insects like the 

fruit fly and the mosquito. High speed cameras are used to film these insects performing 

maneuvers and their wing and body motions analyzed. Background work done by the Cornell 

Flight group sets up an avenue by which these subtle movements can be analyzed. Prior 

studies done on fruit flies show that they change the angle of their wings to produce changes 

in motion. Here, the flight of mosquitoes is examined. Upon examination, there was no 

sizeable correlation that indicated that mosquitoes use their legs to steer. Their legs were 

then removed and legless mosquito flight was 

analyzed. Legless mosquito flight was found 

to be quite stable with a noticeable oscillation 

in roll angle. The gravitational torque was 

found to be responsible for the period of 

oscillations, however, it was undeterminable 

as to how much of the damping that was 

observed was due to an active torque or a 

passive torque. Further analysis will be done 

with motion tracking to quantify these 

observations. 

Background: Three high speed cameras were 

 set up to all focus on one point such that one would produce a xy-projection, one would 

produce a xz-projection and the third a yz- projection(1). 

The insects were placed in a transparent box, referred to as a house, which was positioned at 

the focal point.  The insect’s flight was captured by automated laser sensing, which turned on 

the cameras when the insects flew into the field of view. The flight of fruit flies was captured at 

8000 frames per second.  Upon analysis, it was found that these insects are able to alter the 

angle of their wings, called angle of attack,  to manipulate their movements (3). Even at such 

high capture rates, motion tracking was used in order to quantify this movement. 

Method: It has also been proposed that some insects use their legs as rudders (2) to change 

their moment of inertia or to shift their weight in order to perform maneuvers.  Here, we 

introduce how mosquitoes use their legs in stabilizing flight.  

Figure 1  Set up of high speed cameras , backlit with lasers.



Upon analysis of several movies of mosquito maneuvers, there was not enough movement in 

the legs to produce results over a two month period of analysis and further work would be 

required. The mosquitoes’ legs were then removed. This, however, made it very difficult for 

mosquitoes to take off from the ground. The mosquitoes were then dropped into the house, 

and their flight was recorded. A clear oscillation in their roll angle was observed. The roll angle 

was measured using a Matlab program where the position of the wing tips were used to get a 

horizontal measurement in the xy-view and a vertical was obtained from either  the xz-view or 

the yz-view.  

Data & Analysis: 

The roll angle was plotted vs time and such a result is shown in fig 2.   

 

Figure 2 Data plot of roll angle vs time 

For such a data plot, the equation of motion can be written as: 

I ’’ = grav + active + passive  ,  where values for the different torques need to be calculated. Data 

for 6 movies was analyzed and the average of the period of the oscillations was measured to be 

0.0268s. The mosquito was then approximated as a compound pendulum. The period of 

oscillation of a compound pendulum with effective length and moment of inertia comparable 

to that of the size of a mosquito was calculated as such: 

The moment of inertia of each body part was calculated: 

I = IH + I TH + IA 

IH = I solid sphere = 2/5 mr
2
= 0.2499M  , M = mass of the whole body 

ITH = I cuboid = 1/12 M (l
2
 + d

2
)= 16.168 M 

IA = Icylinder= ½ mr
2
=2.47M\I = 18.89M (pix) 



The angular velocity,  =    =  = 208.75s
-1

, h = effective length, I = moment of inertia. 

Thus T = 0.0301 0.0045s.  

The passive torque was also calculated using a state space analysis (4)(5). This meant that it was 

assumed that the insect made no change in angle of attack 

of its wing and only the lift and drag forces on the wing 

calculated based on changes in velocities experienced by 

each wing. 

If the insect experiences a perturbation in the roll angle as 

in Fig.3, then the velocity of its wings, w, experiences a 

change.  Examining these forces gives us that on: 

The Left Wing: 

With the left wing now having a component of velocity in the vertical direction as in Fig 4, the 

resultant velocity is now in a new direction. This change in direction of movement alters the 

angle of attack (  0) by some amount ( ), giving a new angle of attack ‘.

 

The direction of drag force and lift force is now rotated by 

some amount (  ), giving the wing a velocity in the vertical 

direction. 

This gives a new velocity, u
2
= v

2 
 + w

2
. 

 

 

 

Total force on the wing,  FTotal = F Lift – F drag  ( Using the upward direction to be positive) Taking 

the component of these forces  in the vertical direction only: 

Force total = F Lift cos ( )  – F drag sin (  )   , F Lift = ½  A CL ( ) w
2
 ,  F Drag = ½  A CD ( ) w

2
 

F total=   A CL* u
2
 [ sin ( 0) cos ( 0 )  +  { cos 

2
( 0) – sin 

2 
( 0) }   ]  -  ½  A  CD*u

2
sin

2
 ( 0)   

Likewise for the right wing: 

  

 

Figure 3  Applying a torque to produce a 

change

Figure 4.  Changes in  roll angle produces changes in         

velocity of the left wing.

Figure 5.  Changes in  roll angle produces  

 changes in velocity of the right wing.



 

 

F total=   A CL* u
2
 [ sin ( 0) cos ( 0 )  +  { cos 

2
( 0) – sin 

2 
( 0) }   ]  -  ½  A  CD*u

2
sin

2
 ( 0)   

The torque was obtained by crossing this force with the radius value = 2/3 span. 

Since the first term of Ftotal cancels off when the two forces on each wing is added, the resultant 

torque = 1/2  A R
2
 CD* u

 
‘  

This gives a co-efficient of ‘, which is the drag co-efficient of passive torque. 

In the equation of motion, active torque damps the system and passive torque changes the roll. 

This makes it difficult to discern which torque contributes to which term and active tracking is 

being done by the Cornell Flight group to figure this out. 
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Abstract

The lag phase in vegetative cell growth has traditionally been explained as period
of time in which cells adapt to their new environment. In contrast, here we present
evidence that the transition from the lag phase to faster exponential growth in the
cellular slime mold, Dictyostelium discoideum, is instead due to a collective effect, de-
pendent on the density of cells in the medium. Evidence from experiments in which we
grew cells in media conditioned by other cells suggests that this transition is mediated
by the accumulation of growth factors in the medium. We also present a procedure
by which it may be possible to reduce the extent of the lag phase through repeated
selection for fast-growing cells.

1 Introduction

The lag phase in vegetative cell growth is of a period of little or no growth that some-
times occurs after cells have been moved to a new environment. In microbiology, it has
conventionally been explained as a time during which cells are adapting to their new
environment.1 In other words, it has been explained as a single-cell effect, dependent
only on the amount of time since inoculation, not on the density of cells.

The cellular slime mold Dictyostelium discoideum, an NIH model organism, often
shows such a lag phase when axenic strains are grown in suspension culture. Standard
culture protocols suggest that cell cultures should be kept above densities of 2 × 104

cells/mL to avoid going through a lag phase.2 This suggestion hints that the tran-
sition from lag phase to exponential growth, known as the lag-log transition, in D.

discoideum may be a collective effect that depends on cell density. Here, we present
evidence that the lag-log transition in D. discoideum is a density-dependent effect. We

1Pommerville, Jeffrey. Alcamo’s Fundamentals of Microbiology, Ninth Edition. Boston: Jones and

Bartlett Publishers, 2010. Print.
2Protocols for growing Dictyostelium discoideum. dictyBase. N.p., n.d. Web. 9 Aug. 2010.

www.dictybase.org
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also investigate two possible mechanisms for such a collective effect, the contamination
hypothesis and the chemical cues hypothesis.

The contamination hypothesis posits that cells have a collective resistance to com-
peting agents which may be unintentionally introduced into cell culture. At low cell
densities, cells compete with these contaminating agents, and their growth is sup-
pressed. However, at higher densities, cells are collectively more resistant to the con-
tamination, possibly via the formation of clusters or the secretion of chemicals that
fight infection. Thus, at high densities, growth is no longer suppressed, and cells un-
dergo a transition from slow growth to faster growth.

The chemical cues hypothesis posits that cells secrete chemical cues or growth fac-
tors into the medium which stimulate other cells to grow. At low cell density, these
chemicals are dilute, and therefore cells grow slowly. At a higher cell density, however,
enough chemical cues or growth factors have accumulated in the medium to trigger a
transition to fast exponential growth.

2 Methods

2.1 Cell culture

All of the experiments described below were performed using the wildtype axenic strain
of Dictyostelium discoideum, AX4. Cells were thawed out from the frozen stock main-
tained in our laboratory on June 10, 2010 and June 28, 2010. We cultured cells using
standard procedures3. We regularly passaged the cells from a starting density of 104

cells/mL to a final density in the range 8 × 105 - 5 × 106 cells/mL.

2.2 Varied initial density experiment

To test whether the lag-log transition in cell growth is due to a density effect, we mea-
sured growth curves of cultures starting at two different cell densities - 102 cells/mL
and 103 cells/mL. We inoculated seven 25 mL shakers with cells at a density of 102

cells/mL and three shakers with cells at a density of 103 cells/mL. We also included
two control shakers which contained only growth medium (Formedia HL5) and antibi-
otic (PenStrep). We measured the density of cells in each shaker once daily using a
hemocytometer until the cells had reached the stationary phase.4

2.3 Small-volume, closed-container experiments

While experiments conducted using traditional shakers, such as the one described
above, allow for precise measurement of individual growth curves, culturing up many
shakers and measuring them daily requires a considerable amount of experimenter time,
and therefore sample size is limited. In an alternative setup, 65 small vials, each con-
taining 0.6 mL of cell suspension, were maintained in a rotating drum. Each day, we
measured the turbidity of each vial to determine when the cell density reached approx-
imately 106 cells/mL. When this turbidity was reached, we measured the cell density

3Dictyostelium discoideum Protocols. Totowa: Humana Press, 2010. Print.
4This experiment was conducted by Archana Rachakonda.
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of the vial using a hemacytometer. In this way, we counted each vial only once, thus
cutting down on the amount of counting necessary per sample and also decreasing the
risk of contamination (because each vial was only opened once before the final count -
when the experiment was initiated).

In each of the small-volume, closed-container experiments conducted, we included a
large number of vials at low cell density (100 cells/mL or 500 cells/mL), and a smaller
number at high cell density (104 cells/mlL). By assuming that the vials initially in-
oculated at high density underwent exponential growth, we were able to calculate the
doubling time. We then used this information about the doubling time to obtain a
measure proportional to the amount of time that the low-density vials spent in the lag
phase. We define the lag time of each vial by

tlag = tactual − tlagless, (1)

where tactual is the actual amount of time elapsed between the initial and final density
counts and tlagless is the amount of time it would take for cells starting at the initial
density to reach the final density if there were no lag phase. We calculated tlagless based
on our measurement of the doubling time, tdouble, obtained from the high-density vials
as follows:

tlagless = tdouble log
2
(
df

di

) (2)

2.4 Contamination experiment

To test whether the collective effect observed in the transition from slow to fast growth
is due to a contamination effect, we varied the amount of antibiotic (PenStrep) included
in our cell cultures. We conducted a small-volume, closed-container experiment as
described above with four experimental groups varying in the level of antibiotic included
in the cultures: no antibiotic, 1

4
dose antibiotic, 1 dose antibiotic, and 4 doses antibiotic.

One dose of antibiotic is equivalent to 10 µL PenStrep per mL of cell suspension. Each
group contained three vials initially at high density (104 cells/mL) and ten vials initially
at low density (100 cells/mL).

2.5 Conditioned media experiment

To test whether the collective effect observed in the transition from slow to fast growth
is due to the accumulation of chemical cues in the medium, we conducted a conditioned
media experiment, using the small-volume, closed container paradigm. Conditioned
media is growth media that previously had high densities of cells in it, and therefore
should contain any chemicals secreted by these cells. We hypothesized that, if the
chemical signaling hypothesis were correct, culturing cells in conditioned media should
shorten or even eliminate the lag phase.

We grew AX4 cells in suspension until they were at a density in the mid-log phase.
We then transferred the contents of the source shaker into centrifuge tubes, and cen-
trifuged them to separate out the cells from the medium. We purified the medium by
repeatedly centrifuging, pipetting off the top liquid from the centrifuge tube (leaving
any cells at the bottom), and transferring this liquid to another centrifuge tube. We

3



also purified the cells by repeatedly adding fresh medium to the centrifuge tube, re-
suspending the cells, and centrifuging again (repeating this process six times). At the
end of the centrifugation process, we verified by counting that the number of cells left
in the conditioned media was minimal (about 100 cells/mL).

We divided up the source cells into four experimental groups: 0% conditioned me-
dia (fresh media only), 0.1% conditioned media, 5% conditioned media, and 100%
conditioned media. Each group contained two vials initially at high cell density (104

cells/mL) and thirteen vials initially at low density (500 cells/mL).

Figure 1: Schematic of the conditioned media experiment.

2.6 Selection experiment

In order to determine whether it is possible to select for cells that have a reduced lag
phase, we maintained cells at low density for fourteen days through repeated dilution.
Cells cultures were maintained in 25 mL shaker bottles. We counted them daily and
diluted them to their required densities. Four shakers were maintained at 500 cells/mL
(a low density in the middle of the lag phase) and two were maintained at 105 cells/mL
(a high density in the middle of the log phase). In addition, one control shaker contain-
ing only HL5 was also measured daily and used to correct for errors in cell counting.
Through this process, we hoped to select for cells that grew quickly at a density of 500
cells/mL. The two shakers maintained at high density were included as a control. In
these shakers, we hypothesized that we would be selecting for cells that grew fast at
a high density, not a low density, thus they should not differ from non-selected popu-
lations in their lagging. After repeated selection for fourteen days, we diluted all cell
cultures to a density of 500 cells/mL and allowed them to grow freely, measuring their
densities daily.

4



Figure 2: Schematic of the selection experiment.

3 Results and Discussion

3.1 Varied initial density experiment

Growth curves starting at two different initial densities (Figure 3, top) show an initial
lag phase, followed by faster exponential growth. To determine whether a density ef-
fect is at play, it is useful to plot growth rate / density vs density (Figure 3, bottom).
The growth rate is obtained by numerically calculating the slope between each of the
two points in the density vs. time graph. The y-axis of this graph can be considered
a growth rate per cell. If growth were purely exponential, with no dependence on
density, one would expect the data to fall on a straight, horizontal line, with a height
corresponding to the exponential growth rate. In contrast, a density effect would man-
ifest itself in a deviation from this pattern. Our data shows a clear density effect, with
faster growth at higher densities and slower growth at lower densities. The transi-
tion between these two growth rates is relatively sharp, and occurs slightly below 104

cells/mL. Thus, our data supports the existence of a collective effect in the transition
from slow to fast growth.

3.2 Contamination experiment

There was no effect of antibiotic dosage on lag time (Figure 4). Assuming that our
hypothetical contaminating agent is in fact susceptible to the antibiotic used, the con-
tamination hypothesis would predict that additional antibiotic should help cells at low
density fight against infection, and therefore should reduce the length of the lag phase.
The lack of an effect of antibiotic added on lag time indicates that the contamination
hypothesis cannot account for the lag-log transition in D. discoideum.
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Figure 3: The transition from slow to fast growth in D. discoideum is a collective effect.
The top graph shows growth curves for cell cultures inoculated at densities of 100 cells/mL
(blue) and 1000 cells/mL (green). The data were transformed to show more clearly the
density effect (bottom). On this plot, a horizontal line would indicate pure exponential
growth, with no density effect. The deviation from this trend (faster growth at high
densities and slower growth at low densities) indicates the presence of a density effect.
This effect is present both for cultures with an initial density of 100 cells/mL (blue) and
for cultures with an initial density of 1000 cells/mL (green), indicating that the transition
is not simply related to the amount of time since inoculation.
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We also observed a trend of increasing doubling time (i.e. slower growth) in the
exponential phase with increasing antibiotic dose (see table below). Given that Pen-
Strep is a standard antibiotic suggested in the cell culture protocols, it is surprising
to us that it appears to suppress cell growth (albeit only slightly). This result calls
into question the assertion that this antibiotic does not affect D. discoideum cells, and
merits further research.

Antibiotic added Log phase doubling time
0 doses 9.0 hrs
1/4 dose 9.1 hrs
1 dose 9.7 hrs
4 doses 11.5 hrs

Figure 4: The transition from slow to fast growth is not due to cells’ collective resistance
to infection at high density. Average lag times for four different levels of antibiotic added
to the medium are shown. Error bars indicate standard deviation. There was no effect of
antibiotic dose on lag time.

3.3 Conditioned media experiment

We observed a strong effect of conditioned media on lag time. Overall, increasing the
concentration of conditioned media shortened the length of the lag phase (Figure 4).
Most cell populations that grew in 100% conditioned media, and some that grew in 5%
conditioned media, showed negative lag times, indicating that they grew up even faster
than would be expected if they were growing at the exponential growth rate observed
in the log phase. There was no effect of conditioned media on the doubling time for log
phase (i.e. high density) cells (Table 2). One outlier, in the 100% conditioned media

7



group, was excluded from the analysis because it failed to grow up during the course
of the experiment. One possible explanation for this outlier would be a failure to shake
the source bottle before aliquoting cell suspension into the vial, which might lead to
an unintentionally low initial cell density.

Taken together, these results strongly suggest that the transition from slow to fast
growth in D. discoideum is mediated by the accumulation of substances in the medium.
The way in which cells alter their medium to promote the proliferation of other cells
is still unknown. One possibility is that cells secrete growth factors into the medium,
which then stimulate other cells to grow.

Percent conditioned media Log phase doubling time
0% 10.9 hrs

0.1% 11.4 hrs
5% 11.5 hrs

100% 11.0 hrs

3.4 Selection experiment

Figure 6 shows growth rate / density vs density for populations selected for fast growth
at 500 cells/mL and at 105 cells/mL, in comparison with cells that did not undergo
selection. Both groups of selected cells showed a transition to fast growth at a lower
density than the non-selected populations.

These results suggest that it may be possible to alter the length of the lag phase
through selection for fast-growing cells. It is not surprising that repeated dilution to a
low density effectively selected for cells that grew quickly at that density, thus reducing
the density range of the lag phase. The result that the populations repeatedly diluted
to a high density also showed a reduced lag phase was more unexpected. One possibil-
ity is that fast cell growth at high density is correlated with fast growth at low density,
and therefore repeated dilution at any density could lead to a reduced lag phase. If
this is the case, it raises concerns that our repeated culturing of cells may alter the lag
phase we observe in our experiments.

It is also important to interpret these results in light of our results from the con-
ditioned media experiment, which suggest that the accumulation of chemical cues in
the medium may initiate the lag-log transition. Clearly, repeated dilution of the cells
would reduce the concentration of chemical cues in the medium. By this mechanism
alone, then, one might suspect that repeated dilution would increase the length of the
lag phase. However, this simple interpretation is complicated by the fact that we have
very little knowledge about how chemical cues accumulate in the medium. The con-
centration of chemical cues in the medium most likely depends on the current density
of the cell culture, but may also depend on its history. Further investigation into the
accumulation of chemical cues and their effect on the lag phase is needed.

4 Conclusion

Growth curves obtained from cell cultures starting at two different densities suggest
that the lag-log transition in D. discoideum is a collective effect, dependent on the den-
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Figure 5: The transition from slow to fast growth is mediated by the accumulation of
substances in the growth medium. Histograms of lag times for populations growing in
four different concentrations of conditioned media are shown. Overall, lag times decrease
with increasing concentration of conditioned media, strongly suggesting that cells secrete
substances into the medium that stimulate other cells to grow.
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Figure 6: Selection for cells that grow fast at low (red) and high (orange) densities serves
to shorten the lag phase. Populations that underwent selection (red and orange) show
a transition to fast growth at lower densities than do populations that did not undergo
selection (blue, green).
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sity on cells and not simply on the time since inoculation. In addition, the finding that
populations grown in media conditioned by other cells show a reduced or nonexistent
lag phase provides strong evidence that this transition is mediated by the accumulation
of chemical cues in the growth medium. Finally, selection for fast growing cells through
repeated dilution may provide a mechanism by which to shorten the lag phase.
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Nanoscale Organic Hybrid Materials 

Based on Cobalt Oxide (Co3O4) 

Benjamin T. Walker

Chemical and Biomolecular Engineering

Cornell University, Ithaca, NY 14853 

Abstract

Hollow metallic and metal oxide nanostructures have attracted attention due to an increasing 

amount of applications, such as energy storage and pigmentation. Although particles with 

spheres and tubes have received significant study, cubic and other various shapes have not 

received much attention. The research this summer resolves this issue by synthesizing and 

characterizing various shapes. Nanoscale organic hybrid materials, NOHMs, will also be created 

for these various shapes and characterized. Taking the research further cubic NOHMs will be 

suspended in MPEG 550 and characterized for use in liquid body armor and energy storage 

materials.

Introduction

Nanoscale Organic hybrid materials, developed at Cornell, contain beneficial properties 

and can also resolve many of the difficulties faced by ordinary nanocomposites. In recent years 

cobalt oxides have been used for numerous research opportunities. The reason for the upsurge in 

application usage is these nanoparticles possess unique electric, catalytic, and magnetic 

properties [1, 2]. From pigments [3], catalysis [4, 5], or energy storage [6, 9], cobalt oxide is 

being used in many applications. Recent progression in organic synthesis studies has allowed 

control over both the shape and size of the nanostructures. When dealing with these particles 

researchers have come across many different shapes: cubes, spheres, platelets, rods, needles, and 



tubes. The shape formed depends on the mixture between salts. The mixture between certain 

salts can yield different shapes depending on the synthesis. 

Experimental Section

Cubic, spherical, and platelet nanoparticles were formed using solvothermal [8] and 

sonochemical [9] synthesis. Hydrothermal synthesis can be used to form nanosheets, however 

due to recent findings they can also be formed using the sonochemical process. The large scale 

synthesis for the nanocubes was completed by a previous student in another paper [10]. In order 

to perform a five times synthesis reaction for the spheres and platelets, 250ml of 0.2 M TMAH 

and 125 ml of 0.1 M Cobalt Acetate are poured into a 500 ml closed cavity. As soon as

combined a dark blue color forms. In order to form either nanospheres or platelets the time was 

regulated. Platelets were set for no more than five minutes, while the nanospheres were set for an 

hour and twenty minutes. Once done the resulting solution possesses a brownish color. After 

pouring into centrifuge tubes, the nanoparticles are spun at 7500 rpm for fifteen minutes and 

washed with deionized water. Repeating this step two times the nanoparticles are ready to be 

dried. Once allowed to sit in a vacuum oven at 65° C and dry, the particles are sintered at 300° C. 

As the nanospheres/platelets are sintered, the transition to cobalt oxide nanoparticles is done. 

This summer, both NOHMs and cubic NOHMs suspensions were also created. After 

measuring how much polymer to add, 1.5g of cobalt oxide particles are poured into a 500 ml 

three neck flask with 30 ml of Toulene/2 propanol mixture and allowed to stir for 30 minutes. 

While stirring 50ml of Acetic Acid pH 3 solution is added to dilute the solution to 4% particles. 

Before the solution finished stirring 1/3 of the silane PEG was added and allowed to finish 

stirring. Once the solution finished stirring it was heated in an oil bath at 110° C for one hour. 



After heating the solution was taken out and sonicated for 15 minutes, which afterwards was 

stirred for another 5-10 minutes after another 1/3 of the silane PEG was added. These steps were 

repeated two times and then placed in an oil bath for 6-8 hours. It was poured into wide Petri 

dishes and heated until dry at 70° C. Once dry the petri dishes were removed and scraped of the 

NOHMs in order to do characterization.  

In order to suspend the NOHMs the reaction had to be taken several steps further. Once 

the reaction was done centrifuging, 20ml of ethanol was added to the NOHMs with the 

remaining amount of tube space filled with hexane. The samples were then centrifuged and 

poured off carefully. After being centrifuged, the material in the tubes divided into layers. 

Particles without polymer rested at the top while the ethanol settled in the middle. The polymer 

coated NOHMs themselves were at the bottom of the tube. In order to wash the NOHMs, most of 

the ethanol was poured off after a sample was taken for testing of wash one. Ethanol was added 

to the tubes along with hexane as this process was repeated three times. Once washed, measured 

amounts of the NOHMs corresponding to calculations were removed and placed in vials. MPEG 

550 was added to each of the samples in order to suspend them as they were left to sit in a 

vacuum oven for twenty four hours. The oven was set at 65° C in order to evaporate any excess 

solvent. 

Results and Discussion

In the figure below, the XRD patterns for the platelets, spheres, and cubes are shown 

below. The data gives us a general idea of how we want our samples to be.  

Nanocubes    Nanospheres    Nanoplatelets 
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XRD for cobalt oxide nanoparticles 

Below in fig. 1- 4, the rheology of the 2.5 30, 40, 50, and 60 % NOHMs suspensions are 

displayed. The G prime and G double prime decrease as more strain is applied to the samples. In 

our 40, 50, and 60% suspensions, both the G prime and G double prime descend and rise back 

up, demonstrating a possibility of shear thickening.  
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Fig. 1 Cubic NOHMs Suspension 2.5:1 30% 

Fig. 2 Cubic NOHMs Suspension 2.5:1 40%

Fig. 3 Cubic NOHMs Suspension 2.5:1 50%
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Fig. 4 Cubic NOHMs Suspension 60%

Conclusions

As a result of this research, shear thickening may be possible in the 2.5 50% cubic 

NOHMs suspension. Shear thickening, an important aspect in the liquid body armor research, 

allows materials to resist applied force. Due to these findings, cobalt oxides application in body 

armor may be possible. Through time regulation in the sonochemical synthesis, platelets can be 

successfully created. Future research includes suspending spherical and platelet NOHMs in order 

to test for possible shear thickening. 
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Green Composites: Using Modified Sunflower Based Resins

1. Introduction

Helianthus Annuus,

Environmental News 

Network -- Know Your Environment



2. Experimental

2.1 Modification of the Sunflower Resin 

2.2 Preparation of the Sunflower Resin Sheets 

2.3 Fabrication of Jute Fiber-Reinforced Composites



2.4 Tensile Properties of the Resin Sheets

2.5 Tensile Properties of the Composites 

3. Results and Discussion: 

3.1 Protein Content  

Table 2: Sunflower Meal- SieveTable 1: Sunflower Meal

Table 3: Modified 

Sunflower Meal



Tables 1, 2,  3

3.2 Tensile Properties of Sunflower Resins 

Figure 1  2



Figure 1. Effect of glycerol on the Tensile Stress and Strain of Modified Sunflower Resin

Figure 2. Effect of glycerol on the Young’s Modulus Results of Modified Sunflower Resin

Figure 3 4
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Figure 3. Effect of recycled newspaper on the Tensile Stress and Tensile Strain of Modified 

Sunflower Resin

Figure 4. Effect of recycled newspaper on the Young’s Modulus of Modified Sunflower 

Resin
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3.3 Tensile Properties of Composites

Figure 5

Figure 5. Stress-strain curves of jute fabric-reinforced green composites in longitudinal and 

transverse directions

4. Conclusions
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Characterizing Growth of Single Cell Amoeba 

Ben Yavitt 
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Ariana Strandburg-Peshkin 

Archana Rachakonda 

Igor Segota 

 This summer, I worked on developing methods and protocols for studying 

the vegetative growth cycle of the social amoeba Dictyostelium discoideum. With my 

collaborators, we conducted experiments that optimized our ability to monitor the 

amoeba’s different growth phases. 

Abstract:  

 Any cell biology textbook would probably have a figure like Figure 1, which 

shows a typical growth curve for cells growing using simple division (binary 

fission). It usually plots Log (cell density) vs. time in hours. On this semi-log scale, 

the exponential phase is linear, so one can easily calculate a lag time and a growth 

rate. 

Introduction: 

 

Figure (1): A typical growth curve of amoeba 

This curve seems pretty standard, but do we really know what is going on? It is 

generally believed that the lag phase is just a period of slow growth before the 

exponential phase occurs. The cells are acclimating to the new environment. The 



Franck group was interested in exploring this phase. Understanding how these cells 

are interacting at this low density could lead to enhancements in cell biology 

culturing, and the development of medicine and pharmaceuticals. To study this lag 

phase, we used the social amoeba Dictyostelium discoideum. Dictyostelium is a NIH 

model organism, and is used in developmental biology labs all over the world. There 

is a large research community studying Dictyostelium, which provides much 

background and information. The organism has a unique development and a 

doubling time of about 12 hrs or so. This makes it a desirable and accessible 

organism to work with. 

 Because Dictyostelium is a living organism, to study it, we must know how to 

keep it alive and let it grow. While Dictyostelium naturally feeds off of bacteria in the 

soil, we grow it in a culture medium. We use a special axenic culture that can extract 

dissolved nutrients from the growth medium. We place the cells and medium in 

flasks on a shaker table that runs continuously. We chose this system because it is 

easier to grow than using cells that feed on bacteria. The well-mixed system creates 

a uniform cell density in the medium. We use a counting chamber (hemocytometer) 

and a microscope to measure cell density, so a liquid culture with uniform density is 

important. We add penicillin and streptomycin to the culture to prevent bacterial 

contaminations. 

Experimental Section: 

 The objective of our research was to obtain growth curves to help us 

understand the lag phase. Our first experiment was aimed at simply getting growth 

curves. We inoculated 6 flasks all at densities of 200 cell/ml, all from the same 

source. Every day, we opened up the bottles and counted the cells to measure the 

cell density. We also had 2 bottles with just culture medium and antibiotics. These 

acted as controls and helped us measure out uncertainty on the cell counts and look 

for contaminations. We plotted all of the accumulated data into a Log (cell density) 

vs. time growth curve, and used our results to evaluate whether or not we could 

observe the lag phase. 

 We conducted another experiment using closed containers. This experiment 

allowed us to have a larger sample size and collect a large distribution of data. We 

took small 1 ml vials and filled them up with growth medium and cells. We added 

10^4 cells/ml to 5 vials. We measured the amount of time it took to go from 10^4 to 

10^6. We used a turbidity measurement to estimate the cell densities, and then 

actually counted then in a chamber. This was our theoretical “exponential time”. We 

also filled up 15 vials with 10^2 cells/ml. We measured the time it took for those 

cells to grow up to 10^6. This time indicated the lag plus exponential growth. From 

this time, we subtracted the theoretical “exponential time” to figure out how long 

the cells lagged. This gave us a proportional lag time, which is a conservative 

estimate of the actual lag time. We had this value for many different samples, and we 

could get an idea of the distribution of lag times. 

 



 The results of our first experiment were very important. We saw many of the 

shaker bottles die off during the growth experiment. Two shakers grew up and 

lived, but several grew slowly and then died off completely.  

Results and Discussion: 

 

Figure (2): Growth curve of first shaker table experiment 

This alarmed us. We did not want to bring in any extrinsic variability that would 

affect the growth of the cells. We suspected that a bacterial contamination from the 

air may have taken over and killed off our cells. We devised some new protocols to 

decrease our risk of this airborne contamination. We adopted some common 

microbiology protocols like flaming the lip of the bottles, and not putting the cap on 

the table. We coupled this with our previous techniques like using a clean table and 

wiping down our workspace with isopropyl alcohol. We then repeated the growth 

experiment. The results showed that all of our samples followed the same growth 

and they did not die. 

 



 

Figure (3): Growth Curve from revised experiment 

The data we collected lined up nicely to the lag-log model. For all the samples, we 

seemed to notice a transition from lagging growth to log growth near the density of 

10^4 cell/ml. This intrigued us, and hinted that the transition is a density effect. 

 The closed container experiments also yielded interesting data. They showed 

a distribution of lag times from 20-90 hrs. When plotted as histograms, we saw that 

the data was centered on our average lag time of 40 hrs. 

 

Figure (4): Histogram from Closed Container Experiment 

The closed container experiment was useful because the helped us avoid 

contaminations. We only opened the vials once, therefore reducing our chance of 

airborne contamination. The downside of this is that we could only get one density 

measurement per vial, and could not construct a growth curve from the samples. 

Therefore, we did not know what was going on at the lower densities. 



 By the end of the summer, we were able to monitor the growth of 

Dictyostelium, create growth curves, and show that cells at low density lagged. We 

were also able to quantify the lag times. Now that we have the capability to 

reproducibly measure the lag phase, we can begin to explore the theory and 

mechanisms behind what is actually causing the cells to lag. 

Conclusions: 

1) C. Franck, et al. Phys. Rev. E v. 77, p. 0141905 (2008) 
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