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Abstract
Striped gold nanoparticles are unique in several of their characteristics and applications.
Recent experiments have determined a new medium with which contain the nanoparticles
is that of a chemical gel. The nanoparticles for use in these studies do not require a
polymer base in order to form a gel phase. However, a concrete analysis of the transition
temperature between the gel and liquid phases had yet to be performed. The work
performed in this experiment has determined a portion of the phase transition curve for
different concentrations of ethanol and water as a solvent in this nanoparticle gel. The
results of this project showed that, as expected, with an increased concentration of
dissolved gold nanoparticles, the gel to liquid transition temperature increased.
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1. Introduction

Applications for functionalized nanoparticles are countless and still in
development. However, a limiting factor to this is the media through which the
nanoparticles are delivered. Work begun in the 2 1t century has resulted in an innovative
new medium, that of a non-polymer nanoparticle gel. There are several benefits to this
approach. The biggest difference between a gel approach and a liquid solution is definite
local application of the solution. From a biomedical perspective, this is a preferred
approach. With a liquid solution, nanoparticles have the tendency to diffuse throughout a
patient's body, potentially affecting non-targeted cells and tissues unintentionally. With
a gel, the benefits of having a solution of nanoparticles remain while the tendency for
liquid diffusion is greatly reduced.
There are various methods of creating a gel medium for which to apply
nanoparticles. The first method has been utilized for decades in other fields to create a
liquid suspension utilizing a bonded polymer network as a crosslinking agent. This is not
the method this project applies to. Rather, this project utilizes a fairly recent
development of patchy colloidal interactions between nanoparticles. This is possible due
to properties specific to the nanoparticles that comprise the crosslinking agents within the
gel.
The gel phase nanoparticles conform to is possible due to their unique autobinding properties. The constituent particles that comprise particle gels each have a
limited number of binding regions that a gel substance requires for existence. At room
6

temperature, it has been shown, that the particle gel is self-assembling. However, as selfassembly is governed primarily by constituent particle geometry and temperature, this
structure will vary over a temperature range. Also yet to be fully developed is a complete
phase diagram, or one of practical values for the temperature range this material will be
exposed to.
Chemical gelation has been approached by utilizing a binary mixture of particles
with different numbers of attractive sites. The emphasis of research has been to use
particles with two and three attractive sites to bind each other. The combination of these
particles is used to vary the mechanical properties of the gel, but also has various other
effects of the end result gelation. A phase diagram determined by examining different
concentrations of the binary mixture for their melting point is crucial to applying the gel
in a useful manner. The phase transformation from gel to liquid is one of primary
concern.
There are several methods which have been utilized to model the interactions of
theses self assembling nanoparticle gels. One is derived from the polymer gel model, the
Wertheim thermodynamic perturbation theory'. This theoretical model is not totally
applicable to the subject studied, however, as its original intent was to be applied towards
polymerization. Recent work has been done to supplement this model with substantially
more thorough thermodynamic analyses. This rigorous numerical analysis is named the
Monte Carlo method, and allows for a significantly more accurate picture of the
nanoparticle structure. Figure 1 shows a graphical representation of this more accurate
approach.

Figure 9. Image representing the model analyzed in the Monte Carlo simulation. Source: Sciortino et al.

Further work in modeling the behavior of these particular nanoparticle gels is
continuously being performed. Different models and various new algorithms
incorporating specific properties of the nanoparticles being analyzed continuously appear,
2
and many important data has been gathered from such projects. It has been

demonstrated theoretically that it is possible to create a dynamically arrested state for
various particles with attributes suited well to nanoparticles.

However, polymer based models can only take theoretical analysis so far. Indeed,
more recent work has demonstrated that it is possible to produce reliable data that is
directly applicable to the nanoparticle gel of the type that this project analyzes.

fif

Figure 10. Computer generated image of a two particle patchy particle system. Source: Corezzi et al.

As seen in figure 2, computational methods exist to model complicated systems of
patchy particles. Patchy particle systems are mixtures comprised of colloidal elements
and solution that interact with each other. The nanoparticle self-assembling gel system
that this project analyzes is a patchy particle system. Many significant data can be
derived from these models which are impossible to draw from polymer chain based
models. As shown in figure 3, this type of model can account for colloid specific
behavior, including drawing particles into and out of solution.3 It is in this manner that
the gold nanoparticles analyzed throughout this project behave.
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Figure 11. Plot (a) shows the relation of solution in gel phase (rather than liquid), (b) models cluster size of
patchy particles, and (c) gives the relation between finite size clusters. Source: Corezzi et al.

The fundamental basis of the nanoparticle chemical gel that has been formed falls
4
back on the striped gold nanoparticles that have been developed in the past decade.

These nanoparticles are required as they have the ability to spontaneously form different
regions in repeatable patterns surrounding the sphere of hard metal (gold). As seen in
figure 4, different regions are achieved with very distinct chemical compositions. Indeed,
distinct regions are confirmed using a scanning tunneling microscope (STM), and are the
inherent reason behind their unique ability to form chemical gels.

a

Figure 12a. STM image of striped nanoparticle. b. Computer rendered image of striped nanoparticle.
Source: Jackson, Stellacci et al.

Size plays a large role in the network forming abilities of the striped
nanoparticles. One must obtain the correct dimensions of gold sphere in order to produce
5
a sustained, long term network which is necessary for a chemical gel to manifest. Figure

5 shows work that has been performed that allows predictions to be gathered for correct
nanoparticle size. Note that the average nanoparticle diameter used for this experiment
11

was 3.5 nanometers. This aligns closely with the peaks of chained nanoparticles seen in
the plot.
I

..

.O

Figure 13. Plot showing size distributions for nanoparticles in different states. The bars are actual data, the
lines are Gaussian fits. Note the peak in chained counts near 3.5 nm, which is the nanoparticle size of this
procedure. Source: Carney et al.

The problem faced in this senior thesis project was to determine at least part of a
phase diagram for the gel to liquid transition temperature over a range of varying
concentrations of ethanol and water as a solvent. This will expand data that has already
been predicted in previous works, and should affirm the ability of striped nanoparticles to
form a gel phase at fairly warm temperatures. The previous work performed,
demonstrated prior, will be a sufficient starting point for which to achieve a reasonable
set of data.

2. Objective
The objective of this project was to determine a partial phase diagram for pole
functionalized gold nanoparticles without including mercaptoundecanoic acid (MUA)
coated nanoparticles, which were originally included as a crosslinker. Prior work has
been performed indicating that a more stable gel forms, specifically a stable gel at higher
temperatures forms, without MUA nanoparticle inclusion. The viability of this was to be
determined through measuring gellation to liquid transition temperature of various
nanoparticle solutions, with the solvents being differing concentrations of ethanol and
water. A thermocouple was used to determine transition temperatures to within .1 C.

3. Experimental Method
3.1 Gel Assembly
Functionalized gold nanoparticles were obtained from Hyewon Kim. These
functionalized nanoparticles were in solid form, and upon applying pressure, many would
break up to consistency of a fine powder. A goal of ten milligrams of nanoparticles was
measured for each sample, with an acceptable deviation of ten percent (one milligram).
Due to the end goal of a phase diagram, different ratios of ethanol and purified Millipore
water were required, see table 1 for details.

Table 1. List of different solution names and ratios of pure ethanol to water for use in the experiment.

As such, using a micropipette, the appropriate amount of ethanol was measured
into the holding vessel containing the measured nanoparticles. Using an Aquasonic 75T
sonicator, the nanoparticles were agitated in order to form a uniform solution. The same
micropipette was utilized for application of pure Millipore water. The water was purified
in a Millipore Synergy filtration system with a Simpak 1 filter. A final solution volume
of approximately fifty microliters was desired, such as to remove the variable of changing
volume from the experiment. As a final addition, one microliter of .2*10 -3 molar solution
of (CaCl 2 *2H 20) was added in order to introduce calcium ions to the solution. The
calcium ions had the role of providing crosslinking properties to the solution to promote
gel formation. Following this, the liquid solution was again sonicated for a period of
time to ensure a uniform solution. The solution was then placed in a freezer set to a
temperature of approximately -6° Celsius for a minimum of three and a half hours to
ensure a uniform temperature within the gel solution.

3.2 Liquid/Gel Transition Temperature Determination
A Fluke 87V TrueRMS multimeter and Fluke 80TK Thermocouple Module
assembly was utilized to measure temperatures up to accuracy within .1 C. The
thermocouple tip was rinsed thoroughly with deionized water and subsequently with
ethanol to ensure no contamination occurred. A single sample was removed from the
freezer and opened. The thermocouple was promptly inserted into the gel. While
monitoring the temperature displayed on the multimeter, the sample was rotated and
studied as to determine when a flow was detected. The temperature was recorded when a
flow of the solution became apparent. The sample was then closed quickly to avoid
excessive evaporation and placed back into the freezer. This process was repeated with
each sample.
Several properties can be analyzed when determining the gel to liquid transition
temperature. The primary indicator for this researcher was the ability of the solution to
form a fully translatable meniscus with the thermocouple. The thermocouple was
inserted into the gel and held close to the wall of the container. Initially, while in gel
phase, the solution would be drawn up neither the thermocouple wire nor the side of the
container. However, upon warming of the solution, a meniscus-like shape would begin to
appear, and at the liquid-gel transition temperature, the solution would climb the
thermocouple wire and container rapidly. As a check to ensure the method was
performed as intended, the temperature range was analyzed. A very high or low
temperature indicated that an error had been performed and a new analysis was
necessary.

3.3 Nanoparticle Concentration
The nanoparticle gels were allowed to come to room temperature, passing into the
liquid phase. 10 pL of nanoparticle solution was diluted with 2 mL of pure ethanol. The
solution was then mixed thoroughly to ensure a uniform distribution of nanoparticles.
The dilution was necessary to achieve a minimum amount of volume for the analysis to
occur, and also to thin the solution enough to allow a readable value of light through.
The original nanoparticle gel solutions were too opaque and would have given data of
near complete absorbance. A Mikropack DH 2000 BAL Deuterium/Halogen light source
was used to analyze the concentration of nanoparticles dissolved in the gel solution. An
OceanOptics cuvette and holder with light detector were used with OceanOptics
Spectrasuite software for complete analysis. The process was repeated for each unique
solution.
The method which was chosen by which to dilute the nanoparticle solution was
not arbitrary. Pure ethanol was decided on as it would likely not affect the solution
except to dilute it. Carefully, 10 1 iLof liquid nanoparticle solution was drawn off the top
of the solution, as to avoid drawing precipitated nanoparticles as well. This was
necessary, as additional nanoparticles not in solution would skew the values for
concentration much higher than actual values. The ethanol added after this was
accomplished will not draw nanoparticles out of solution and cannot dissolve
nanoparticles already in solution, making it an optimal choice.

4. Results & Analysis:
4.1 Gel to Liquid Transition Temperature
A clear trend is presented by the data collected for the gel to liquid transition
temperature. What appears to be present is the beginning of classical looking phase
liquidus line of a binary phase diagram. It can be seen that the general trend features an
inflection point at a volumetric concentration ratio of approximately five parts ethanol to
two parts water. This implies a eutectic type interaction is present.
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Figure 14. Plot of data demonstrating the range of gel to liquid transition temperature
derived for the values of ethanol/water solution listed.

A eutectic trend is what is expected to form in this system, based on the desired
gel quality that is sought after. Eutectic behavior is deduced based on an understanding
that within a binary system, there are points on which a phase separation occurs. Gels
17

require a state such as this to exist. A gel is by definition a mostly liquid state with a
significantly crosslinked solid matrix containing it. This allows the material to be very
compliant and maintain properties commonly seen in jellies. In this case, the ethanol and
water solution acts as the solvent and the nanoparticles are the solute. The concentration
of nanoparticles will be analyzed in the subsequent section.
The significance of changing gellation temperature over a range of ethanol to
water concentration speaks to the nature of the crosslinking occurring between the
nanoparticles themselves. In the particular case of this experiment, water acts as a
diluting influence on the ethanol, which actively dissolves the nanoparticles. Thus, by
increasing water concentration (read to the right in figure 1), one sees a general
downward trend in transition temperature. This conforms to expected results, as a drop in
ethanol concentration implies a reduction in nanoparticles included in solution. This is
confirmed by a noticeable amount of precipitated nanoparticle solid left in the bottom of
the solution containers. The implication of this is that there is a reduced number of
crosslink matrix that forms the solid element of the gel. With a lower concentration of
solid, the gel is more easily melted, thereby reducing the gellation temperature.
While necessary for a gel state to occur, a eutectically behaving binary solution is faced
with several potential flaws. The most significant factor for the purpose of this
experiment that must be considered is at which temperature the entire solution becomes
solid instead of a phase separation. This point is not believed to have been reached
through the temperature range that the experiment was conducted at. Only the upper
limits of the temperature range are believed to have been reached.

There is a fairly significant range of temperatures for which the solution is
apparently drawn out of gel phase and into liquid phase. The primary reason behind this
is human error. It is quite difficult to accurately read when the solution transformed from
a gel to a liquid. The most accurate method with reproducible results was accurate only
to roughly .2 degrees Celsius. However, these results still created a plot with a reliable
spread of data, most of which varies on a range of two to three degrees Celsius. While
this range itself covers the spectrum of the experimental temperatures recorded, the
definite negative trend seen in figure 1 speaks to the legitimacy of the data collected.
An interesting phenomenon occurred while performing this experiment.
Occasionally, a solution would be assembled and left in the freezer to gellate, and upon
returning it would be in liquid form. This would happen during the day, when all data
leads one to believe that specific solution should have transitioned to gel phase. It was
later learned that the freezer in which the samples were being stored is used frequently
during the day and occasionally the door is mistakenly left ajar. This led the samples to
have a higher temperature and not allow them to cross into the gel phase. This was
corrected by placing the samples of interest farther back in the freezer, as to avoid
contamination with warm air upon freezer opening.

4.2 Nanoparticle Concentration
Data was collected for at least one of every unique solution assembled. Initially,
the belief was held that with an increase in ethanol, a good solvent for the gold
nanoparticles, the concentration of nanoparticles in solution would increase, thus

increasing the value for gel to liquid transition temperature. The data that was gathered
confirms this hypothesis.
As the amount of ethanol present in the original nanoparticle solution increases,
the amount of nanoparticles dissolved also increases. One expects a linear relation for
this, and it can be seen through the fit line added to figure 7 that this is somewhat
achieved. There is substantial deviation from the linear fit, however. While
quantitatively this is an issue, the overall trend is the data that is desired. Qualitatively,
this is acceptable. If one removes the data point with the least precision, with a
concentration of six parts ethanol to one part water, the data fits much better. The cause
behind this is mostly due to a non-perfect orientation of the cuvette within the cuvette
holder. This causes the Plasmon peak to skew towards lower wavelengths. However, to
remove additional variables, the decision was made to perform analysis at only 530
nanometers, which was the original expected Plasmon peak height. The consequence of
this is that some data points are lower than true values. This is particularly evident in the
two parts ethanol to one part water data point, where absorbance is actually a negative
value. This is also due to an imprecision error within the equipment, rounding the value
for absorbance to greatly.

Concentration
4E-08
3.5E-08
''

3E-08

j

2.5E-08

g

t+

S2E-08

Concentration

1.5E-08
-

S1E-08

Linear (Concentration)

M 5E-09
0

r_

0
-5E-09

2

4

6

8

10

Volumetric Solvent Ratio (EtOH/H20)
Figure 15. Plot showing the positive trend in nanoparticle concentration in solution versus increasing rate
of ethanol.

The concentration data was derived in a somewhat roundabout way. Utilizing
research performed by Liu et al, the concentration was able to be derived using the
absorption spectrum values. The first step of this was to gather the raw data as described
previously. Next, a baseline reading had to be derived in order to differentiate the
Plasmon from background Raleigh scattering. This was achieved by performing a linear
fit beneath the region of the Plasmon, the hump which can be seen below on figure 8.
The Plasmon began to differ from the background plot at approximately 400 nanometers

and realigned at approximately 650 nanometers, so these points were plotted and a linear
fit was established between them. Since a peak value was sought, values at 530
nanometers were obtained from the raw data, and the linear fit equation was utilized to
obtain a value which would then be subtracted from the raw data. Typical values for the
linear fit point were in the .05-.2 absorbance unit range, while total Plasmon absorbance
was typically less than .1.
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Figure 16. Plot showing method used to determine a real value for absorbance by removing background
data from the Plasmon.

These absolute absorbance data points were then further analyzed and refined
using a series of equations that were empirically derived, and only are applicable to
nanoparticles. Specifically, the primary main equation used was

In() = Iln(D) K+ a

where E is the extinction coefficient, D is mean diameter of the nanoparticles in solution,
K and a are constants. From this one arrives at a value for the extinction coefficient
specific to the nanoparticles in solution. From here, one utilizes the simple equation

Abrartbine

Coiridm

where absorbance is the value obtained from manipulating the data as described
previously. As the general qualitative trend was sought and not necessarily quantitative
numbers, this data is acceptable for the purposes of this project. Quantitative values can
be determined by accounting for the fact that the solution had been diluted 200 times with
ethanol.

5. Conclusion and Future Work
From the data collected it can be concluded that a higher ethanol concentration in
the solution leads to a higher stable gel to liquid transition temperature. However, a very
precise measurement was not determined due to time constraints. Future research would
be well suited by utilizing a method of higher accuracy to measure this transition
temperature, such as differential scanning calorimetry (DSC). If possible to perform at
the temperature range needed for this solution, the addition of DSC data will result in a
very clear phase diagram relating nanoparticle concentration to ethanol/water solution
concentration.
Further effort should also be utilized for ensuring a higher solution rate of
nanoparticles within the solution. A greater amount of nanoparticles will result in a gel
stable at higher temperatures. A more potent solute than ethanol would achieve this goal,
and should still yield a gel state. Inducing a greater concentration of nanoparticles will
also allow for a more functional and applicable gel that has greater properties of the
nanoparticles.
The work done throughout this project has determined that with higher
concentrations of ethanol acting as a solvent in a nanoparticle gel results in a higher gel to

liquid transition temperature. The extent of this can now be predicted to an extent based
on the eutectically shaped plot that was determined based on recorded ranges of transition
temperature. Finally, the amount of nanoparticles dissolved in solution has been
determined to increase with increased concentrations of ethanol. This confirms the
mechanics behind
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