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Abstract:

The understanding of the 1-dimensional properties of substances has grown in the past few
years. More specifically it looks at the quantum state of matter known as a ‘superfluid’. To
access this state, weight must be condensed to such a small volume that the material no longer
interacts with each other or other objects in three dimensions, it acts in only one dimension. A
substance used most often to grow the understanding of superfluids is the isotope helium-4, due
to its inability to become a solid, no matter the temperature or pressure it is under, going from a
liquid state of matter to a quantum liquid. To observe these properties and to better understand
them a series of computational coding and experimental processes, such as x-ray diffraction and
gas isotherm was used on MCM-41 material created in the lab. The structure was found, the pore
diameter calculated, and the helium-4 isotope was pumped into the mesoporous material. Then
the one-dimensional properties of helium-4 were observed and recorded. The observations could
lead to a host of benefits in the pharmaceutical, medical, biosensor, thermal energy storage,
water/gas filtration, imaging fields, and astrophysics world. It could lead to the creation of the

Theory of Everything.
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Introduction:

In the previous few decades, there has been an uptick in the research that has been
devoted to progressing nanotechnology and nanoscience since its inception in 1952. This is
especially prevalent in the progress of synthesis, characterization, evaluation of properties, and a
wide range of applications in catalysis, adsorption, separation, control of environmental
pollution, controlled release of drugs, and sensors aiming at the improvement of quality of daily
life of society (Costa, 2019). There has been a particular focus on mesoporous silicas that have
gained the interest of scientists due to their promising and vast range of uses in the
pharmaceutical, medical, biosensors, thermal energy storage, water/gas filtration, and imaging
fields(Costa, 2019). The most widely used and well-known of the mesoporous silicates is
MCM-41.

MCM-41 (Mobil Composition of Matter No.41) was first reported to be synthesized by
scientists working for the Mobil Oil Corporation in 1992. The development of MCM-41
coincided with the development of a family of mesoporous silicates developed during this time,
aptly named M418S. According to the book “Mesoporous and Microporous Materials Vol.291”,
this family of silicates is all synthesized under primary conditions in the presence of
alkylammonium surfactants and a silica source whose pore size comprises the range of 3—10 nm.
Furthermore, the properties of MCM-41 that make it unique are its hierarchical structure
consisting of cylindrical pores in a hexagonal lattice, with space-group symmetry (P6mm) and a
unidirectional system of pores which has a diameter between 3.0 = 0.3 nanometers. (Warren,
2019) as shown in Figure one. Other widely known members of the M41S family include

MCM-48, which has a cuic structure, with space-group symmetry, and pores that are
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interconnected in a 3D system, and MCM-50, which contains a lamellar structure, without

space-group symmetry, consisting of silica layers in the presence of double layers of surfactant.

Figure one: Pore structure of MCM-41 Figure two: The physical structure of
isotope 4 of helium-4; includes
two protons, two neutrons,

and two electrons

When studying gas adsorption in mesoporous silicates any gas can be used, but the
isotope helium-4 is one of the most studied because of the isotope's unique properties. Helium-4
derives its special properties from its atomic structure. As shown in Figure two, Helium-4 is
composed of two neutrons, two protons, and two electrons. Due to this fact, this means that
Helium-4 is a type of particle called a boson particle, which is known to occupy the same energy
levels as its neighboring particles. This becomes especially important when scientists strive to
reach a phenomenon called “superfluidity”. It means when a substance’s atoms or particles come
into a superfluid state, all atoms or particles within the substance occupy the same energy level.
Moreover, this quantum state changes the phase behavior of the substance. In this state, the
superfluid has infinite thermal conductivity, superconductivity, and zero viscosity. Furthermore,

this means that all of the particles and atoms act in unison with one another, instead of having a
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sense of randomness. The superfluidity properties of Helium-4 were explained schematically by
Fritz London and then in detail by Lev Landau in 1962. Commonly, to access the superfluidity
processes of Helium-4 one would have to cool down the isotope to 2.1 kelvin, or -271.05 degrees
Celsius, colder than the deepest regions of space. This is significant because this temperature is
very close to the coldest temperature mankind can reach, zero kelvin, otherwise known as
absolute zero. To achieve this temperature scientists require special machinery. To avoid this

obstacle scientists turn to the ideal gas law. The ideal gas law is shown below:

PV = nRT

The ideal gas law shows that by increasing pressure (P) and reducing the volume (V) of
the pores in the MCM-41 one can access the superfluid properties of gas and for this instance
Helium-4. The Ideal gas law was formulated in 1663 by Robert Boyle to explain the simple
mathematical relationship between pressure and volume. He implies that as pressure increases,
volume decreases by the same proportion implying the product, PV, is constant. This becomes
especially important when increasing pressure and decreasing volume have the same effect as
essentially freezing Helium-4 under confinement (within the pore). It is also important to note
that Helium and all of its isotopes are unable to freeze into a solid state, further emphasizing the
uniqueness of Helium. Restricting helium-4 to such a small volume reduces its capability to
interact with other objects. In such a small volume the helium-4 does not act in three dimensions
or even two dimensions it acts in the one-dimensional plane. What this means is that unlike in a
three-dimensional spectrum where the particles of an atom are freely able to move past one
another and jump into separate energy states, in a one-dimensional spectrum all of the particles

occupy the same low-energy state and can not move past each other; they all act in unison. This
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is why the isotope helium-4 being a boson particle is important. This also changes the way it
interacts with objects as well. For example, in this state helium-4 would be able to pour itself out
of a container while the container is upright or be able to leak through the most microscopic of
cracks in a container.

Putting everything together, understanding the properties of Helium-4 along with the
definition of superfluidity and the ideal gas law, one-dimensional containment, and the properties
of MCM-41 can lead to the desired results, discovery, and discussion within this field of science
and physics can lead to tremendous leaps in the future of mankind. The discoveries from this
particular field of study are hypothesized to be the catalyst to the creation of batteries that never
degrade, better superconductors, and vastly improved supercomputers, many times greater than
the ones in use today. But the discoveries don’t only help mankind on Earth but better help
humanity understand the universe. The cores of Neutron Stars are thought to be made up of
superfluids and the universe is hypothesized to be a superfluid. If these prove to be true this can
lead to the completion of a “Theory of Everything”. The Theory of Everything is a term for the
ultimate theory of the universe—a set of equations capable of describing all phenomena that
have been observed, or that will ever be observed on a microscopic and macroscopic level.

(Costa, 2019).
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Gas Adsorption Studies of MCM-41 Porous Material
Literature Review

The study of physics and more specifically the field of theoretical physics and
nanophysics has grown and evolved over the years. Physicists have sought to understand the
quantum properties of materials either through the reduction of temperature or the confinement
of the material while increasing pressure. The focus of this study is one-dimensional helium
confinement in a mesoporous silica structure. There have been many studies on the research of
gas adsorption, x-ray diffraction, or the synthesis of the materials in the M418S. Still, there are not
many studies have researched all of these components together. Combining these aspects can
lead to many great advancements in our everyday life in the medical, pharmaceutical, defense,
and scientific world. But there are benefits on a universal scale and they can lead to great
advancements in the future of mankind in space exploration.

The purpose of this literature review is to emphasize the research that takes place in gas
adsorption studies of MCM-41 porous material. This review will be broken down into three
sections. In the first section of this review, the synthesis of MCM-41 will be discussed, and the
disparities in detail between sources. In the second section of this review, the actual
understanding of the one-dimensional spectrum and the confinement of substances within
MCM-41. In the final section, gas adsorption and X-ray scattering will be discussed.

In the early 1990s scientists at Mobil Oil Corporation, it has synthesized the first ordered
mesoporous silicate materials which are known as the M41S family (Costa, 2020). MCM-41 was
created in 1992 by scientists working for the Mobil Oil Company, known nowadays as Mobil.
MCM-41 is the most well-known of these materials and contains a hexagonal structure, with
space-group symmetry (P6mm) and a unidirectional system of pores (Costa, 2020). Being the

most popular member of the M41S family means that there have been many different synthesis
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methods. Each one of the synthesis methods does contain many of the same ingredients such as
CTAB, the surfactant, TEOS, the most commonly used silica source, ethyl alcohol, and
deionized water. The synthesis used for this research derived from “Int. Nano Letter, Vol 1,
January 2011, pp 34-37 by Mohammad Teymouri, Abdolrauf Samadi-Maybodi, Amir Vahid”.
This synthesis method was specifically chosen because this synthesis method included the molar
concentration along with the molarity of each substance that was used during the experiment. To
note, the paper, MCM-41, MCM-48, and related mesoporous adsorbents: their synthesis and
characterization by D. Kumar, K. Schumacher, C. du Fresne von Hohenesche*, M. Griin, and
K.K. Unger did also include the molarity and molar concentration of the substances involved in
synthesis but the experimental results differed. The difference in results of these papers that both
claim to have the correct synthesis method of MCM-41 is the peer review process. Although the
article is peer-reviewed, it may not have been reviewed by chemists but by physicists who didn’t
understand the substantial consequence of the differing concentrations of the substances
involved. This difference will be explained further in the discussion section. Another problem
with deriving a method of synthesis is that some papers lacked the necessary detail involved.
This could be due to the focus of the article not being synthesized or this section being
overlooked in the peer-review process.

According to an article titled an article titled Experimental Realization of One
Dimensional Helium, “The realization of experimental platforms exhibiting one-dimensional
(1D) quantum phenomena has been elusive due to their inherent lack of stability, with a few
notable exceptions including spin chains, carbon nanotubes, and ultracold low-density gases.”.
This has puzzled scientists for ages, ever since Pyotr Leonidovich Kopitsa, the person credited

with the discovery of the quantum state of superfluidity. Models have been made in the 2D and
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3D spectrum, but not the first dimension. This is because “The resulting excitations of confined
*He are qualitatively different than 3D and 2D superfluid helium...” (Del Maestro 2018). There
are two isotopes of helium chosen to conduct research into one-dimensional superfluous
confinement. “The helium isotopes *He and “He have long served as model systems for precision
test of theories of strongly interacting quantum matter and phase transitions for bosons, fermions,
and mixed statistics systems.” (Del Maestro 2018). Helium can achieve this due to its particle
orientation when it reaches this quantum state, it becomes a boson particle. This means that it
occupies the same energy level as all of the particles surrounding it. When confined in such a
tight volume, such as within MCM-41 micelles, superfluidity can be truly reached and observed.
Special properties in this state include zero viscosity, zero interactions between itself and its
container, and infinite inertia. Understanding these properties can lead to a host of benefits.

To characterize, or verify if the helium containment object is MCM-41, there are two
main ways this is accomplished. Through powder X-ray diffraction and gas adsorption isotherm.
Powder X-ray diffraction is when photons are shot at a sample and then bounce off of the sample
back onto a detector. When a photon interacts with the material and not open space it is scattered
into X-rays which are read by the detector. For MCM-41 three peaks are expected if synthesized
correctly and this can tell us if there is a hexagonal structure involved. The other way to
characterize MCM-41 is through a gas adsorption isotherm. The gas adsorption isotherm puts gas
on top of an MCM-41 sample and detects whether the gas attaches to the surface of the porous
material. This can be increased or decreased depending on the temperature and the pressure that
is in the gas adsorption isotherm. The average pore size and the average pore diameter can be

calculated from these results.
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Methodology:

1. Experimental

1.1. Materials

MCM-41 synthesis was carried out using deionized water as a base for the solution,
n-cetyltrimethylammonium bromide (CTAB) as a template and surfactant, tetracthoxysilane
(TEOS) as a silicon source, ammonium hydroxide as a pH corrector (ACS grade 28-30%, VWR
chemicals), ethyl alcohol to help as a surfactant (bond to hydrophilic side)(200 proof, Phramco),
and sodium acetate trihydrate as a pH corrector. Other materials that were used during the
experimental process were 2 150 mL glass beakers, one to measure the weight of all of the
chemicals and materials used and another beaker to measure the materials before they are
transferred to the other beaker. Other materials involved were 2 plastic boats, one to transfer the
CTAB and another to transfer the sodium acetate trihydrate, a magnetic stirrer, parafilm, a
metallic scoop/scraper, a scale (Adventurer SL), a stir plate (VWR hotplate/stirrer), and paper
towels to keep a clean workplace. After the initial synthesis, a Teflon container + larger stainless
steel container to house the Teflon container was used in the autoclave and a quartz tube was

used in the tube furnace for calcination.

1.2. Synthesis

1.2.1. Rapid Synthesis of highly ordered MCM-41 porous material

This rapid method for the synthesis of highly ordered MCM-41 was derived from a

journal article titled, Int. Nano Letter, Vol 1, written by Mohammad Teymouri, Abdolrauf
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Samadi-Maybodi, and Amir Vahid in 2011. The highly ordered MCM-41 was synthesized by
dissolving 0.461 grams of ethyl alcohol, also known as ethanol, in 27.931 grams of deionized
water. Deionized water is water that is purified by removing all of the ions present in the water,
most of which are salts. The ethyl alcohol was added to the solution to bind to the surfactant used
in this synthesis and help loosely hold the structure of the MCM-41 until calcination. After the
ethyl alcohol was dissolved entirely, 0.802 grams of n-cetyltrimethylammonium bromide, which
will be referred to as CTAB, was added to the solution. Pay special attention that none of the
CTAB sticks to the walls of the beaker and all particles fall into the solution. The CTAB will act
as the surfactant which will loosely hold the structure of the MCM-41 until it is calcined. After
the CTAB was added, 0.028 grams of sodium acetate trihydrate was added to the solution.
Similar to the CTAB, pay special attention that all contents fall into the solution. The sodium
acetate trihydrate is acidic and will correct the pH of the solution so the micelles of the MCM-41
will locate themselves in the correct hexagonal structure. After the sodium acetate trihydrate was
added to the solution, 3.854 grams of ammonium hydroxide (NH4OH) was also added. Quickly
add the ammonium hydroxide before it evaporates. Ammonium hydroxide is also used as a pH
corrector. Once all of the ingredients were added, the solution was stirred vigorously until the
solution was homogeneous and clear. Following this process, 2.083 grams of tetraethyl
orthosilicate, referred to as TEOS, was added to the newly mixed solution. The TEOS is the
silica source in this synthesis. The TEOS will use the micelles as a scaffolding to form the
correct structure. The molar composition of the solution was 1 M TEOS; 0.22 M CTAB; 0.034 M
sodium acetate trihydrate; 11 M ammonium hydroxide; 1 M ethyl alcohol; 155 M deionized
water. The solution was covered with a piece of clear parafilm to prevent evaporation and was

left to stir for 24 hours. After this, the solution was filtered to remove excess moisture from the
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gel. The gel was left to filter overnight to get the substance as dry as possible before placing it in
the autoclave. The next day, the material was put into a Teflon container which was then placed
in a stainless steel container which was then placed in the autoclave at 125 degrees Celsius for 24
hours. After 24 hours, the material was calcined at 500 degrees Celsius for 8 hours in a tube
furnace to remove the surfactant. The tube furnace was heated up to 0.82 degrees Celsius per

minute until it reached the desired temperature, at which point it continued for another 8 hours.

1.3. Characterization

The sample was characterized to verify that the synthesized material was indeed
MCM-41. To observe the structure of the material the material was placed into an small range
x-ray scattering machine that contained a copper anode. Copper K-a is an X-ray energy
frequently used on lab-scale X-ray instruments. The energy is 8.04 keV, which corresponds to an
x-ray wavelength of 1.5406 A. The x-ray diffractometer measured data from an angle of 1.5
degrees to 7 degrees while the sample was on a spinning plate going at 4 rotations per second.
This specific angle measurement was chosen due to the fact that since the structure of the
material is on an atomic level data can only be obtained in this spectrum. This data can be used
to calculate the structure of the material. An example of the data that could be obtained during

this process can be seen in Figure Three.
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Figure Three. Examples of x-ray diffraction data for MCM-41
Once this process was completed, the sample was placed into a gas adsorption isotherm. The gas
adsorption isotherm will measure the average pore diameter, which can be used to calculate the
pore diameter. An example of data that can be obtained in this process is shown in Figure Four.
MCM-41 is a mesoporous material that fits graph Type I'V. Therefore the expected gas adsorption

isotherm would exhibit a graph similar to graph Type IV.
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Figure Four. Example graphs of five types of gas adsorption isotherm data
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2. Computational

2.1 Materials

To visualize the structure of the MCM-41 material coding is needed. This is due to the
structure being on an interatomic level. This will be further discussed in the Discussion &
Results section of this paper. To begin the computational work involved a computer or laptop
with access to the internet is needed. Along with this, the program that was used in this research

project was Python coding within JupyterLab.

2.2. Code

The first step in this process was to create a three-dimensional plane that would house the
future 3D cube. After the 3D cube was created random seeding of circles (Representing a filled
space) and triangles (Representing an unfilled space). The coding involved can be seen in

Figure(s) Five and Six.

|1]: amport matplotlib.pyplot as plt B ™M E FR
import numpy as np

# Fixing random state for reproducibility
np.random.seed(19688801)

def randrange(n, vmin, vmax):
wan

Helper function to make an array of random numbers having shape (n, )
with each number distributed Uniform{wvmin, wvmax).

return (vmax - vmin)*np.random.rand(n) + vmin

fig = plt.figure()
ax = fig.add subplot(projection='3d")

n = 100

# For each set of style and range settings, plot m rand
# defined by x in [23, 32], in [@,
for m, zlow, zhigh in [('0', -58, -25), ('*',
xs = randrange(n, 23, 32)
¥s randrange(n, @, 168)
zs randrange(n, zlow, zhigh)
ax.scatter(xs, ys, zs, marker=m)

ax.set xlabel("X Label")
ax.set ylabel('Y Label")

Figure Five. Python Coding to Create 3D Plane and random seeding
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ax.set_zlabel('Z Label")

plt.show()

Figure Six. The final portion of the Python Coding and 3D Plane

Once the plane and random points were created the dimensions of the cube were created. Once
the dimensions were defined, colors were associated with physical intensity. This means that the
blues represents filled space and the yellows and greens represented the unfilled space. The

coding involved is shown below in Figure Seven and the result is shown in Figure Eight.

arange(Nx), np.arange(Ny), -np.arange(Nz))

Create a figu
fig = plt.figu . 4))
ax = fig.add_subplot(111, projection='3d’

Figure Seven. Python Coding to Code 3D Structure and Intensity Levels
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# Set zoom and angle view
ax.view_init(4e, -30, 0)
ax.set_box_aspect(None, zoom=0.9)

# Colorbar
fig.colorbar(C, ax=ax, fraction=0.02, pad=0.1, label='Name [units]')

# Show Figure
plt. show()

Figure Eight. Final Portion of Code and Structure + Intensity Colors

16
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Discussion & Results
The synthesized MCM-41 material was characterized through X-ray diffraction using a
D8 Advance X-ray diffractometer at the [UMSC (Indiana University Molecular Structure

Center). The D8 Advance is pictured below in Figure Nine.

Figure Nine. D8 Advance X-ray Diffractometer

The way the diffractometer measures the diffraction pattern is by shooting photons at the sample
and once the photons hit the MCM-41 structure the photons become scattered into X-rays which
are then detected by the detector. The graph then shows the intensity of the X-rays from a
1.5-degree to 7-degree angular range. What intensity refers to is the amount of photons refracted
or X-rays detected by the detector. This range was chosen to get a usable sample range due to the
sub-nanoscopic structure of the MCM-41 material being too small to get usable data past that
angle range. MCM-41’s structure is measured using Angstroms (A). An Angstrom (10"°) is a
tenth of a nanometer (10”%) and is mainly used to measure wavelengths and interatomic distances

as discussed in section 1.3. The data obtained from the PXRD (Powder X-Ray Diffraction) from
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the commercial (Sigma-Aldrich) and the synthesized MCM-41 can be seen below in Figure(s)

Ten and Eleven.

Figure Ten. PXRD data of the commercial MCM-41 sample

This data was measured from 1.5 to 30 degrees. The usable data can be seen between 1.5 and 12
degrees. These give great signs of MCM-41 that were made correctly. The commercial sample
that was bought from Sigma-Aldrich shows the characteristics of a well-structured and ordered
MCM-41 material. There is a high initial peak that shows the space between the MCM-41 pores.
In all well-synthesized MCM-41 material, there is a high initial peak. This initial peak shown in
the graph reaches an intensity of around 12,000 counts. The other two peaks show an MCM-41
structure, however, they are visual diffractions. As stated before, those visual diffraction peaks
only verify the MCM-41 structure. PXRD was also performed on the synthesized MCM-41

material. The data obtained from the PXRD can be seen in Figure Eleven.
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Figure Eleven. PXRD data from synthesized MCM-41 material

This data was obtained from a 1.5 to 12-degree angular range. The data shown in this PXRD data
graph is all completely usable. As shown in the commercial (Sigma-Aldrich) MCM-41 material,
there is a high initial peak. The peak is higher in the synthesized sample, around 13,000 counts
compared to around 12,000 counts. What this means is that the pores of the MCM-41 structure
are closer together forming a stronger structure. Also seen in this PXRD graph are the two visual
diffraction peaks that verify the MCM-41 structure entirely. To truly compare this data the PXRD

graphs were overlapped over each other as shown in Figure Twelve.
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Figure Twelve. Overlapped PXRD data graphs

Looking at Figure Twelve the data shown does go above the usable range of 1.5 to
twelve-degrees but results can be derived from this data. The red data represents the commercial
(Sigma-Aldrich), the green data represents the synthesized MCM-41 material as discussed
before, and the blue data is synthesized MCM-41 material from one of my colleagues in the
Department of Physics Laboratory. Looking at the green and red data graphs are very similar and
contain the three peaks that are desired. Both have a very high initial first peak that shows pore
distance. The synthesized data does have a higher peak and show how well-synthesized this
MCM-41 material is. And they both show two visual diffraction peaks as well. The only
difference is that the synthesized material is right-shifted. This is because the distance between
the atoms is less in the synthesized MCM-41 than in the commercially available sample from

Sigma-Aldrich. This has a host of benefits and consequences depending on the field you want to
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use this in. Furthermore, very interestingly we can compare my colleague's sample to the other
two samples as well. My colleague's sample did not derive the same results as desired from
them. There is an initial peak but it is smaller in counts and shows a high spacing between pores.
What can also be seen is the lack of secondary and tertiary peaks. It is theorized that this is
because the structure of the material collapsed at some point within the calcination process.
Therefore, this sample can be used to learn more about in the sense of a failed calcination

process and a collapsed structure and see what a less positive PXRD graph is.

The PXRD data shows that the synthesized material being studied in this experiment was
well-made and can be used in greater research. Another step in future research is gas adsorption
Isotherm. Sadly, the timeframe this experiment was held in did not allow for a gas adsorption
isotherm to be performed. Although, a prediction can be made on what the gas adsorption
isotherm data would look like and what the data means. As shown in Figure Four, the gas
adsorption isotherm data would be similar to a Type IV graph that contains an “SL shape”. All
mesoporous material should inhibit this graph. This shape would mean that the helium and
nitrogen gas that would be put into the isotherm would attach to the surface of the walls of the
pores. And initially, the temperature would need to increase and when the helium and nitrogen
particles attach to the pores then the pressure would increase. This brings out the initial “S”
shape. This would occur twice bringing out the “SL” shape of the data in the graph. The
synthesized would most likely exhibit this type of graph. From this data, the average pore size,
and pore diameter would be derived. The average pore size of most mesoporous materials lye is
between 2-50 nanometers in size. Comparatively, MCM-41 typically has a pore size of 2-6.5

nanometers. While this is being performed since helium is being pumped into the pores the
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superfluid properties would also be observed. The superfluid properties were discussed in the

initial portion of the paper.

Conclusion

Although the time frame of the experiment limited the amount of work that was able to
be completed, many results were made that can be used in future research. With this information,
there can also be different routes that this research could be taken. Different routes can be using
different forms of CTAB. The CTAB used in this experiment was C,;TAB. Other methods do
include C,,TAB and C,,TAB. Another method does include coating the pores in Cesium and/or
Argon to restrict the pore size to greater emphasize the quantum state of superfluidity. Another
approach to this experiment could be comparing MCM-41 to MCM-48 due to their differences in
structure. In other words, the creation of MCM-41 was a success and can be used in the further

production of knowledge in this ever-growing field that can benefit humanity for years to come.
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