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ABSTRACT

LOCAL STRUCTURE STUDIES IN FUNCTIONAL MATERIALS
AND
SELF-REGULATED LEARNING INTERVENTIONS IN GENERAL CHEMISTRY COURSES

The first part of this dissertation is dedicated to understanding how the origin of the chemical
and physical properties of functional materials is correlated to their structure. The standard ap-
proach to determining the structure of a crystalline material is to measure the average structure of
regular, repeating units. However, this approach is not sufficient for more complex compounds in-
cluding disorder. Hence, to fully understand the structure-property relationships of these advanced
materials, identifying the local structure is crucial. This work focuses on designing approaches
for optimizing the measurement of local structure data based on X-ray and neutron total scattering
techniques as well as computational approaches for analyzing and understanding these data sets.
The main focus lies in designing a novel system for collecting neutron total scattering data involv-
ing the controlled exposure of gasses to solid samples. Combining this setup with a Steady-State
Isotopic Transient Kinetic Analysis system further enables the collection of kinetics data simulta-
neously with the structural data. This system was successfully used for studying and identifying
the adsorption and reaction sites in porous materials such as zeolites and metal-organic frame-
works. The disorder in these systems is based on the adsorbate which is a major contributor to
the structure. However, there are also materials in which a single solid phase itself contains all
the disorder. Some examples for disordered materials, covered in this work, are semiconducting
perovskite materials with the general formula A;BXg. Computational approaches ranging from
single to high-throughput Reverse Monte Carlo modeling were developed to gain more insight

into anharmonicity and the interplay of the local structural features.
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Understanding how these specific local structural features influence desired physical properties
will help guide the design of new materials covering a wide range of applications ranging from
photovoltaics to biomedical devices.

While the creation of such new knowledge in material science is important, we must also
ensure that this knowledge is understood and transferred effectively. This effort does not only
contain educating the general public but also fostering their curiosity and providing them the tools
needed to learn that content knowledge. Succeeding in these endeavors is especially important
during the first exposure to science courses.

The second part of this dissertation focuses on the aspect of learning by looking at educational
interventions in two different introductory general chemistry courses. The effectiveness of these
interventions was evaluated based on data collected with paper-based, in-class surveys over the
course of the semester. A multitude of self-regulated learning (SRL) measures were assessed and
range from extrinsic motivation over self-efficacy to help seeking. Statistical analyses were used
to identify differences between entire courses and individual sections exposed to the interventions.
Additionally, the students’ combined grades were also compared.

Identifying the effective tools for helping students in chemistry courses is expected to have
a major impact on changing the rate of failing students in such courses. This is the step needed
for students to decide to become the next researchers contributing to the field with new scientific

discoveries themselves.
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Chapter 1

Introduction

1.1 The current energy crisis

The world’s energy consumption has been steadily increasing over the last few years. Based
on the fact that most of the energy in the United States is still being generated by the incineration
of fossil fuels (Figure 1.1) [1], it is not surprising that this trend has been directly coupled to an
elevation in emissions of greenhouse gases such as carbon dioxide (CO,). These higher emissions

are seen as one of the main contributors to global warming and climate change.
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Figure 1.1: Comparison on energy produced in the USA based on fossil fuels, nuclear power, and renewable
sources. Data retrieved from the U.S. Energy Information Administration.

The CO, concentration in the atmosphere continues to rise due to the increasing amount of
power consumption within both the commercial and private sectors. Other factors include, for
instance, a growing population leading to more vehicles and also more airplanes powered by com-
bustion engines. To reverse the resulting climate change we have to decrease the level of CO, emis-

sions. This can be done in multiple ways by, for example, harnessing different energy sources, and



making industrial processes more efficient. Specifically, the rate of CO, emissions will be reduced
by replacing fossil fuels as an energy source with carbon neutral sources such as nuclear energy
or, ideally, with renewable energy sources like solar power and hydrogen based power. However,
to achieve this goal, new materials need to be discovered and developed including photovoltaic
absorbers, hydrogen storage materials, and fuel cells.

To find these new functional materials, we cannot follow the original thought and approach
of “pure and simple is best”. For example, pure metals, such as aluminum, cannot be used for
building airplanes due to its ductility, and other elements need to be added to make a durable al-
loy. The same applies to swords, if they were made out pure iron, they would not withstand any
impact. However, structural complexity leads to desirable properties (harness). This can be seen
on a micrometer scale in Japanese swords which are everything but simple. [2] However, in the
emerging field of complex materials, we must look even further in the nanometer and even atomic
scale regime for controlling the desired properties. Complex engineered nanometer structures are
used everyday in computer chips. [3] On an atomistic level, it could be shown that high dielec-
tric and thermoelectric properties are controlled by the inhomogeneity in PbTe and AgSbTe,. [4]
These materials are not homogeneous, but instead have domains with variations in Ag and Sb con-
centrations. These extraordinary properties result from competing forces at the atomic scale. The
material’s structure reflects these conflicting forces resulting in the formation of aperiodic or dis-
ordered structures. While most often these distortions are static, they can also move dynamically.
These competing forces generate deviation from the perfect structure, but superficially the mate-
rial may still appear with periodic crystallinity. In order to design and understand materials with
these special properties, precise knowledge of this very complex atomic structure is required. The
standard techniques to study these functional materials, and the drawbacks of these techniques,
are highlighted in the following chapter describing gas adsorption in porous materials. Further-
more, a technique to overcome the obstacles is illustrated and how it can be applied to study other

functional materials.



1.2 The importance of studying gas adsorption

Adsorption processes are not only important in separation, but also in catalysis. For example,
an intermediate-term solution for decreasing the amount of CO, emitted into the atmosphere is
to separate it and to safely store it. This can be done by capturing the CO, at a power plant,
transporting it to an appropriate location, and pumping it into geological formations. This method
is known as Carbon Capture and Storage (CCS). [5] There are multiple ways and stages in the
process of a power plant where CO, can be removed. Traditionally, liquid sorbents, primarily based
on amines, are used to extract CO, from flue gasses. [6] While this technique is quite efficient, its
drawbacks include solvent loss and degradation as well as corrosion of the equipment. One of the
most promising alternative methods is called oxy-combustion. With this method, air is separated
into its components and oxygen, with a very high purity, is directly injected into the combustion
chamber with the fuel. The exhaust from the combustion chamber contains highly concentrated
COs and can be directly used for underground storage. There are a number of methods to separate
air into its components such as membrane techniques as well as the still most prevalent cryogenic
air separation. A promising new technique, based on gas adsorption with solid materials, is called
Pressure Swing Adsorption (PSA). [7] This technology uses solid sorbents and has the capability
of generating the oxygen in the required purity and amount needed for oxy-combustion.

The implementation of CCS-systems decreases the energy output of a power plant and, there-
fore, also increases the cost of electricity. In order to influence the process as little as possible the
production cost of oxygen needs to be reduced. There are two approaches to do that: improving
the process itself (engineering approach) or improving the adsorption step (materials approach). In
order to improve the process engineering, methods such as decreasing the adsorption/desorption-
cycle time have been applied. [8] However, this approach has limitations and the cycle time can
only be decreased to a certain amount due to heat and mass transfer constraints within the mate-
rial. The more efficient approach to improve the PSA process is to enhance the adsorption step.
Improving the adsorption process within the material for oxygen production involves the improve-

ment of the interaction between the gas phase (adsorbate) and the solid phase (adsorbent). In order



to do that, the precise interaction between the gas and solid phase must be understood. Hence, the
locations within the structure with the highest probability for adsorbed gases must be determined
and how the adsorption process influences the structure. Once this has been achieved, the synthe-
sis and development of new materials can specifically be targeted. Taking this into consideration
enables the creation of highly efficient adsorbents. Not only are solid-gas interactions part of gas
separation, but also a crucial part of the even more industrially important process of heteroge-
neous catalysis. For example, out of all processes in the chemical industry, about 85% involve at
least one catalytic step and out of this share, about 80% involve heterogeneous catalysis. [9] This
contributes over one trillion dollars to the national gross domestic product in the United States
alone. [10] Therefore, understanding the underlying fundamental principles of gas adsorption will
further increase the specificity and efficiency of catalytic processes, further decrease the amount of
energy being used, and consequently the level of carbon emissions.

Adsorption in porous materials

To offer the highest capacity for adsorption, potential materials should offer a high surface area.
Porous materials exactly fulfill this criteria and are ideal candidates for adsorption since they do not
only have a high outer surface but also excel due to a high degree of inner surface where adsorption
can take place. There are several groups of porous materials with different levels of rigidity. [11]
The currently most used porous materials range from purely organic substances [12], such as car-
bon molecular sieves, to purely inorganic materials, such as zeolites [13]. Several groups with
constantly growing importance are situated between these two end members, for example, metal
organic frameworks (MOFs) [14] and Zeolitic Imidazol Frameworks (ZIFs) [15]. One example,
from the group of inorganic materials, used industrially on a large scale, is lithium exchanged zeo-
lite X (LiX). [16] It offers one of the highest capacity and selectivity for nitrogen adsorption over
oxygen. In zeolites, the adsorption sites are thought to be mainly the extra-framework cations.
Indirect correlations between these cations and adsorption behavior have been assessed by mea-
suring, for instance, isosteric heats of adsorption. [17] For oxygen production from air, the other

components, mainly nitrogen, need to be selectively absorbed in zeolite while oxygen does not



interact with the material. The assessment of these direct site interactions of nitrogen with cationic
sites, has been also theoretically predicted by density functional theory (DFT) simulations and
Grand Canonical Monte Carlo simulations (GCMC). [18] These cation positions are well defined
positions within the structure of a zeolite due to the high crystallinity and periodicity of its struc-
ture. This makes LiX a well suited system to study the adsorption sites within the crystal.

Analytical Techniques to characterize adsorption sites

To determine adsorption or reaction sites, it is necessary to characterize the binding of adsorbed
molecules on the surface and in the pores, as well as how this process leads to modifications of
its structural environment. For example, in order to study simple catalysts, surface sensitive tech-
niques are ideal. Characterization techniques can be considered surface sensitive if the detection of
the signal comes from the outer layers of the sample. Electrons, ions, and photons travel a relatively
short distance in materials which makes them sensitive for studying surfaces. Since most of chem-
ical reactions or adsorption processes occurring on simple catalysts happen on their surfaces, these
aforementioned techniques would be very useful. However, the limited mean free path of those
particles requires the measurements to be done under vacuum. This hinders the ability to study
these materials under real reaction conditions, such as exposure to flowing gases or liquids. [19]
Many papers have been published demonstrating techniques to study reactivity and mechanics of
reactions. For example, operando infrared (IR) studies give information about the chemical change
of reactants interacting with catalytic surfaces. [20] However, IR gives limited information about
the solid catalyst. This gets even more complicated when adsorption processes or reactions do not
just occur on the outer surface of a catalyst, but also inside the material. Therefore, for determining
the adsorption sites in a zeolite, crystallographic information has to be acquired through diffrac-
tion techniques. Analytical probes, based on diffraction, can also penetrate materials and observe
processes on and in the material. To determine the crystal structure of a solid-state material, usu-
ally, single crystal diffraction techniques are used. However, very often crystals cannot be grown
as a single crystal nor in a size that is sufficient enough for certain measurements. In such cases,

powder diffraction is the method of choice. The standard technique to study a crystal is X-ray pow-



der diffraction. To find the gas adsorption sites it is important to find the extraframework cation
sites first. To find the lithium positions in the aforementioned sorbent LiX, X-ray scattering faces
limitations since lithium, similar to other light elements, has a rather small X-ray scattering cross
section. However, when neutrons are used instead of X-rays, scattering experiments can also detect
lighter elements such as nitrogen or hydrogen which are not readily accessible with X-rays. While
neutron scattering can detect all elements, the most commonly used crystallographic analysis still
faces some limitations. For example, a neutron powder diffraction study done by Feuerstein et
al has shown that, even with neutrons and crystallographic analysis, it is difficult to find all the
extraframework cations in the zeolite structure. [21] The number of cations determined by neutron
scattering differs from the one found by solid-state NMR and chemical analysis. One reason for
the inability to find all lithium atoms and sites is its relative high neutron absorption cross section
compared to other elements such as calcium.

After having determined the position of extra-framework cations, the adsorbed species need
to be located. Neutron diffraction has also shown success in locating the positions of adsorbed
molecules in zeolites such as pyridine in gallosicilate-L [22], xenon in zeolite-rho [23], and ben-
zene in zeolite Y [24]. In the example of NaY, benzene was adsorbed at 4 K as well as room
temperature. Crystallographic analysis determined the atomic positions of the benzene molecule.
However, this method averages over the entire crystal. Averaging poses a problem since not all
extra framework cation sites have an adsorbed benzene molecule. The adsorbed molecules are
randomly distributed throughout the crystal and lead to a shift of the sodium positions into the void
space of the structure. Therefore, it is not possible to determine the exact positions of the sodium
ions in the zeolite with the cyrstallographic method since some of them are shifted due to adsorp-
tion while others are still in their initial position. The crystallographic method gives an average
sodium position for this scenario since it only finds the long range order of the material. There-
fore, crystallography is not the most appropriate technique for determining the atomic positions of

irregularly arranged molecules such as adsorbed nitrogen.



1.3 The importance of studying the local structure

To improve and predict the properties of materials, we must fully understand their structure.
The way we usually study the structure of crystalline, solid-state materials is through conven-
tional crystallographic diffraction methods and structural refinements as the one developed by
Rietveld. [25] The crystallographic method dates back hundred years to the discoveries made by
Laue [26] and the Braggs [27] in 1913. Nowadays, crystallography can even solve protein struc-
tures with thousands of atoms. [28] A symmetric structure is a prerequisite for this technique.
While symmetry is even missing in perfect crystals due to thermal motions, these small variations
can be sufficiently corrected for with the Debye-Waller approximation. However, this approach
does not work anymore once the sample is not crystalline, the particle size is very small, or when
the structural order extends only over a short range. [29] For example, in nanocrystalline materi-
als, the peaks in the diffraction pattern become very broad and diffuse. Peak broadening can be
described with the Scherrer approach to study crystallite sizes. [30] This works well for larger crys-
tallites, but once the size is decreased down to a few nanometers, it fails to describe the diffraction
line-shape. Hence, as was pointed out in the previous section, crystallography is not an appropri-
ate tool for studying adsorption when the material lacks periodicity or the moiety of interest is not
regularly ordered. An analytical technique allowing to obtain information on the short-range and

the long-range order is Total Scattering and the Pair Distribution Function (PDF) analysis.

1.4 Total Scattering and PDF analysis

Through total scattering we can access structural information for materials with different levels
of order ranging from complete periodicity to completely amorphous. The terminology Total Scat-
tering is based on the fact that the collected coherent scattering intensity, measured over a wide
range of momentum transfer (Q), includes Bragg peaks (representing the average structure), the
elastic diffuse scattering (representing the static local structure), and the inelastic diffuse scattering
coming from atomic motions. Hence, it allows the extraction of structural information from liquids,

glasses, amorphous materials, nanocrystalline and disordered materials, in addition to crystalline



structures. Total scattering can be done with X-rays, neutrons, as well as electrons. To analyze
total scattering data, we use the atomic pair distribution function (PDF) analysis.

While not widespread yet, PDF is not a new analytical technique. Its origins lay in the Debye
scattering equation published in 1915. [31] After deriving the Fourier relationship between real-
space pair density and the Debye scattering equation, the PDF was born. [32] Shortly after that, this
method was introduced for studying liquids and glasses [33—35] but also particularly for studying
carbon compounds [36,37]. For example, Zachariasen used this method to study the short range
order of solvent molecules. [38,39] In the mid 1980s, the first synchrotron PDFs were collected at
the Cornell High Energy Synchrotron Source (CHESS) and the National Synchrotron Light Source
(NSLS) at Brookhaven National Laboratory. [40,41] The reason for not being widely harnessed
for investigating more crystalline materials up until 70 years later, was based on the instrumen-
tal restrictions. The main roadblock was the wavelengths of the radiation. Reactor sources and
early generations of synchrotrons did not provide the desired short wavelengths. [42] Additionally,
disordered structures require intensive data modeling which is computationally demanding. The
access to better computers and the availability of the appropriate software made it more readily
available for the scientific community. PDF has since been used in a wide range of disordered and
nanocrystalline applications. [43—45] Another milestone was achieved with the currently lowest
detection limit achievable with PDF, which was shown to be 0.25 wt%, for organic nanoparticles
in aqueous solution in 2015. [46] While 0.2 wt% was previously achieved for CdSe nanoparticles,
defining a generic limit is imprecise and other factors such as the type of compounds need to be
taken into consideration. [47] Considering that organic substances are weak scatterers, 0.25 wt%
is definitely an improvement in sensitivity.

To make inferences about the structure-property relationships, we do not necessarily need the
absolute positions of the atoms. What drives the properties are the relative positions of atoms in
close proximity where they can interact with each other. To phrase it differently, the local atomic
environment and the relative positions of the nearest-neighbor atoms is most important in making

inferences about the properties. This is precisely what the PDF does; it presents a one-dimensional



histogram showing the scaled probability of finding pairs of atoms separated by the distance r. The
PDF, G(r), is experimentally determined and gets calculated from the corrected and normalized
total scattering structure function, S(Q), via a truncated Fourier transform. First, to obtain S(Q),
the self-scattering is removed from the coherent scattered intensity per atom, 1(Q), followed by

dividing it by the average squared atomic scattering factor, (f(Q)?). [42]
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The reduced pair distribution function is attained from the Fourier transform of the reduced total

scattering function, F(Q), derived from normalizing the total scattering function by multiplying it

by Q. [48]

G(r) = (%)ZIQW@ ~ 1]sin(Qr)dQ = (%) Q/WF@) sin(Qr)dQ

Q is the magnitude of the scattering momentum and is dependent on the incident wavelength of

the radiation used, A, and the scattering angle, 6. For elastic scattering it is calculated as follows:
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The experimental setup determines the values of ),,;, and @Q,,.,. The aim is to have the
highest possible ()., value. However, the actual value for ()., is usually chosen based on
experimental limitations. [49]

After having calculated the experimental PDF, it can be analyzed directly, for instance, by
visual inspection, or indirectly by structural modeling. A underappreciated method is to simply
visually compare experimentally generated PDFs from different samples or samples under different
conditions. [50] This way the length of correlations can give insight on particle size, or help to
differentiate between an amorphous or crystalline structure. For example, taking the PDF of Ni
powder shows long range order by pair correlations up to high r-values. [51] Contrary, the PDF

of a nanoparticle generates only G(r) values to a limited r-range and shows missing long range

order. This is based on only well defined intra-particle correlations up to the furthest distances
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of its atoms. Atomic inter-particle correlations are too far apart and too diffuse to be visible in
the PDF. Further, calculating differences between PDFs and determining the residual signal can
provide valuable information.

Another way to analyze the PDF is by structural modeling where parameters such as the lat-
tice parameters, atom positions, and anisotropic atomic displacement parameters can be refined.
An alternative way to calculate G(r), particularly used for fitting the G(r) derived from a known

structural model to the experimentally determined one, is illustrated below:
G(r) = 4nr(p(r) — povo)

1 bib;
p(r) = A7r2 N zl: ; <b>25(r - Tij)

po describes the average number density in they system of N atoms, p is called the microscopic
pair density or the atomic PDF, and ~, is the autocorrelation function of the particle shape. The
sums in p(r) include all atoms in the sample, b; is the scattering factor of atom i, b; is the scattering
factor of atom j, (b) denotes the average scattering factor, and r;; is the distance between each pair

of atoms i and j.

1.5 Harnessing PDF’s capabilities for finding new energy ma-

terials

PDF has provided valuable insights in different energy materials. One way to tackle the energy
problem is by investigating carbon dioxide neutral energy sources such as nuclear power. While
current nuclear reactors are based on light water (LW) for energy transfer, the next generation sys-
tem is proposed to work with molten salts. [52] Using molten salts has been a well established
procedure in material synthesis for solvation [53] as well as for heat transfer in concentrated solar
power plants [54,55]. A molten salt reactor would make use of both aforementioned applications
which poses several advantages over LW such as higher electrical generation efficiency, no danger
of fuel melting, no steam generation in the reactor reducing the risk of steam explosion, and less

than 1% of LW reactor long-lived high-level radioactive waste. [S6] However, in a similar fash-
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ion as with porous materials, to optimize the functionality of the salt mixtures in these reactors,
the structure-property relationships need to be understood. This requires a detailed study of the
processes occurring in the molten salt. As discussed above, a highly disordered system such as a
liquid cannot be studied with standard crystallographic techniques and total scattering needs to be
considered. This led to a proposal, titled "Ab-initio and Experimental Determination of Solvent &
Solute Structure and Property Effects in Molten Salts", in collaboration with Los Alamos National
Laboratory and University of Wisconsin to shed more light on the chemistry happening in these
disordered mixtures. As an initial structural model served results from ab initio molecular dy-
namics simulations [57] and with the help of the R.I.N.G.S. code, the predicted neutron scattering
signal could be computed [58]. While molten salt reactors are a step into the right direction, there
is still the problem of radioactive waste.

The preferable solution to our carbon emissions is renewable energy sources. Despite a plethora
of options, harnessing the abundance of sun light, and the amount received on the earth’s surface
per day, indicates the highest potential for alternative energy generation. [59,60] The direct energy
conversion of radiation into electricity can be done through the photovoltaic (PV) effect. There,
the incident photons, being absorbed in the photovoltaic material, excite an electron into the con-
duction band while consequently leaving a hole behind. The time of when the electron-hole pair
recombines is a figure of merit when considering the efficiency of a PV material. Another deter-
mining factor is whether a PV material has a direct or indirect band gap. Currently, our commer-
cially available photovoltaic devices are based on silicon. While silicon has advantages such as low
production cost, it also has drawbacks like an indirect band gap of 1.12 eV. [61] A photovoltaic ab-
sorber with an indirect band gap requires larger amounts of material for producing devices. These
are just a few examples highlighting the need for the development of new semiconducting materials
for PV applications.

A quickly rising-star PV material has been based on the perovskite structure. Perovskite halides
have shown promises to be inexpensive and highly-efficient semiconductors that can be used for

PV devices. With the benchmark efficiency for perovskite cells currently being at 25.2% [62], this
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material is in the same efficiency range as commercial Si based cells. Further, the possibility to
produce these materials from solution, instead of the very energy demanding process for Si produc-
tion [63], has opened multiple doors allowing, for example, easy thin film production. [64—66] The
softness and plasticity of this material links it to the previously mentioned framework materials.
Based on the type of perovskite structure, and the connectivity of the structural octahedral units,
different direct comparisons can be made ranging from zeolites to metal-organic frameworks. Sim-
ilarly to other complex materials, the unique PV properties of this new group of materials is not
based on a highly ordered, periodic structure. Pair distribution function analysis has been providing
valuable information on the disordered local structure of these perovskites. [67—70]

While the above mentioned use of PDF has been mainly used for studying neat material, more
recently it has also provided information on material under working conditions. For example,
PDF analysis has been used for studying fuel cells in situ such as particle size changes of the
Pt/C and PtCo/C catalyst at the cathode of a proton exchange membrane fuel cell. [71] Similarly,
highly complex nanoalloy catalysts for fuel cell applications, such as nanowire shaped platinum-
iron alloys, could be characterized with total scattering. [72] Not only the increasing amount of
portable devices and higher standards for power density, but also the intermittent nature of energy
sources as, for instance, wind and solar requires new materials for energy storage. Hence, the field
of battery research has also found the PDF analysis as a valuable tool for elucidating structure-
property relationships. [73,74] While there are many more possible applications for total scattering,
this introduction has illustrated its potential for describing the structure of even very complicated

materials and why its proliferation can have a big impact on our society and the way we live.

1.6 Summary of the Materials Chemistry Part of the Disserta-

tion
The following body of work aims to highlight how the study of the local structure can pro-
vide valuable insight to understand and describe the structure-property relationship of solid-state

materials. The following five chapters can be broadly broken into two distinct sections covering
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a) adsorption and reaction in porous materials, and b) structure-property relationships in hybrid
organic-inorganic halide perovskites.

Chapters two and three are focused on the design and commissioning of a new dynamic gas
flow cell at the Spallation Neutron Source. Chapter two describes the need for studying adsorption
processes and catalytic reactions under industrially relevant, operational conditions and how our
approach of combining a Steady-State Transient Isotopic Kinetic Analysis (SSITKA) with neutron
total scattering can overcome current limitations faced by analytical techniques in this field. It
further illustrates the new sample environment used for our proof of concept system of studying
nitrogen adsorption in calcium exchanged zeolite X. With data acquired from neutron scattering
and SSITKA, the number of adsorbed nitrogen could be determined. Initial results regarding the
adsorption sites and lattice breathing effects were found. Chapter three provides an in depth ex-
planation about the neutron data reduction and the analysis of the dynamically acquired data. To
support the results from our neutron scattering experiments, adsorption isotherms were measured
and its results were supported by theoretical considerations from Grand Canonical Monte Carlo
simulations. This chapter also shows that the lack of sufficient neutron counting statistics lim-
its further detailed studies of adsorption kinetics occurring on individual sites within the porous
framework.

Chapters four and five illustrate how a large box approach, such as Reverse Monte Carlo (RMC)
modeling, can be a useful tool for describing total scattering data. RMC is helpful, in particular,
for materials with a high number of degrees of freedom and where specific structural elements
need to be treated as rigid bodies. Chapter four shows how the results from X-ray based RMC
modeling were used to determine anharmonic lattice dynamics arising from octahedral tilting and
Cs™ displacements in the end members of the vacancy-ordered double perovskites CsoSn;_, Te, Ig.
It is further highlighted how semi-rigid body RMC can improve the fitting results compared to
traditional, fully atomistic RMC methods. In chapter four, RMC was used to model the neutron
and X-ray total scattering data of the vacancy-ordered double perovskite methyl ammonium thin

iodide. This was done to find the tilting of the inorganic octahedral framework and to find the
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preferred orientations of the organic methyammonium (MA) cations and their interplay. Since
the RMC method does not result in a unique structural solution, a high-throughput approach was
generated to confirm the results based on statistics. Furthermore, an ad hoc computational code
was developed which allows to extract not only the overall orientations of the organic and inorganic
species, but also the description of the individual alignment of a single octahedra and the nearest
neighbor MAs.

The final chapter outlines possible future work stemming from the above described studies
as well as preliminary results. It is drawing from knowledge and experience gained from the
experimental and the computational work. The goal of the study is to locate the theoretically
predicted active sites of the CysamNO decomposition reaction in the metal-organic framework
CuBTTri as well as to confirm them experimentally under working conditions with total scattering.
As a first approach, density functional theory (DFT) was used for structural optimization of the
MOE. While DFT is a good tool for optimizing the empty MOF, this chapter explains why it fails
for our system of choice and what other methods should be used to study the theoretical adsorption
sites. Initial experimental data, acquired from in house X-ray total scattering, requires sophisticated
modeling methods to describe the empty MOF structure. Experience gained from the previous
high-throughput RMC modeling will be important for structural modeling of the disordered MOF.

The appendices for this part of the dissertation contain supplemental information including

more details on some experimental procedures, as well as additional tables and figures.
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Chapter 2
A high precision gas flow cell for performing in situ
neutron studies of local atomic structure in catalytic

materials !

2.1 Introduction

Catalysts contribute over one trillion dollars to the national gross domestic product in the
United States [10], and yet specifics of chemically reactive atomic environments remain almost
entirely out of reach by traditional structural probes due to their aperiodic and transient nature.
Current studies require either specialized conditions (e.g., high vacuum [75]) or sample prepara-
tion (e.g., 4-D electron microscopy [76]). Time-resolved X-ray pair distribution function (PDF)
studies have been shown to elicit changes in the local bonding environment of solids during chemi-
cal reactions and without a need for crystalline periodicity [77-81]; yet these methods offer limited
specificity to the chemical constituents or the interface. The emergence of high flux neutron PDF
studies provides opportunities to probe oxide, hydride, and other light atom bearing surface species
in functional materials [82—84], with isotopic contrast allowing further precision in chemical speci-
ficity through differential PDF analysis [42, 85-87]. At the same time, a powerful technique for
revealing kinetic- but not structural- information has evolved with steady-state isotope transient
kinetic analysis (SSITKA) [88], involving isotope-exchange experiments. The primary outcome
from traditional SSITKA experiments following gas adsorption is the total number of adsorbed

molecules in the steady-state, which can be used to derive heats of adsorption and understand the

!'Substantial portions of this chapter have been reproduced with permission from D. Olds, K. Page, A. A. Paecklar,
P. F. Peterson, J. Liu, G. Rucker, M. Ruiz-Rodriguez, M. Olsen, M. Pawel, S. H. Overbury, and J. R. Neilson, Rev Sci
Instrum, 2017, 88 (3), 034101. ®2017 the American Institute of Physics
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role of chemical composition in reactions and time-dependent gas-specific residencies. More com-
plex kinetic relationships can be elucidated from these methods with the aid of atomistic modeling.

In this contribution, we present a new sample environment tested at the Nanoscale Ordered
Materials Diffractometer (NOMAD) beamline [89] at the Spallation Neutron Source (SNS) which
allows for precise in situ gas flow reaction studies during neutron total scattering measurements.
This gas flow cell allows for studies on small volumes of sample (roughly 1 cm? of material) which
are dosed with a highly-controlled flow of gas at precisely specified rates and partial pressures. A
high-speed switching valve in the system allows for fast transitions between dosing gasses. A
residual gas analyzer (RGA) continuously monitors exhaust gasses downstream from the sample,
and direct encoding of all sample conditions in data streams allows for time-dependent studies of
reaction kinetics such as in situ SSITKA. We present the design elements and an example study on
N, adsorption herein, along with a list of anticipated applications.

A residual gas analyzer (RGA) continuously monitors the exhaust gases downstream from the
sample and encodes this data in parallel with the event-based diffraction, along with all other perti-
nent information about the state of the system (valve positions, flow rates, pressures, temperatures,
ect). As this information is recorded directly into the metadata of the NeXus files [90] used for
powder diffraction data reduction, we can utilize the Mantid data analysis framework [91] to reduce
the scattering data via advanced event-based methodologies. Such a comprehensive integration of
software and hardware allows for novel uses of the gas flow sample environment, such as pulse

probe studies, looping, and SSITKA.

2.2 Experimental and theoretical methods

Note on author contributions: This chapter was published in the Journal Review of Scientific
Instruments, 2017, 88 (3), 034101, DOI: 10.1063/1.4978287 by Daniel Olds, Katharine Page,
Arnold A. Paecklar, Peter F. Peterson, Jue Liu, Gerald Rucker, Mariano Ruiz-Rodriguez, Michael
Olsen, Michelle Pawel, Steven H. Overbury, and James R. Neilson. DO was involved in measuring

the neutron scattering data as well as the SSITKA data, assembling the dynamic gas flow rig, and
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wrote the initial draft of the manuscript. KP was involved in measuring the neutron scattering
data, conceived the project, and supervised the project at ORNL. AAP prepared and analyzed
the zeolite material, was involved in the assembling of the dynamic gas flow rig, the measuring the
neutron scattering data, initial neutron data analysis, and the collection and analysis of the SSITKA
data. PFP developed the software for integration and combination of SSITKA data and neutron
total scattering data the MANTID framework. JL did the Rietveld refinements in TOPAS. GR
supported the gas flow assembly and integration into the NOMAD instrument. MR implemented
the software for controlling the gas flow rig into the instrument computer system. MO did all
the glass blowing work and prepared all the pieces for the sample environment. MP helped with
the SSITKA measurements at the CNMS. SHO provided valuable information on the SSITKA
measurements as well as supervised the work done at the CNMS. JRN supervised the project and

all the work done at CSU. All authors contributed to editing and finalization of the manuscript.

2.3 Gas Flow Cell Design

The gas-flow cell is designed to deliver specified pressure and flow rate through small samples,
with the ability to very quickly transition between two gas species which differ in either chemical
interactivity or neutron scattering power (different isotopes). The change between these two gasses
must occur quickly, yet minimize the effect on the physical flow rate and pressure at the sample
position. Also critical to the system design is the integration of an RGA following the sample, such
that adsorption or reaction processes can be directly measured contemporaneously and in parallel
with diffraction data. The data from the RGA must be simultaneously encoded with the diffraction
data, such that novel reaction-dependent reduction procedures may be utilized ex post facto.

A design schematic for the gas-flow cell is shown in Figure Figure 2.1, with associated im-
ages of several components shown in Figure Figure 2.2. NOMAD is a top-loading instrument,
and as such, the sample environments are typically designed so that they can be lowered into
the standard sample well at the neutron beam position. The high-speed 4-way switching valve

(VICI, model ED44UWE) is controlled via a 2-position microelectric valve actuator (VICI, model

18



exhaust digital back-

4-way pressure
switching regulator
valve to vent
bubblers ._D
MEC b | ™
N, | MFC —
RGA

digital backpressure I 1 ,

T
regulator instrument :‘J

floor/ceiling

sample
space

sample =]

beam

ljclynstream

Figure 2.1: Schematic of flow-cell plumbing on NOMAD as it was configured for the presented commis-
sioning experiment. Shown are the 2 dosing gas supplies, *No and '°Na, as well as the carrier gas, He.
Following each supply is a mass flow controller (MFC), with digital back pressure regulators also shown.
The 4-way switching valve, RGA, Ar cryostream, and optional bubbler systems leading to the neutron acti-
vated gas exhaust lines are also shown. An inset highlights the geometry of the quartz U-tube sample cell,
with associated isolation valves, quartz wool, and the sample position relative to the beam.

Isolation
Valves

Figure 2.2: (a) Image of the flow controlling apparatus and (b) U-tube style sample cell. Annotated on the
apparatus (a) are the gas supply points (blue) which lead directly to mass flowcontrollers. Also shown is the
line to the sample, and returning (white), as well as subsequent back pressure regulators and exhaust lines
(red). The mass flow controllers are labeled as “A,” “B,” and “C,” while the digital back pressure regulators
are labeled “D” and “E.” The U-tube style sample cell (b) shows the sample, quartz wool plug below the
sample, and sample isolation valves.
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E2CA), which can be activated manually or automatically with a desired switching frequency (e.g.
switching dosing gasses every 6 minutes). In this way, one dosing gas is always flowing towards
the sample, while the other is being vented to system exhaust. This way, the steady-state condi-
tion is maintained. The flow of these two dosing gasses is controlled upstream of the switch by
a set of low-pressure drop mass flow controllers (Alicat Scientific, MCW-10SCCM-D). Directly
downstream of the switch is a carrier gas port, such that an additional (typically inert) gas may
flow continuously with the selected dosing gas. The carrier gas flow is controlled via a separate
upstream mass flow controller (Alicat Scientific, MCW-50SCCM-D). Downstream of the sample,
a digital back pressure regulator (Alicat Scientific, PC-15PSIG-D) controls the net pressure seen
at the sample, independent of the specified flow rates. Note that an identical digital back pres-
sure regulator is installed on the exhaust-side of the high-speed switch, such that any fluctuations
in pressure due to the action of physically switching between dosing gasses can be minimized.
Downstream of both the sample and back pressure regulator, but prior to exhaust vent, an RGA
(Stanford Research Systems, UGA200) measures the mass profile of the exhaust gas as it comes
off the sample. An optional bubbler system can be installed before exhausting to atmosphere or
the neutron activated gas exhaust system at NOMAD. The entire system is plumbed predominately
with 1/16" OD, 0.30" ID stainless steel tubing, the lengths of which have been minimized in re-
gards to the NOMAD geometry to facilitate fast transitions between dosing gas species. Swagelok
fittings were used to connect the majority of components.

The sample cell itself is a custom made quartz "U-Tube" design utilizing stainless steel-to-
quartz adapters (Larson Electronic Glass, model SQ-025-T) directly attached to Swagelok valves,
such that a sample may be isolated from atmosphere during the mounting and handling procedures.
The NOMAD beam is typically collimated to an area of 1.5 cm x 1.5 cm at the sample position.
The quartz tube in the sample cell narrows directly prior to the beamspot to the dimensions of OD
5.0 mm and ID 4.62 mm (Wilmad 507-PP-7QTZ), minimizing the background contributions to the

diffraction data.
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An alternative static gas-dosing sample cell is also available, which utilizes the high-precision
gas flow instrumentation to dose a sample with a controlled partial pressure of a gas, but does
not actively flow the gas through a sample during the diffraction measurement. The sample cell
for such a configuration is a sealed quartz tube (Larson Electronic Glass, SQ-018-T) which is
connected via a T-section to the flowing gas line between the supplying mass flow controllers and
the back pressure regulators. Once a desired dosing gas environment is established, a valve on the
sample cell is closed to isolate the sample, thus establishing a static environment.

Under normal operation, the system has a maximum operating pressure at the sample of 15
psig. The two dosing gasses can flow precisely up to 10 mL/min, while the carrier gas flows
precisely up to 50 mL/min, in both cases with an accuracy of £0.4% of reading +0.2% of full
scale. The RGA regularly tracks 4 distinct gas species over approximately 1 second, although
more can be tracked with an associated proportional increase in scan-time. The switching time
of the high-speed valve is 425 ms. The sample temperature is controlled via an argon cryostream
placed directly below the sample position (Oxford Cryosystems, Cobra Plus) which is capable of
running at temperatures of 90 K to 500 K.

Samples to be measured must allow for the free flow of gasses at operating pressures, and as
such are often pressed and sieved prior to loading to select for the optimal particle size. Due to the
relatively small overall volumes associated with the plumbing used, we have found that with a flow
rates of 20 mL/min with 1 psig back-pressure, a switch between dosing gasses will be detectable
on the RGA within seconds. When a powdered sample is loaded, this response time will increase
due to the delay introduced by the gasses physically transporting through the sample. For a 3 cm
column of powdered sample, which had been pressed into pellets at 4 metric tons for 5 minutes,
broken up and sieved to particle sizes between 100 pm and 500 pm, the additional delay time at the
above conditions was found to be approximately 50 seconds.

A mechanical flow delay will be introduced by the macroscopic characteristics of the powder
composition (sample consistency, sample volume, flow rate, pressure), however this is separate

from and in addition to any chemical interactivity or adsorption that may occur between the sample
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and the flowing gas. In order to decouple any chemical reactivity in the time-dependent response
from the mechanical flow delay, an inert gas may be mixed with one of the two dosing gasses such

that a proper hold-up time can be established during data reduction. [92]

2.4 Commissioning Study: Nitrogen Adsorption in Zeolite-X

Commissioning experiments with the flow cell were completed on nitrogen adsorption by cal-
cium exchanged zeolite-X. Zeolitic materials are commonly used for air separation by pressure-
swing adsorption (PSA) [92] as well as for heterogeneous catalysis such as catalytic cracking [93]
and in NHj synthesis as the catalyst [94] or as the support material for the catalyst [95-97]. By
simultaneously performing in sifu neutron total scattering and SSITKA,structure is linked to reac-

tivity during isotope-contrasted adsorption on the Faujasite cage structure of the zeolite X.

2.4.1 Preparation of Sample

The Narg_o,Ca, Al;gSi1440384 samples were produced through ion exchange with sodium zeo-
lite X (NaX) powder (Sigma-Aldrich molecular sieve 13X) following a conventional ion exchange
technique [98,99]. 1 g of ground NaX was dispersed in 100 mL of water, into which 1.5 g of
calcium chloride dehydrate (supplied by EMD Chemicals Inc.) was added. This mixture was then
heated over a boiling water bath for 24 hours followed by a filtration step through a Biichner funnel
and a washing step with 100 mL of water. The material was dried on the filter at 90°C overnight.
This cation exchange procedure was repeated twice in order to obtain the highest degree of ex-
change. The sample compositions were characterized using energy dispersive X-ray Spectroscopy
(EDS) and optical emission spectroscopy with inductively coupled plasma (ICP-OES), both of
which found the degree of cation exchange to be nearly complete for CaX, at 98% in the EDS
and 97% in the ICP-OES. Laboratory powder X-ray diffraction revealed the samples to be highly
crystalline. The morphology of the exchanged sample examined by scanning electron microscopy
(SEM) remained unchanged by comparison with those observed for the parent NaX sample. To

make the samples more suitable to gas flow measurements, the powders were pressed at 4 metric
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tons for 5 minutes, and then broken up and sieved to form a powder with sizes between 250 um
and 355 pm. Prior to the neutron total scattering measurements, the samples were charged by
drying them under vacuum while slowly heating to 400°C at a rate of 0.2°C/min. Samples were

stored under vacuum prior to use.

2.4.2 Static Gas Loading Neutron Total Scattering Measurements

Static gas loading neutron total scattering measurements were preformed at room temperature
on NOMAD. "Neat samples" under vacuum were measured in the static gas loading configuration
for 2 hours. The samples were then dosed with >N, flowing at 5 mL/min. The back-pressure at
the sample was cycled between 1 and 5 psig to ensure complete dosing of the sample and dilution
of any present contaminant gas (e.g 1“N5). The samples were sealed at 1 psig and measured for 2
hours at 300 K. The measured and fit diffraction patterns from these measurements are shown in

Figure Figure 2.3.
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Figure 2.3: Results of Rietveld refinements on the 154° NOMAD detector bank data in the pristine (a.)
and pressure dosed with nitrogen (b.) static loading cases. Data are shown in utis of counts normalized by
vanadium scattering counts, I/Iy, as a function of d-spacing. The two resultant refined structures are shown,
with and without nitrogen (c.), as well as the differences between the data and models (d.). For the Rietveld
results, blue corresponds to the data, green lines are the fits, and the red line is the calculated residual. For
the dosed minus neat difference curve (d.), blue represents differences between data and black represents
differences between the models.
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Fits to the data were performed using TOPAS refinement software [100], in which the Ca
exchanged zeolite-X structure model was fit to both the neat and nitrogen dosed sample diffraction
data. The refined parameters from these fits are summarized in table Table 2.1. Higher quality
refinements were found possible in the dosed-sample case through the inclusion of nitrogen atoms,
which were not required in fitting the neat data. The presented fits included data from NOMAD
banks at 31°, 67°, 122°, and 154° 26 angles. Limiting refinement to individual banks was found to
effect the fit nitrogen occupancy levels, but in all cases was found to vary between 11% and 20%,
a factor of 5-10 times greater than would be expected for free flowing (non-adsorbing) nitrogen at
1 psig and 300 K.

Note that the volume of the zeolite unit cell clearly contracts upon exposure to the nitrogen
by approximately 2.3%, as would be expected during adsorption. Furthermore, the fit occupancy
of nitrogen in the dosed case correlates to approximately 8 N-atoms per unit cell, well above the
value expected if only free flowing gas was present (= 0.4 N-atoms per unit cell. We note that
the occupancy of the nitrogen is strongly correlated to the atomic thermal parameter (b;y,). The
results of this refinement demonstrate that neutron total scattering techniques are sensitive to the
presence of nitrogen adsorption at pressures as low as 1 psig and room temperature, well below
those pressures (CD, (9 bar) and CoHg (5 bar) [101]) and above temperatures (Xe (210 K) [23],
CDy (77 K) [102], CHCl; (20 K) [103] or COs (4 K) [104]) used in previous gas loading measure-
ments. The total scattering and resultant PDF datasets from the static loading measurements of the
pristine and pressure dosed samples on NOMAD are shown in Figure Figure 2.4. Clear differences
can be observed after the introduction of nitrogen to the system. In particular, the first peak in the
difference curve of the PDF (Figure Figure 2.4(b), red) at ~ 1.1 A suggests sensitivity to the N

pairwise molecular bond. The observed differences require further modeling to interpret.

2.4.3 In Situ SSITKA and Neutron Total Scattering Measurement

One aspect of the flow cell design is to allow for time-dependent kinetic studies of samples

under steady-state conditions as well as pump-probe gas flow. To demonstrate this capability, we
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Table 2.1: Results of refinements performed as shown in Figure 2.3. The refinements were performed by

freeing all parameters with associated uncertainties.

Fit to neat data
CSG =Fd3, a=25.002(2), Ry, = 2.300%
Atom | x y z occ. biSO(Az)
Si(1) | -0.0522(4) | 0.1244(5) | 0.0345(5) | 1.0 0.21(17)
Si(2) | -0.0584(4) | 0.0353(5) | 0.1215(5) | 0.19 0.21(17)
Al(2) | -0.0584(4) | 0.0353(5) | 0.1215(5) | 0.81 0.21(17)
O(1) | -0.1119(3) | 0.0025(5) | 0.1070(3) | 1.0 1.40(18)
0O(2) |-0.0043(4) | -0.0033(4) | 0.1413(2) | 1.0 1.40(18)
O(3) | -0.0349(6) | 0.0646(5) | 0.0654(5) | 1.0 1.40(18)
O@4) | -0.0619(2) | 0.0764(5) | 0.1735(5) | 1.0 1.40(18)
Ca(l) | 0.0 0.0 0 0.73(28) | 0.77(25)
Ca(2) | 0.0620(6) | 0.0620(6) | 0.0620(6) | 0.27(28) | 0.77(25)
Ca(3) | 0.2228(2) | 0.2229(2) | 0.2229(2) | 0.80(37) | 0.77(25)
Fit to dosed data
CSG =Fd3, a=24.99422), R, = 2.260%
Atom | x y z occ. bigo(A)?
Si(1) | -0.0527(4) | 0.1246(4) | 0.0356(4) | 1.0 0.19(15)
Si(2) | -0.0586(4) | 0.0339(4) | 0.1206(4) | 0.19 0.19(15)
Al(2) | -0.0586(4) | 0.0339(4) | 0.1206(4) | 0.81 0.19(15)
O(1) | -0.1121(3) | 0.0027(4) | 0.1068(3) | 1.0 1.33(16)
O(2) |-0.0043(4) | -0.0033(4) | 0.1412(2) | 1.0 1.33(16)
O@3) | -0.0351(2) | 0.0648(5) | 0.0653(4) | 1.0 1.33(16)
0O4) |-0.0621(2) | 0.0763(4) | 0.1736(4) | 1.0 1.33(16)
Ca(l) | 0.0 0.0 0.0 0.73 0.80(18)
Ca(2) | 0.0634(5) | 0.0633(5) | 0.0633(5) | 0.27 0.80(18)
Ca(3) | 0.2238(2) | 0.2238(2) | 0.2238(2) | 0.80 0.80(18)
N(1) | 0.3030(1) | 0.3030(1) | 0.3030(1) | 0.21 5.30(1.1)

performed in situ SSITKA measurements with simultaneous neutron total scattering. Here, the two
dosing gasses were *N, and '°N,, where the *N, was mixed with 3% Ar to act as an inert tracer
gas in the SSITKA measurement to determine the gas-phase hold-up time. Helium was used as an
inert carrier gas. Approximately 1 cm?® of the fully charged material, prepared as described above,
was loaded into the gas flow cell. Steady-state flow and pulse-probed SSITKA were performed,
in each case with 1 mL/min dose gas and 20 mL/min carrier gas with the pressure at the sample
held at 1 psig. During the SSITKA measurements, the switch time between dosing gasses was

set to 6 minutes and the complete cycle between the two isotopes was performed 12 times for a
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total measurement time of ~ 150 minutes. The averaged results of the SSITKA measurements are

shown in Figure Figure 2.5.
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Figure 2.4: (a) The total scattering structure factor, S(Q), presented as a function of momentum transfer, Q=
2d sin « and (b) associated PDF, G(r), from the static loading measurements on NOMAD. Shown in each
plot is the pristine (blue), 1Ny pressure dosed (green) data, as well as the offset difference between them
(red). Below 4 A, in the PDF (b), the scale of the r-axis is increased to emphasize changes in local structure.

o
©

Ar
diff

J

diff

e
o

o
»

Transient response
Transient response

—

0.2 5 % \, : 7o
0.0 M 0.0 e’

1 2 3 4 5 6 00 02 04 06 08 10 12 14
time (mins) time (mins)

o
N

Figure 2.5: A comparison of the developed flow cell SSITKA (a) with the results from commercially
available SSITKA measurements (b), showing responses from nitrogen, argon (tracer), and their difference.
Nitrogen, argon, and difference gas responses are shown with black square markers, purple triangle markers,
and orange circle markers, respectively. The analysis of nitrogen residence times and associated occupancy
is shown in Table 2.2 below.

The two most general parameters determined in a SSITKA experiment are the surface concen-
tration of adsorbed nitrogen molecules, N, and the average surface residence time, 7. [105] The
latter one was calculated first by integrating the area between the normalized transient response
of the *N, nitrogen isotope and the normalized transient response of the inert tracer argon. The
surface concentration of the nitrogen was determined by multiplying the average surface residence
time by the total flow rate in the system. To better correlate this value to crystallographic informa-
tion, the number of nitrogen molecules per unit cell needed to be determined based on the surface

concentration. The results of the SSITKA were found to be comparable to the offline commercial
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Table 2.2: Results of SSITKA analysis from the curves shown in Figure 2.5 below. Note that differences
between the two samples can be attributed to a more thorough charging procedure performed for the in situ
samples, leading to a more reactive sample.

SSITKA Results Offline | in situ
Total pressure (atm) 1.097 1.055
Total flow rate (mL/min) 34 21
Nitrogen flow rate (mL/min) | 5 1
Argon concentration 54% | 3%
Temperature (K) 303 298
Surface residence time (sec) | 8.72 118.46
Adsorbed Ny (umol/g) 295.12 | 394.69
Density of sample (g/cm?) 1.93 1.93
Nitrogen atoms per unit cell | 5.36 7.17

SSITKA measurements performed on the samples. As this information is recorded directly into the
metadata of the NeXus files [90] used for powder diffraction data reduction, we utilize the Mantid
data analysis framework [91] to reduce and analyze the scattering data via advanced event-based
methodologies. Such a comprehensive integration of software and hardware allows for novel uses
of the gas flow sample environment, such as pulse probe studies, looping, and SSITKA.

The results of the neutron total scattering measurements during the in siftu SSITKA measure-
ments are also shown in Figure Figure 2.5. With this limited data set, the measured results from

the flow cell are consistent with the corresponding static gas-loading data.

2.5 Conclusions

A high-precision gas flow cell sample environment has been developed for neutron total scat-
tering measurements at the SNS. Combined with the intense neutron flux available at the NOMAD
instrument, novel opportunities to directly address the interactions between gas-solid interfaces
are now possible. A commissioning experiment on N, adsorption in zeolite-X combined in situ
neutron diffraction and SSITKA measurements. Of important significance, the effect on the over-
all lattice structure and the adsorption location of N, were identified at 300 K and 1 atm, in line
with operational conditions of the material, and in striking contrast to the conditions of previous

studies. The gas flow cell with in-line RGA, neutron diffraction, and neutron PDF capabilities
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is a versatile sample environment that will aid in identifying structural responses, characterizing
nanoscale interfaces, and following structure transformations in chemical, biological, and geolog-
ical gas-solid processes alike. Steady-state and time-dependent phenomena can be explored as a
function of temperature, pressure, or flowing gas species. A wide range of fundamental and applied
science uses are anticipated, including the identification and evolution of chemical compositions
and unique atomic structure environments involved in heterogeneous catalysis, gas storage, oxi-
dation/reduction processes, solid-oxide fuel cell cycles, sensor technology, capture of atmospheric
pollutants, ion exchange processes, and more.

In the future, the flow cell’s capability to deliver time-dependent isotope contrast to react-
ing/growing material interfaces in the neutron beam can be developed, together with stroboscopic
data binning, to probe the kinetics of detailed surface structure species in steady-state processes (for
example, utilizing the contrast of 1*N verses °N for improved sensitivity to N, adsorption/fixation,
NHj synthesis, or NO reduction processes, or utilizing the contrast of 12C verses '*C for improved
sensitivity to CH, oxidation, CO oxidation, propene epoxidation, or CO, reduction/fixation). Ex-
tensions to liquid flow in this set-up can enable studies on liquid-solid materials processes, includ-
ing studies of environmental effects on medical implants and cycling behavior in electrochemical
insertion electrodes and batteries. Overall, this new sample environment will provide new op-
portunities to validate theory and simulation, demonstrate synthesis and operation, and elucidate

structural underpinnings of behavior in a host of gas-solid materials phenomena.
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Chapter 3
Capturing the Details of N, Adsorption in Zeolite X
Using Stroboscopic Isotope Contrasted Neutron

Total Scattering °

3.1 Introduction

Porous materials, such as zeolites and metal organic frameworks (MOFs), have enabled signifi-
cant industrial processes and continue to be developed for new trans-formative technologies. [106]
For example, zeolites are widely used industrially for petroleum refining [93, 107, 108] and large-
scale gas separations. [109-111] Despite their widespread adoption, the precise nature of adsor-
bent/sorbate interactions in the framework structure, and thus clear design principles for specific
gas-solid interactions, are not widely available in the literature. A lacking atomistic understanding
regarding the binding of substrate gas molecules in porous materials under operational conditions,
owing primarily to the lability and heterogeneous dispersion of the gas molecules, is a particular
challenge. Conventional approaches, often employing neutron scattering or NMR to gain sensi-
tivity to light elements, locate adsorbed molecules in porous materials either under high pressure
(CDy (9 bar) and CoHg (5 bar) [112]) or at low temperatures (Xe (210 K) [23], CD,4 (77 K) [102],
CHCl3 (20 K) [103], N2 (10 K) [104], or CO45 (4 K) [104], p-xylene (1.5 K) [113], and many
others in MOFs [114]) in order to freeze the guest molecules at high occupancy to their most
stable binding sites. However, it is important to understand the heterogeneity and lability of gas
molecules in these materials under operational conditions to facilitate real-world applications and

development. There are many techniques that can study the functional behavior of porous mate-

2Substantial portions of this chapter have been reproduced with permission from D. Olds, K. V. Lawler, A. A.
Paecklar, J. Liu, K. Page, P. F. Peterson, P. M. Forster, and J. R. Neilson, Chem. Mater., 2018, 30, 296-302. ®2018 the
American Chemical Society
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rials under operational conditions. For example, Steady-State Isotopic Transient Kinetic Analysis
(SSITKA) [88, 105] provides insight into the steady-state kinetics of gas-solid interactions, which
can be readily combined with DRIFT (Diffuse Reflectance Infrared Transform) Spectroscopy [115]
to yield information about the chemical change of reactants interacting at surface inter-faces. While
these approaches are deeply insightful, they are not amenable to describing the nature of the range
of sites occupied by guests or the framework’s structural response to guest uptake. Several X-ray
scattering and spectroscopic methods have been developed to study porous framework materials.
Single crystal X-ray diffraction was used to study nitrogen in metal-organic zeolites [116]. More
advanced techniques such as Extended X-ray Absorption Fine Structure (EXAFS) [117,118] and
quick-scanning-EXAFS ((Q) EXAFS) [119] can provide element-specific local structure informa-
tion about atomic sites that may change upon gas absorption or desorption. Total scattering meth-
ods, including pair distribution function analysis, have found utility in this area owing to the fact
that they can yield useful structural information even when the guest molecules do not pack into
the host pores with regular periodicity. Total scatter-ing has successfully identified the presence of
guest mol-ecules and host-guest interactions such as hydrogen and nitrogen in the Prussian blue
system Mn3[Co(CN)g]s [77,120], ammonia borane in mesoporous silica [121] and the formation of
Agl in a zeolite. [122] To gain sensitivity to light elements while also providing chemical selectiv-
ity, isotope substitution (N**Ni/¢2Ni) experiments with neutron total scattering have yielded insight
into the interaction between acetylene and NiNa-zeolite Y [123]. However, these approaches do
not readily permit study of the material under steady-state, operational conditions. Here, we report
the main results of steady-state isotope-contrasted neutron total scattering experiments that study
the nature of N, absorption in Ca-substituted zeolite X. Nitrogen adsorption in zeolite X was stud-
ied previously using inelastic neutron scattering [124]. We previously described the gas-handling
instrumentation commissioned on the “Nanoscale Ordered MAterials Diffractometer” (NOMAD)
at the Spallation Neutron Source at Oak Ridge National Laboratory [89]. This instrumentation
permits the delivery of multiple gas streams to a solid sample immobilized in the primary neu-

tron beam; a high-speed switching valve rapidly alternates between two different gas streams (e.g.,
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14N, and '°Njy) with negligible change in flow rate and pressure. This precision gas handling envi-
ronment permits cross-correlation of the isotope compo-sition with the event-based time-of-flight
neutron scattering data. Additionally, a computation approach, common-ly used to understand gas
adsorption studies based on diffraction, [125] was used. Grand Canonical Monte Carlo (GCMC)
simulations and isothermal gas adsorption experiments performed on the same Ny/zeolite system
are found to be consistent with the results of isotope-contrasted total scattering studies. The sim-
ulations sup-port our crystallographic determination of Ca positions and reveal a distribution of
Ny molecules clustered near one of these sites. Calculation of the isotope-contrasted neutron total
scattering from the theory-derived simulation reproduces the experimental observation after com-
plex data reduction procedures. These methods provide a unique opportunity to gain insight into

chemically dynamic and heterogeneous systems in operando.

3.2 Experimental and theoretical methods

Note on author contributions: This chapter was published in Chemistry of Materials, 2018,
30 (1), 296-302, DOI: 10.1021/acs.chemmater.7b04594 by Daniel Olds, Keith V. Lawler, Arnold
A. Paecklar, Jue Liu, Katharine Page, Peter F. Peterson, Paul M. Forster, and James R. Neilson.
DO was involved in measuring the neutron scattering data, assembling the dynamic gas flow rig,
and wrote the code for analyzing the stroboscopic neutron scattering data. KVL measured the
adsorption isotherms, performed and analyzed the GCMC simulations. AAP prepared the material,
was involved in measuring the neutron scattering data, and writing the manuscript. JL did the
Rietveld refinements with TOPAS. PFP developed the software for integration and combination of
SSITKA data and neutron total scattering data the MANTID framework. KP conceived the project,
was involved in measuring and analysing the neutron scattering data, and supervising the project
at ORNL. PMF supervised the work done at ULVN. JRN conceived the project, supervised it and
all the work done at CSU. All authors contributed to editing and finalization of the manuscript.

Sample Preparation
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The material preparation and characterization has been described previously [126] and is sum-
marized here. The zeolite used for gas adsorption was produced through ion exchange of sodium
zeolite X (NaX) powder with aqueous calcium chloride. X-ray powder diffraction showed retained
crystallinity and scanning electron microscopy showed retained morphology after the exchange
step. Energy dispersive X-ray spectroscopy (EDS) and optical emission spectroscopy with induc-
tively coupled plasma (ICP-OES) were used to determine the cation exchange level (EDS (98%)
and ICP-OES (97%)) suggesting a final sample composition of Nagg_2,Ca,AlggSiipsOs84 With X
~ 42. In preparation for the neutron scattering experiments, the powders were pressed into a pellet
at 4 metric tons, crushed into large chunks, sieved to sizes between 100 um and 500 ym and dried
in vacuum at 673 K.

Neutron Total Scattering Measurements

Initial neutron total scattering measurements were per-formed in static gas loading configura-
tions, consisting of a quartz glass tube sealed with a plug valve, at room temperature on NOMAD.
Samples were first measured under vacuum for 2 hours at 300 K followed by a pressure dosed
condition with 1°N,. The samples were then sealed at 1 psig and measured for 2 hours at 300
K. Data reduction and PDFs were generated using standard data reduction protocols on NOMAD,
but found to have insufficient statistics for quantitative real-space analysis. Structural refinements
from the diffraction data were obtained with the program TOPAS and Fourier difference maps
were created with the program JANA. [127] Details of the refinements and tabulated results are
provided in the Appendix A. Stroboscopic neutron total scattering data were collected using the
high-precision gas flow cell sample environment designed for SSITKA measurements. [128] In
situ SSITKA measurements with simultaneous neutron total scattering were performed by flowing
alternately N, and N, where the 14N, was mixed with 3% Ar to function as an inert trace, with
helium as an inert carrier gas through the sample. The switching time between the two gases was
set to 6 min with an overall number of 12 switching cycles between the two isotopes, resulting in
a total measurement time of 150 min. An advanced data reduction procedure was developed to

stroboscopically reduce the data using the Mantid data analysis framework. [91] An unexpected
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time-dependent uptake of water by the sample during the stroboscopic measurement was observed,
which was attributed to the presence of some humidity in the lines and gasses. The details of the
data-informed reduction procedure can be found in the Appendix A. The resultant stroboscopically
reduced scattering data is presented and described in the Results and Discussion.

Gas Adsorption Measurements

The Ca-exchanged zeolite X sample was activated under dynamic vacuum at 673 K for 24 hours
followed by a N, surface area measurement at 77 K. Adsorption isotherms were measured using
a Micromeritics ASAP 2020 adsorption analyzer. Desorption measurements were taken at the end
of each isotherm to monitor that no hysteresis occurred. Prior to each measurement, the sample
was reactivated at 473 K under dynamic vacuum for an hour followed by an hour of equilibration
in the cryostat at the target temperature. Ny isotherms were measured at 77 K and then every 10
K from 140 K to 300 K. The BET surface area was evaluated over the nanoporous regime, 0.01
< P/ Py <0.10, of the 77 K N5 adsorption isotherm following the recommendation of Walton and
Snurr. [129]

Theoretical Evaluation of Adsorption Behavior Gas adsorption was simulated with Monte
Carlo in the grand canonical ensemble (GCMC) with a modified version of the MuSiC package
(full details in the SI). [130] A rigid 2 x 2 x 2 super cell of the experimentally determined crys-
tal structure was used to represent the zeolite framework with the ideal Ca-86X stoichiometry:
Cay3Sit06Als60354 “*Nsy. Ca and Ny, were allowed to fluctuate.

The volumes in the zeolite framework inaccessible to Ny were blocked using our energy based
pore mapping pro-gram. [131] The guest (cation and adsorbate)-framework Coulomb interactions
were computed using electrostatic and dispersion-repulsion interactions. The T-atom framework
and cation models of Boutin et al. were used for the zeolite. [132, 133] N, was represented by the

TraPPe-small force field. [130]
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Figure 3.1: (a.) The zeolite cage structure, viewed down the (130) axis, with the subunit ensemble overlaid
in blue. (b.) The subunit ensemble as determined from crystallographic refinements plotted normal to
the (111) axis, pristine (top) and dosed with nitrogen (bottom), where nitrogen positions are in green, and
calcium positions are in pink (site I), purple (site I'), and cyan (site II). (c.) The individual cage subunits
from the pristine (top) and dosed (bottom) refinements, us-ing the same color scheme. (d.) A view down
the (130) axis, where the 6-member ring of the site II position, with associat-ed crystallographic fit nitrogen
position, has been colored. The (Si/Al)Oy4 tetrahedral units forming the ring are shaded blue, with oxygen
atoms depicted in red.

3.3 Results and discussion

Ca positions and occupancy Ca is known to occupy three distinct sites in the zeolite X struc-
ture, [134] where each position is associated with a different component cage subunit. Here, we
refer to these positions as site I (in the hexagonal prism cage), site I’ (in the beta or sodalite cage),
and site II (in the alpha or su-per cage). These cages, as well as their relative connectivity, are
shown in Figure 3.1. Neutron total scattering is a well-suited method to determine the positions
and occupancies of Ca at these three sites. The refined structure for the static pristine compared
to 5N,-loaded cases can be seen in Figure 3.1 (b—c), with details of the refinement found in the
Appendix A. The Ca at site II sits 0.213 A above the plane of the 6-member ring (towards the
subunit cavity). This Ca is seen to be drawn further into the subunit cage upon gas loading to
a position 0.257 A above the plane of the 6-member ring. Note that occupancy and atomic dis-

placement parameters can be correlated, so the atomic displacement parameter of Ca was fixed
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t0 0.58 A” for these refinements. Initially refined populations of Ca in the pristine material were
found to be 11.63(94) atoms at site I (out of a possible site multiplicity of 16), 8.00(74) atoms
at site I’ (out of a site multiplicity of 32), and 23.36(58) (out of a site multiplicity of 32) atoms
at site IT which are in agreement with previous investigations. [135, 136] We find that upon ex-
posure to nitrogen, there is a migration of the Ca to the site II (now 23.42(.90)) and site I’ (now
8.54(70)), presumably from the site I (now 11.04(58)). Migration behavior of extra framework
cations was also observed in zeolite Y (faujasite structure) upon N, adsorption [137] as well as
benzene adsorption. [138] The migration of the cations can be attributed to the strong interaction
of the cation’s positive charge and the high electric quadrupole moment of Ny and CO, (4.7 x
107%° C/m? and 13.4 x 1074° C/m?) [139] as well as the interaction with the 7-electron system of
the benzene molecule. This migration likely occurs via Ca passing through the shared faces of the
cages. Grand Canonical Monte Carlo simulations that permitted Ca ion site hopping found 16 Ca
ions/cell at site I and 27 Ca ions/cell at site II. A full occupation of site I should be viewed as the
most idealized cation arrangement of a low silica evacuated zeolite X. [135, 136] The presence of
water or residual monocations will tend to shift Ca from the most energetically favorable site I into
site I’, and this will likely be coupled with a migration of ions from site II to the more favorable
site I’ since the strong electrostatic repulsion at site I’ from site I is no longer present. [136] Thus,
deviations between the Ca occupancies in the idealized simulation and the experimental findings
may be explained by water-uptake of the sample. In fact, it has been hypothesized that all of the
water cannot be removed or prevent-ed from co-adsorbing during experimental uptake measure-
ments, and the presence of water was shown to in general reduce the adsorptive capacity for Ny
and Ar into Ca containing zeolites (although at very low pressures they did observe an increase in
Ar adsorption with water present). [140]

N positions and occupancy

The location and adsorption site of nitrogen was also experimentally determined using neutron
diffraction. The structure was refined without the presence of nitrogen, and then compared to the

data to generate a Fourier difference map, shown in Figure 3.2a. This Fourier difference map
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indicated likely N, positions and occupancy. The clear preference for nitrogen to adsorb at site II
can be seen as an irregular pocket of residual just outside the refined Ca position. The density map,
attained from GCMC simulations for nitrogen at 300 K and 1 atm (Figure 3.2 b), also suggests that
the Ca ions at site II are the primary binding sites for nitrogen under ambient conditions. There is
no N loading at site I and site I’ as those cations are within the sodalite cage and the hexagonal
prism which are well known to be inaccessible to ad-sorbed guest molecules in faujasite zeolites
and were blocked by the pore mapping program in the GCMC simulations. [93,105,117,141-147]
This preference suggests that nitro-gen molecules cannot easily access the hexagonal prism site I,

nor the sodalite site 1.
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Figure 3.2: (a.) The resultant Fourier difference map from fits to the statically dosed zeolite sample with
a model lacking No, (b.) compared to the nitrogen positions found through GCMC simulations. To avoid
any confusion by the projection of the structure, we have shown isolated views of each cage set below the
figures with corresponding residual (from refinements) or simulated nitrogen density (from simulation).

Subsequent Rietveld refinements with a nitrogen atom, representing the center of mass for
the molecule in these locations provided the occupancy for the Ny molecules. Only about 8 N,
molecules could be found based on diffraction data. However, under ambient conditions, GCMC
predicts a loading of 17.9 Ny molecules/unit cell which agrees well with the adsorption isotherm
measurements indicating 15 N, molecules per unit cell. A possible explanation for the discrepancy
between the number of nitrogen molecules found from neutron scattering data analysis compared

to the GCMC calculations and adsorption isotherm measurements could be the diffuse nature of
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the nitrogen density, as the crystallographic chemical occupancies reflect only those No molecules
that appear with some long-range order (on average). However, we cannot rule out the occlusion
of some binding sites from the presence of water.

Nitrogen adsorption in operando

The absorption of Ny molecules modifies the structural framework of the zeolite. As previously
reported, [127] neutron diffraction data indicates that the zeolite structure responds to the presence
of nitrogen by shrinking the unit cell volume upon gas loading. Since these contractions are re-
versible upon desorption, they are often referred to as “lattice breathing”. [114] Shrinking of lattice
parameters has been observed for zeolite Y upon CO, adsorption [137] whereas nitrogen adsorp-
tion led to an expan-sion of the unit cell in the Co(BDP) MOF [148] as well as in the Prussian blue
system Mn3[Co(CN)g]o. [120] GCMC simulations confirm an experimentally observed shift of the
Ca ions at the site II further into the subunit cage upon gas loading based on the interaction with

nitrogen.
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Figure 3.3: (a.) A time-dependent top-down view of the measured scattering, S(Q), binned into 10-second
slices which demonstrates little change in the measured Bragg peaks, but a steady increase in the diffuse
scattering attributed to water. The average S(Q) has been overlaid in black for comparison. (b.) The time-
dependent weighting of the model contributions to the total pattern. (c.) The isolated components which
are weighted by the time-dependent model to recover the data. (d.) The stroboscopically binned “N, data,
compared to the pattern from the GCMC simulated structure. (e.) The recovered residual gas signal in the
data compared to the simulated GCMC nitrogen signature.
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To isolate the signal of adsorbing nitrogen separate from any lattice breathing behavior, it is
necessary to measure the system under steady-state conditions. Under steady state conditions, the
lattice parameters will not change upon adsorption and desorption of different nitrogen isotopes.
In conventional techniques, where a gas filled system is compared to an evacuated condition, the
lattice parameters tend to change, convolving analysis of gas adsorption with changing lattice be-
haviors. We have avoided this complication by performing steady-state isotope varied stroboscopic
neutron diffraction. The data was collected under constant flow and pressure, but with symmet-
rically varying isotope composition of *N; and N5, measured over 12 cycles of switching feed
gas. While the aforementioned neutron density maps describe only the crystallographically ordered
nitrogen site probability densities, the neutron total scattering function, S(Q), (the inverse Fourier
transform of the pair distribution function) describes the scattering from all nitrogen molecules
(e.g., those that are ordered and disordered). However, the diffuse scattering signature requires ad-
ditional counting time to build up the needed signal to noise ratio. Therefore, the attained neutron
total scattering data from the different isotope adsorption and desorption steps (in the steady state)
was re-binned stroboscopically over all cycles to have better signal statistics. To obtain the neutron
isotope-difference total scattering function, a data-informed stroboscopic reduction procedure was
developed. The reduction was complicated by trace amounts of water, which was found to have
infiltrated the sample during data collection, as can be seen in Figure 3.3a. Neutron scattering is
inherently very sensitive to the presence of hydrogen due to its’ large incoherent cross section.
Previous work has shown sensitivity of neutron diffraction to changes in hydration levels as little
as 0.02% [149] via changes in the incoherent scattering signal. This is well below the levels that
would contribute structural features in the analysis of the refined Bragg reflections in the diffrac-
tion data. Models were developed for the dry zeolite structure and the slowly varying incoherent
contributions of water (Figure 3.3b. and Figure 3.3c.), which were then removed from the data.
The integrated intensity of the remaining signal, attributed to the adsorbed nitrogen, was found to
oscillate with a frequency matching the prescribed gas-dosing rates. Notably, the total intensity

of this nitrogen signal is ~0.5% of the total integrated intensity. Further details of this reduction
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procedure can be found in the Appendix A. The stroboscopically reduced neutron total scattering
data is consistent with a heterogeneous distribution of Ny sites localized near site II predicted by
GCMC. Rietveld refinements of this data reveals sensitivity to the isotope of adsorbing nitrogen
through fit occupancy values, which vary by a ratio of 1.45 between the sample exposed to 4N,
compared to N, which compares remarkably well with the ratio of scattering power between
the two isotopes (b*N/b'?N = 1.46). Details of this refinement are found in the Appendix A.
The static nitrogen-loaded data, as well as the differential signal from the data reduction process,
are illustrated in Figure 3.3d. The isotope difference signal, represented as the total scattering
function, is very weak and is therefore not analyzed as its Fourier transform, the pair distribution
function. Instead, the isotope contrasted total scattering is consistent with the equivalent scattering
function calculated from the GCMC simulation (Figure 3.2). GCMC also gives information about
the orientation of the diatomic nitrogen molecule in the structure. The simulations demonstrated
that nitrogen prefers a co-linear binding with the calcium ions along the No molecular axis. To
summarize, it becomes interesting to compare the stroboscopic and isotope-contrasted results to
more traditional gas-adsorption experiments performed under cryogenic conditions. Single-crystal
X-ray diffraction is not able to achieve sufficient residual electron density to study the adsorption
of nitrogen at room temperature in a metal organic framework. [116] In another study, single crys-
tal neutron diffraction also lacked the ability to detect adsorbed hydrogen at RT, likely due to the
molecular dynamics. [150] Here, we show a distribution of nitrogen molecule positions at room
temperature, which provides a structural basis for such types of molecular motion. Adsorption
studies in NaY could locate CO, [137] at 4 K as well as RT with an U,,, for CO4 of 0.145 AQ
and 0.504 A respectively. Due to the large displacement coefficients of NaY and CO, at RT, not
all sodium atoms could be located com-pared to the measurement at 4 K, likely due to atomistic
dynamics. Similarly, the high temperature-factors describing the adsorption of benzene in NaY at
RT is, according to the authors, not very meaningful either. [140] Adsorption studies of nitrogen
in the zeolite SSZ-13 located Ny at 10 K with U;,, values of 0.033 AQ and 0.04 A2 for N1 and N,

respectively. [104] In the study of nitrogen adsorption here, at room temperature, a U;,, value of
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0.067(14) A% s found, in good agreement with increased thermal motion expected at higher tem-
peratures. However, it should be noted that the occupancy and atomic displacement parameters
for N are found to be correlated in refinement, and the value of U, (fixed in final analyses) was
initially determined while holding the occupancy fixed to the value derived from SSITKA analysis
(further details are provided in the Appendix A). Total scattering can also provide crucial infor-
mation to address questions that cannot be answered with traditional crystallographic refinements
alone. For example, the binding angles in CO, adsorbed in NaY were determined to be 149.30
with Rietveld refinement, which leaves the question if the result is physically relevant or is the re-
sult of occupational or dynamical disorder. Total scattering with pair distribution function analysis
could help determine whether the distortion of the CO5 molecule is based on disorder. [116] This
isotope-contrasted stroboscopic neutron scattering method shows promise for the study of these

and other gas/adsorbent interactions.

3.4 Conclusion

Through a combination of isotope-contrasted stroboscopic neutron diffraction, steady-state iso-
tope transient kinetic analysis, gas isotherm measurements, and Grand Canonical Monte Carlo sim-
ulation techniques, the heterogeneous distribution of nitrogen molecules in the faujasite structure
of a zeolite X was determined under ambient operational conditions (300 K, 1 atm). The approach
taken here shows an increased ability to locate the absorption sites (or distributions thereof) of gas
molcules in porous structures, in contrast to traditional crystallography or cryogenic experiments.
These results high-light the predictive power of the relatively simple force fields employed in the
GCMC simulations, which are able to reproduce both macroscopic and microscopic observables.
However, the microscopic, crystal chemical observables required isotope-contrasted stroboscopic
neutron scattering with advanced data treatment to provide a unique experimental structural probe
for gas-solid phase interactions. Unlike in the static case, where the lattice responds to adsorbed ni-
trogen relative to the neat and vacuum condition, the stroboscopic method can look at the structural

correlations involved in adsorption alone under steady-state conditions. The powerful combination
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of neutron total scattering, gas isotherm measurements, and theoretical calculations each indepen-
dently informs and supports the other and builds a consistent, predictive picture. This demonstrates
a fertile framework for future investigation of industrially relevant gas sorption, separation, and

catalysis processes also in operando conditions.

41



Chapter 4
Bond valences and anharmonicity in

vacancy-ordered double perovskite halides *

4.1 Introduction

Lattice dynamics play a crucial role in dictatingmaterials properties, including thermal conduc-
tivity, [151] ionic and electronic transport, [152, 153] optical emission, [154, 155] piezoelectricity
and ferroelectricity, [156, 157] and superconductivity, [158] to name a few. Divergence from a
purely harmonic vibrational landscape further manifests interesting physical behavior. High ampli-
tude anharmonic vibrations in systems such as the tin and lead chalcogenides introduce vibrational
disorder to which their low thermal conductivities and advantageous performance in thermoelec-
tric devices are attributed. [159-161] Anharmonic rattling of guest atoms within host structures has
been exploited as a mechanism to disrupt thermal conductivity in other candidate thermoelectric
materials such as skutterudites. [162] Additionally, ionic conductivity may be enhanced in materi-
als in which the mobile ion occupies a flat and broad anharmonic potential well, [163, 164] while
lower-energy anharmonic vibrational modes can couple to mobile electrons to reduce electron mo-
bilities. [152, 165] Despite the extensive influence of anharmonicity upon functional properties in
crystalline materials, a unified understanding of the structural and bonding motifs necessary to
leverage anharmonic behavior to target particular materials properties is fundamentally lacking.
Halide-based perovskite materials are redefining the paradigm of semiconductor materials design
principles, in that they appear to follow a set of structure—dynamics—property relationships that
are distinct from conventional semiconductors. The perovskite structure adopts the general for-
mula ABX3, and the structure is composed of corner sharing BXg octahedra with A-site cations

in the 12-coordinate void. Anharmonic lattice dynamics in perovskite halides have been shown

3Substantial portions of this chapter have been reproduced with permission from A. E. Maughan, A. A. Paecklar
and J. R. Neilson, J. Mater. Chem. C, 2018, DOI: 10.1039/c8tc03527j. ®2018 The Royal Society of Chemistry
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to arise from rotational instabilities of the soft, deformable BX4 octahedral framework coupled
with motions of the A-site cation. [166—168] These dynamic instabilities yield an anharmonic
double potential well, resulting in an instantaneous local structure characterized by cooperative
octahedral tilting that averages to a higher-symmetry, untilted structure. [166—169] Anharmonicity
has been further correlated with the remarkable photoconversion efficiencies of halide perovskite
materials in photovoltaic devices. [170, 171] Of particular note is the observation of long carrier
excited-state lifetimes, [172—174] which are hypothesized to arise from the formation of polarons
that protect photogenerated charge carriers and prevent recombination. [165, 174—180] The inti-
mate link between anharmonic lattice dynamics and functional properties motivates a fundamental
understanding of the structural and compositional origins of anharmonicity in perovskite halides.

Vacancy-ordered double perovskites present a materials family to study anharmonicity in a
lattice with additional dynamic degrees of freedom. The vacancy-ordered double perovskite struc-
ture is formed by doubling the conventional ABXj3 perovskite unit cell and removing every other
B-site cation to form a face-centered lattice of isolated BXg octahedral units bridged by A-site
cations in the void. Alternatively, the structure can be thought of as an ordered double perovskite
of the formula A;B [J X, with rock salt ordering of BXg and [J X4 octahedra, where [] denotes
a vacancy, as shown in Figure 4.1. Anharmonicity in the vacancy-ordered double perovskites
CsySnlg, (CH3NH3),Snlg, and (CH(NH5)5)-Snlg has been correlated with reduced carrier mobil-
ities. [70] Replacing the inorganic Cs* with the molecular methylammonium (CH3NH;3") and
formamidinium (CH(NHj3),™") cations is accompanied by a significant reduction in electron mo-
bilities due to softer, more anharmonic lattice dynamics that result in stronger electron—phonon
coupling interactions. In order to leverage anharmonicity as a design principle for perovskite
halide semiconductors, a fundamental understanding of the structural and compositional origins of
anharmonic lattice dynamics are required.

In this contribution, we assess the structural origins of anharmonicity in the series of inorganic
vacancy-ordered double perovskites CsoSn;_, Te,Ig. X-ray pair distribution function analysis re-

veals asymmetry in the local coordination environment of Cs,Snlg, which systematically decreases
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Figure 4.1: Unit cell representation of the cubic vacancy-ordered double perovskite structure. A-site cations
are shown in teal, B-site cations are shown in blue, and X-site anions are shown in purple. Panels (a) and
(c) highlight the isolated BXg octahedral units. In (b) and (d), the grey, transparent octahedra represent the
ordered vacancies, denoted as [1Xg.

and vanishes with increasing tellurium content. Neutron total scattering of Cs,Snlg reveals that the
peak asymmetry becomes increasingly pronounced at higher temperatures, indicating that this fea-
ture is likely due to a dynamic effect rather than a static structural distortion. We attribute the
subtle deviations in the local coordination environment of the Cs,Sn;_,Te I series to anharmonic
lattice dynamics brought about by octahedral rotations and Cs™ displacements, consistent with the
concave-down of the atomic displacement parameter vs. temperature curves for cesium and iodine.
This assertion is supported by pseudo-rigid-body Reverse Monte Carlo simulations of Cs,Snlg and
CsyTelg. From the RMC-optimized structures, we find that the Cs—I and I-I;,,., partial pair corre-
lations exhibit a broad, asymmetric distribution, indicating that the anharmonicity arises from these
atom pairs. We further quantified the trend in anharmonicity in the XPDFs of CsySn;_, Te, I using
a modified anharmonic Toda potential and find a strong correlation of the peak asymmetry with the
calculated bond valence of the Cs™ cation, suggesting that the anharmonicity arises due to dissat-
isfied bonding preferences of the Cs* cation within the cuboctahedral void, giving rise to dynamic
octahedral rotations coupled to displacements of the Cs™ ions. The relationship between bonding
and anharmonicity provides a hand-hold for tuning the vibrational properties in vacancy-ordered

double perovskite semiconductors.
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4.2 Methods and materials

Note on author contributions: This chapter was published in Journal of Materials Chemistry
C, 2018, 6 (44), 12095-12104, DOI: 10.1039/c8tc03527j by Annalise E. Maughan, Arnold A.
Paecklar, and James R. Neilson. AEM performed the experiments, wrote the initial draft, and
collected and analyzed data. AAP performed the RMC simulations, wrote the initial draft for the
RMC section of the manuscript, calculated bond valence sums and Toda potentials. JRN conceived
the project, supervised it, and assisted with data analysis. All authors contributed to editing and
finalization of the manuscript.

Synthesis of Cs;Sn;_,Te I

The solid solution series CsoSn;_, Te I was prepared by previously reported methods. [181]

Structural characterization

Synchrotron X-ray scattering data suitable for pair distribution function (PDF) analysis were
collected at beamline 11-ID-B at the Advanced Photon Source, Argonne National Laboratory, us-
ing 86 keV photons and sample-detector distance of 19 cm. Powdered samples of CsoSn;_, Te,Is
were loaded into polyimide capillaries and measured in transmission mode at room temperature
using a PerkinElmer amorphous silicon image plate detector. [182] Experimental PDFs were ex-
tracted using PDFgetX3 [183] and analyzed using PDFgui. [184] The program Fit2D [185] was
used to calibrate the sample to detector distance and detector alignment with data from a CeO,
powder standard. Raw scattering data were integrated into Q-space spectra, applying a mask and
polarization correction during integration. The normalized total scattering pattern, S(Q), was pro-
duced in PDFgetX3 by subtracting polyimide container scattering, utilizing the appropriate sample
composition, and applying standard corrections for the area detector setup. [182] The pair distri-
bution function pattern, G(r), was calculated via Fourier transformation of the total scattering data
utilizing a maximum Q = 30 A. G(r) for each member of the series was extracted for several values
of Q,,.. to infer the influence of Fourier termination ripples in our subsequent analyses. Values
of Qggmp = 0.0538 A and Quroaa = 0.003 A were extracted from refinement of a Ni standard in

PDFgui and used for further refinement. Neutron total scattering measurements of Cs,Snlg were
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performed on the nanoscale ordered materials diffractometer (NOMAD) at the Spallation Neutron
Source, Oak Ridge National Laboratory. For measurements collected at T = 90, 300, and 500 K,
a powdered sample of CsoSnlg was loaded and sealed in a quartz capillary (capillary diameter =
3.0 mm) in the multisample changer. Data were normalized against scattering data collected for
an empty quartz capillary, and background scattering from the quartz capillary was subtracted. For
measurements at T = 10 K, a powdered sample of Cs,Snlg was loaded into a 6 mm vanadium
canister under He atmosphere. Data were normalized against scattering collected for a vanadium
rod, and background scattering from the vanadium can was subtracted. Temperature-dependent
neutron total scattering data were merged to the total scattering structure function using the IDL
codes developed for the NOMAD instrument. [186] The pair distribution function was then pro-
duced through the sine Fourier transform of the total scattering structure function using Q,,., =
31.4 A. For CsySnlg at T = 90, 300, and 500 K, values of Qggmp = 0.0201 A and Quroaa = 0.0196
A were extracted from refinement of a diamond standard in PDFgui. For CsySnlg at T = 10 K,
values of Qggmp =0.01766 A and Qbroaa = 0.01918 A were extracted from refinement of a silicon
standard. Analysis of the nPDFs was performed using PDFgui.

Reverse Monte Carlo simulations

Reverse Monte Carlo (RMC) simulations were performed with 6 x 6 x 6 supercells of the cu-
bic structures of CsoSnlg (a = 69.830 A) and Cs,Telg (a=70.212 A), each containing 7776 atoms.
The simulations were constrained in reciprocal-space by S(Q)-1 data, and in real-space by the
X-ray pair distribution function, G(r). S(Q)-1 was convolved with a Gaussian function with a full-
width-half-maximum of 1/2 the length of the supercell edge prior to use in simulations in order to
capture appropriate peak broadening due to finite size of the box. [187] The experimental data were
simulated using two independent RMC approaches within the fullrmc package. [188] Both RMC
simulations were run for 89 882 085 steps. Traditional free-motion RMC simulations were per-
formed in which all atoms were independently allowed to displace randomly within the Cartesian
reference. The Sn—I/Te-I bond lengths were constrained between 2.65-3.05 Aand the I-Sn-TI and

I-Te—I bond angles were constrained to 80-100 ° and 170-180°. The simulations were optimized
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against the experimental data from 0.9-17.45 A for G(r) and 0.5-25 Afor S(Q)-1. Pseudo-rigid-
body RMC simulations were also implemented, in which the [Snls] and [Telg] octahedra were
randomly rotated and tilted as rigid units, prior to and after their free relaxation. Similarly to the
free-motion RMC simulations, the Sn—I/Te—I bond lengths were constrained between 2.65-3.05 A
and the I-Sn—I and I-Te—I bond angles were constrained to 80—100° and 170-180°. After initiating
the refinements with only the intraoctahedron bonds, the refinement range was increased step-wise
to include longer-range pair correlations while all atoms were permitted to displace in the Carte-
sian reference. After the fitting range reached r = 17.45 A and after a finite number of atomic
displacements, the octahedra were constrained as rigid bodies (Sn/Te—I bond lengths and angles
were frozen) and allowed to tilt about the center of the octahedra around all three Euler angles
up to a maximum tilt angle of 10°. The entire fitting process was reiterated twice from the start
to achieve the final configuration. VESTA was used to visualize and render all crystal structures

presented in this publication. [189]

4.3 Results

All members of the CsySn;_, Te, I series crystallize in the cubic vacancy-ordered double per-
ovskite structure shown in Figure 4.1. [181] The Sn(IV) and Te(IV) ions randomly occupy the
B-site coordinated to six I~ ions at the X-site, and the Cs™ cations occupy the cuboctahedral A-site
void. The local coordination environment probed by XPDF analysis is consistent with solid solu-
tion behavior between Cs,Snlg and CsyTelg. In Figure 4.2a, the X-ray pair distribution function
(XPDF) of each member of the Cs,Sn;_, Te I series are modeled with the cubic structural model
with appropriate fractional occupancies of tin and tellurium. Over medium and long length scales
(r > 6 A), the XPDFs are fairly well described by the cubic structural model, consistent with each
member of the series adopting the cubic vacancy-ordered double perovskite structure; however, the
fit quality is worse closer to Cs,Snlg (Figure 4.2b). As shown in Fig. 4.3a, tellurium substitution
is accommodated by a linear increase in the lattice parameter, consistent with Vegard’s law. Fur-

ther, the larger tellurium ion results in an increase in the average B—I bond length (Figure 4.3b) at
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the expense of the interoctahedral I-1 contact distances along the (110) directions (Fig. 3c). This
also results in a slight increase in the average Cs—I bond lengths across the series (Figure 4.3d).
The structural parameters extracted from the XPDF fits in Figure 4.3 are plotted with the previ-
ously reported parameters from analysis of high-resolution synchrotron powder X-ray diffraction
data. [181] Although all members of the series appear to adopt nearly identical crystalline struc-
tures by both SXRD and XPDF, the local coordination environment over short length scales reveals
subtle differences across the series. The first nearest-neighbor pair correlation at r &~ 2.85-2.9 A
due to Sn-I/Te—I bonds moves to higher r due to an increase in the average B—I bond length with
substitution of the larger tellurium ion. Despite mixed Sn—I and Te—I bond lengths, this peak re-
mains symmetric across the series and is well-described by the cubic structural model, consistent
with regular, undistorted BX¢ octahedral units. In contrast, deviations in the next-nearest-neighbor
(nnn) pair correlation at r ~ 4.1 A, due to I-1 and Cs-I pairs, are observed across the series, man-
ifesting as a slight asymmetry of the high-r side of the peak present in the difference curves in
Figure 4.2. The apparent asymmetry is most pronounced in CsySnlg and gradually decreases with
increasing tellurium content, consistent with the nearly monotonic decrease in R, with x shown
in Figure 4.2b. Our previous work found that the XPDFs of the intermediate members could be
obtained by a linear combination of the XPDFs of the Cs,Snlg and CsyTelg end members, [181]
indicating that this apparent asymmetry evolves smoothly as a function of tellurium content. As
the Blg octahedra remain relatively undistorted and all members of the solid solution adopt nearly
identical crystal structures by X-ray diffraction, we propose that this asymmetry may be due to
anharmonic lattice dynamics rather than a static structural distortion.

Neutron total scattering experiments of Cs,Snlg reveal a temperature-dependence of the asym-
metry observed in the local coordination environment. Neutron diffraction data of CsySnlg col-
lected from the 31° bank (bank 2) of NOMAD at T = 10, 90, 300, and 500 K reveal that Cs,Snlg
adopts the cubic vacancy-ordered double perovskite structure at all measured temperatures, as
shown in the Rietveld refinements in Figure 4.4. The neutron pair distribution functions (nPDF)

extracted from total scattering data are shown in Figure 4.5. At all temperatures the nPDFs were
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Figure 4.2: (a) X-ray pair distribution functions of the solid solution CsaSn; . Te,Ig modeled with the cubic
vacancy-ordered double perovskite structure with isotropic, harmonic atomic displacement parameters. The
data are shown as black circles, the fits are colored lines, and the difference is shown in grey. The x-axis
is split to highlight the low-r pair correlations, particularly the asymmetry of the next-nearest neighbor pair
correlation at r ~ 4.1 A. The Ry for each fit is shown in (b).

modeled with the cubic vacancy-ordered double perovskite structure of Cs,Snlg, consistent with
previous reports [181,190] and with the corresponding diffraction data that indicate Cs,Snlg adopts
the cubic structure at all temperatures (Figure 4.4). At T = 10 K, the pair correlations are sharp,
narrow, and symmetric, consistent with low-amplitude harmonic thermal vibrations at this temper-
ature. Increasing temperature to T =90 K and T = 300 K is accompanied by broadening of all pair
correlations. The nnn pair correlation becomes visibly asymmetric with increasing temperature,
with a slight tailing on the high-r side of the peak revealed in the difference curves. At T = 500
K, the peaks in the nPDF are significantly broadened and dampened, and we observe significant
asymmetry of the nnn pair correlation that is not captured by the cubic structural model. The
nPDFs for Cs2Snl6 at T = 10, 90, and T = 300 K are taken from our previous study and re-fit here
for comparison with the T = 500 K data. [190]

Temperature-dependent peak asymmetries have been observed in the XPDF of the related per-
ovskite CsSnBrs. [67,69] At T = 300 K, the nearest-neighbor pair correlation due to Sn—Br bonds
is symmetric, but becomes noticeably asymmetric on the high-r side of the peak at higher tem-
peratures. The emergence of this asymmetry with temperature, termed “emphanisis”, has been
attributed to dynamic off-centering of the Sn?>* ion within the SnBrg octahedra, which arises from

stereochemically-active 5s* electrons. While the formal [K7r]4d'°5s° electron configuration of
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Figure 4.3: Structural parameters for the CsoSn;_,Te,Ig solid solution from refinement of the cubic struc-
tural models against high-resolution synchrotron powder X-ray diffraction (SXRD) data (filled symbols)
and X-ray pair distribution function analysis (open symbols). In (a), the lattice parameters for each member
of the solid solution follow Vegard’s law. In (b), the average B—I bond lengths increase linearly with substi-
tution of the larger tellurium ion at the expense of the interoctahedral I-I contact distance along the (110)
direction shown in (c). In (d), the average Cs—I bond length increases. The dashed lines represent linear
regressions performed for each data set. Error bars are shown for the parameters extracted from the XPDF
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Figure 4.4: Rietveld refinements of temperature-dependent neutron diffraction of CsaSnlg at T = 10, 90,
300, and T = 500 K from the 31° bank (bank 2) of the NOMAD instrument at the Spallation Neutron Source,
Oak Ridge National Laboratory. The data are modeled with the cubic vacancy-ordered double perovskite
structure at all temperatures. Black circles are the data, the orange line is the fit, the blue line is the difference,
and the grey tickmarks represent positions of anticipated reflections for the Fm3m vacancy-ordered double
perovskite structure. The data at T = 10, 90, and T = 300 K have been previously reported.[243]

Sn?* in Cs,Snlg precludes the presence of stereochemically-driven structural distortions, the tem-
perature dependence of the peak asymmetry suggests that this effect arises from high-amplitude
anharmonic lattice vibrations rather than a static structural distortion. To gain insight into the
atomistic contributions to the anharmonicity and peak asymmetry in CsoSnlg, we extracted val-
ues for the atomic displacement parameters (ADPs) from the Rietveld refinements of the neutron
diffraction data shown in Figure 4.4.

The 1odine ADPs were refined anisotropically; U;; corresponds to displacements along the
Sn—I bond, while Uyy = Usz corresponds to displacements perpendicular to the Sn—I bond. As
shown in Figure 4.6, the ADPs for Cs and I (U,, = Uss) increase monotonically (though not
linearly) with increasing temperature, while the ADPs for Sn and I (U;;) increase only slightly

from T = 10 K to T = 500 K. In systems with harmonic interactions, the relationship between
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the atomic displacement parameter (U,,) and temperature is well-described by a Debye—Waller
model. [191, 192] In Cs,Snlg, however, the ADPs for Cs and I Uy = Uss follow a concave-down
shape with increasing temperature, a trend which has previously been attributed to anharmonic dy-
namics in the VAl 5 system due to rattling of the Al atoms within the structural voids. [192] Simi-
larly, neutron diffraction studies of CsPbX3 halide perovskites reveal anomalously large atomic dis-
placement parameters of the Cs and X ions that diverge from the harmonic Debye—Waller model,
indicating the presence of anharmonic effects due to coupled displacements of the Cs™ and X~
ions. [193] The similarities observed between the VAl;os and CsPbX3 systems and CssSnlg sug-
gests that the trends in ADP vs. temperature arises from anharmonic dynamics of the Cs and I
atoms in CsySnlg. Furthermore, the observation that iodine displacements perpendicular to the
Sn—I bond (Uy; = Ussz) follow the same trend as the atomic displacement parameter for cesium
and are significantly larger than iodine displacements along the Sn—I bond (U;;) may suggest the
presence of [Snlg] octahedral rotations coupled to Cs™ displacements as the source of anharmonic-
ity. Prior nuclear quadrupole resonance studies of the vacancy-ordered double perovskite family
support this assertion, as dynamics in these materials originate predominantly from rotations of the
rigid octahedral units. [194-197]

Reverse Monte Carlo (RMC) simulations of CsySnlg and Cs,Telg were performed to provide
atomistic insights into the asymmetry observed in the XPDFs. As the dominant lattice dynamics
in vacancy-ordered double perovskites arise from octahedral rotations rather than deformations
of the octahedra, [194—-197] we elected to use a pseudo-rigid-body RMC approach, in which the
isolated [Snlg] and [Telg] octahedra were allowed to tilt as rigid bodies, to encourage chemically
reasonable descriptions of the anharmonicity. The constraint of rigid-bodies has been shown to
improve RMC simulation results, especially in cases with dynamics such as rigid-unit modes. [198]
From this approach, we find that the XPDFs are best described by structures with random rotations
of the Snlg and Telg octahedra and displacements of the Cs™ ions away from their crystallographic
positions, as shown in the optimized supercells in Figure 4.7 and in the fits to the XPDF shown

in Figure 4.8a and b. We have also performed traditional free-motion RMC simulations to ensure
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Figure 4.5: Temperature-dependent neutron pair distribution function analysis of CsaSnlg at T = 10, 90,
300, and T = 500 K. The data are modeled with the cubic vacancy-ordered double perovskite structure at all
temperatures. Black circles are the data, orange lines are the fits, and grey lines are the difference curves.
The x-axis is split to highlight the low-r pair correlations and the increasing asymmetry of the next-nearest-
neighbor pair correlation at r ~ 4 A with increasing temperature. The nPDFs at T = 10, 90, and T = 300 K
have been previously reported and are re-fit here for comparison with the T = 500 K data.[243]

53



C\IA O 08 [ u CS lJiso
S:: - e o Sn Uiso T T T T
% OO I U11 I
5 0061+ ¢ U=l P
5 0.04f |
&
(_(é I y STTTTTIPTS %
8 0.02 e 2 ]
e i . -
Q ¢
g *
-— 0 | L | N 1 N L X | ) |
© 0 100 200 300 400 500

temperature (K)

Figure 4.6: Atomic displacement parameters (ADPs) extracted from the temperature-dependent neutron
diffraction data for Cs2Snl6 using Rietveld analysis. Isotropic atomic displacement parameters were refined
for cesium and tin. The ADPs for iodine were refined anisotropically, such that Uj; corresponds to iodine
displacements along the Sn—I bond and U;; = Uys corresponds to displacements perpendicular to the Sn-I
bond. The dotted lines are a guide to the eye to highlight the trends in ADP for each atom.

that the outcome is consistent with our pseudo-rigid-body RMC approach. These calculations
are independently consistent with those of our pseudo-rigid-body approach, though the quality of
fit is not as good for the same number of moves. These results are shown in the Appendix B.
To determine the atom pair contributions to the asymmetry observed in the next-nearest-neighbor
pair correlation at r ~ 4 A, the partial radial distribution functions (RDF) for the intraoctahedral
I-I (0-L;;,47q), interoctahedral I-I (I-L;,,,-), and Cs—I pairs were extracted from the RMC-optimized
supercells. As shown in Figure 4.9, the partial RDFs are relatively consistent between both Cs,Snlg
and Cs,Telg and show only subtle variations between the two compounds. In both compounds, the
I-1;,,4r« RDFs for CsoSnlg and CsyTelg are fairly welldescribed by a Gaussian function. In contrast,
both the I-1;,..,, and Cs-I partials exhibit an asymmetric peak shape evidenced by the deviations
from a Gaussian function shown in Figure 4.9, indicating that the overall peak asymmetry arises
due to these atom pairs. It is important to note that the I-1;,;., and Cs—I pairs in both Cs,Snlg
and Cs,Telg exhibit slightly asymmetric peak shapes, and therefore we cannot unambiguously

assign one compound as being more anharmonic than the other from these simulations. Instead,
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Figure 4.7: Supercell structures of CsaSnlg and CsyTelg optimized from pseudo-rigid-body RMC simula-
tions.

Figure 4.8: Calculated G(r) and S(Q)-1 from pseudo-rigid-body RMC-optimized supercells of CsySnlg and
CsaTelg compared against the experimental G(r) and S(Q)-1 from X-ray total scattering data. Experimental
data are shown as open circles, the fits from the RMC optimizations are shown as orange lines, and the
difference curves are shown as blue lines. The x-axes in (a) and (b) are split to highlight the low-r pair
correlations.

these simulations are consistent with the notion that anharmonicity in these compounds arises from
octahedral rotations coupled with displacements of the Cs* cations.
In order to quantify the trends in anharmonicity across the intermediate members of the
CsoSn;_, Te, I series, the asymmetry of the nnn pair correlation was modeled with a modi-
fied Toda potential, which has been previously used to describe anharmonic interactions between
nearest-neighbors in a linear atomic chain. [199,200] This modified Toda potential, U(r), takes the

form

U(r) = %e‘ﬁ(’”_b) + %(T —b) — %

where m is the elastic constant, b is the degree of anharmonicity, and b is the interatomic
distance. Harmonic interactions are described in the limit as b — 0. The potential, U(r), was

approximated as the potential of mean force and then transformed to the reduced pair distribution
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radial distribution function (arb. units)

Figure 4.9: Partial radial distribution functions for I-I;s,q (a,b), I-Linter (c,d), and Cs—I (e.f) pair correla-
tions in CsoSnlg and CsoTelg obtained from pseudo-rigid-body Reverse Monte Carlo simulations (circles).
The distributions are fit with Gaussian functions, shown by the orange line. The difference curves are shown
in blue and reveal asymmetries in the I-1;,,4, and Cs—I RDFs.
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Figure 4.10: (a) Toda potential fits to next-nearest-neighbor pair correlation in the X-ray pair distribution
function analysis for CsaoSn;_,Te,lg. The data are shown as black circles and the fit is the orange line.
The PDF data are fit with one Toda potential peak, and are offset vertically for comparison and clarity. In
(b) and (c), the interatomic distance (b) and degree of anharmonicity () are plotted as a function of x in
CsoSn; . Te, I, respectively. The colored tick marks in (a) represent the contact distances for Cs—I (teal),
intraoctahedral I-I (pink), and interoctahedral I-I (purple) atom pairs taken from the refinements of the cubic
model against the XPDF data from Figure 4.2. Dashed lines in (b) and (c) represent linear regressions.

function, G(r), via G(r) = [(kgTe~V"))/r]—4rm py, where py is the average number density, N/V,
of each member of the series. The transformed Toda potential was fit to the asymmetric pair cor-
relation at approximately 4.1 Ain the XPDF for each member of the Cs,Sn;_,Te, I series (Figure
4.10a) using a non-linear least squares optimizer implemented in Python. In Figure 4.10b and c,
the fitted parameters for the interatomic distance (b) and the degree of anharmonicity (3) are plot-
ted as a function of x in CsySn;_,Te,Is. From this analysis, we find that the interatomic distance
(b) increases linearly with increasing tellurium content, consistent with the increase in Cs—I bond
length extracted from fits to the XPDF data shown in Figure 4.3d. Of particular significance is
the trend in the degree of anharmonicity (Figure 4.10b), which decreases linearly with increasing
tellurium content, consistent with qualitative inspection of the fits to the XPDFs shown in Figure
4.2. We note that the Toda potential is conventionally used to describe anharmonic interactions
in a linear atomic chain, and thus our use of the Toda potential to describe the more complex in-
teractions in this system serves as a comparative analysis of the trends in anharmonicity between

members of the Cs,Sn;_, Te, I series.
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4.4 Discussion

Previous studies of anharmonicity in perovskite halides provide further insight into the atom-
istic origins of anharmonicity in the inorganic vacancy-ordered double perovskites presented
here. In our previous study of the vacancy-ordered double perovskites (CH3NHj3),Snlg and
(CH(NH,)2)2Snlg, we observed significant tailing of the A—I/I-I pair correlation of the XPDFs of
the hybrid compounds. In the hybrid compounds, the extensive tailing observed in the XPDF was
attributed to coupled organic—inorganic dynamics via hydrogen bonding interactions resulting in a
distinctly anharmonic potential. [70] However, the lack of hydrogen bonding interactions available
in CsoSnlg, yet asymmetry in he local coordination environment, indicates that the anharmonic-
ity originates from a different source. We propose that the subtle deviations in the Cs—I/I-I pair
correlations of the CsoSn;_, Te, I series arise from anharmonic lattice dynamics originating from
[BIg] octahedral rotations coupled with displacements of the Cs™ ions. Octahedral rotations in
vacancyordered double perovskites have been studied at length by nuclear quadrupole resonance,
which reveals that these modes are the dominant source of dynamics in these materials. [194—197]
Furthermore, prior studies of inorganic perovskite halides CsPbX3 and CsSnX3 have shown that
anharmonic lattice dynamics originate from coopetive tilting of the BXg octahedral units coupled
with small displacements of the A-site cations within the cuboctahedral void. [167,168,201]

In the present study, the presence of octahedral rotations coupled with Cs™ displacements is
supported by analysis of the neutron total scattering experiments of CsoSnlg; the concave-down
shape of the curves for the Cs atoms and the I Uy, = Uss atomic displacement parameters with
increasing temperature follow a similar trend observed for localized vibrations associated with an
ion rattling in a cage.45 Notably, the iodine atomic displacement parameter parallel to the Sn—I
bond (Uy;) remains relatively constant while the perpendicular displacements (Uyy = Us3) increase
significantly with temperature. This observation indicates that iodine displacements perpendicular
to the Sn—I bond dominate over those parallel to the Sn—I bond, lending further support to the notion

of octahedral tilting as the primary source of dynamics and anharmonicity in Cs,Snlg (Table 1).
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Figure 4.11: The degree of anharmonicity from the Toda potential fits plotted as a function of the Cs™ bond
valence sum.

Table 4.1: Bond valence sum analysis for Cs—I bonds in CsaSn;_,Te,lg. Cs-I bond lengths were taken
from the XPDF and SXRD analyses. Values of B = 0.609 and Rg = 2.6926 A were used in calculation of
the bond valence sum.

XPDF SXRD

X Cs-Ilength (A) | BVS | Cs-Ilength (A) | BVS
0 4.115 1.161 4.118 1.156
0.1 4117 1.158 4.119 1.154
0.25 4.119 1.154 4.122 1.149
0.5 4.124 1.145 4.126 1.140
0.75 4.130 1.134 4.132 1.130
0.9 4.133 1.127 4.134 1.125
1 4.137 1.119 4.137 1.119

Anharmonicity in the vacancy-ordered double perovskites Cs,Sn;_,Te, I can be correlated
with the bonding preferences of the cesium cation within the cuboctahedral void. In Figure 4.11,
the degree of anharmonicity extracted from the Toda potential fits are plotted as a function of
the Cs™ bond valence sum. [202] For x = 1 (Cs,Telg), the degree of anharmonicity is the lowest
and corresponds with a bond valence sum of ~ 1.12, suggesting that the Cs™ is most optimally
bonded in Cs,Telg. As tellurium is replaced with tin, the bond valence sum of Cs™ increases con-
comitantly with an increase in the degree of anharmonicity, reaching a maximum bond valence

of ~ 1.16 for Cs,Snlg. This analysis suggests that the anharmonicity is minimized when the size
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of the cuboctahedral void satisfies the bonding preferences of the Cs* cation. Conversely, in-
creasingly anharmonic lattice dynamics are therefore expected as the bond valence of the Cs™ ion
diverges from ideal coordination. The bond valence sum has previously been applied to other per-
ovskite halide systems to predict the presence of dynamic and cooperative octahedral tilting distor-
tions. [190,201,203,204] Bond valence sum calculations of the vacancy-ordered double perovskite
Rb,Snl; indicate that the coordination to the smaller Rb™ ion is optimized by symmetry-lowering
cooperative octahedral tilting distortions, [190] as is also observed in the Cs;_,Rb,PbX3 (X =
Cl—, Br) series. [204] In the Cs,Sn;_, Te, I series, the Cs™ coordination is nearly optimal in the
cubic structural models, consistent with the observation that neither Cs,Snlg nor Cs,Telg undergo
structural phase transitions down to T = 10 K. [181] Rather, the slight deviations in bond valence
sum in this system manifest as a small degree of anharmonicity. Therefore, anharmonic effects
in vacancy-ordered double perovskites may be expected when the bond valence sum of the A-site
cation deviates slightly from ideal, while more significant structural changes due to cooperative
octahedral tilting may be expected if the A-site is significantly underbonded. As the properties of
halide perovskites are intimately linked to (anharmonic) lattice dynamics, the bond valence sum
provides a simple tool for predicting the presence and extent of anharmonic behavior and may
further be leveraged as a design principle for materials with desired structure—dynamic—property

relationships.

4.5 Conclusion

The series of vacancy-ordered double perovskites CsoSn;_,Te,Ig presents an interesting test
case for anharmonic lattice dynamics. While each member of the series adopts the cubic vacancy-
ordered double perovskite structure by high-resolution powder X-ray diffraction, the local coordi-
nation environment probed by X-ray pair distribution function analysis reveals subtle deviations.
These deviations manifest as an emergent asymmetry of the next-nearest-neighbor pair correlation
due to Cs—I and I-I atom pairs in Cs2Snl6, which gradually disappears with increasing telluri-

umcontent. Through analysis of temperature dependent neutron pair distribution function analysis
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for CsySnlg, we propose that this asymmetry arises due to anharmonic lattice dynamics associated
with coupled motions between the isolated Snlg octahedra and the Cs+ ions within the cubocta-
hedral void, supported by RMC simulations and the trends in atomic displacement parameters for
the Cs and I atoms extracted from neutron diffraction data. Using bond valence sum analysis, we
find that the valence for Cs™ is optimized when tellurium occupies the B-site rather than tin. This
observation is consistent with the trends in anharmonicity extracted from Toda potential fits, and
suggests that the asymmetry observed in the Cs—I/I-I pair correlation in the XPDFs of Sn-rich sam-
ples originates from dissatisfied bonding preferences of the Cs™ cation with the surrounding iodide
cage. We further demonstrate that bond valence sum analysis can be correlated with anharmonic
behavior in halide perovskites and used as a simple tool for predicting anharmonicity in perovskite

halide systems.
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Chapter 5
Finding order within the disorder of

methylammonium tin iodide

5.1 Introduction

The proliferation of photovoltaics as a source of renewable energy has been slow due to this
technology’s relatively high construction cost compared to other renewable energy sources. [205]
However, the entire sector has seen an overhaul with the introduction of low-cost, solution-
processed perovskite materials with conversion efficiencies already reaching 24.2% which out-
perform that of other conventional photovoltaic materials such as Cu(In,Ga)(Se,S),, CdTe, and
Si [62,206] and even leads to an absorption coefficient higher than GaAs. [207] The unique prop-
erties of perovskite materials as photovoltaic absorbers and their versatility has been recently high-
lighted in a collection of reviews. [208] The most studied material in this family of 3D hybrid
organic-inorganic perovskite (HOIP) is methylammonium (further denoted to as MA) lead io-
dide. [209] Due to the high toxicity of lead other alternatives, such as the germanium or the tin
analog, have been the focus of attention. [206,210] Large scale electronic property calculations
of stable AMXj3 perovskites have shown that the optoelectronic properties of tin compounds are
surpassing the ones of other non-toxic B-site cations. [211] In this work, we particularly focus on
the vacancy-ordered double perovskite methylammonium tin iodide (MA),Snlg. The archetypal
structural building block of a vacancy-ordered double perovskite are the octahedral building block
units composed of B-site cations (Sn*t), residing in the center of the octahedron, surrounded by
six X-site anions (I7). These octahedra are isolated from each other with A-site cations (MA™)
between them (Figure 5.1).

These unique structural features of non-connected octahedra, generate a very soft lattice with an

increased level of degrees of freedom which is one noticeable difference to conventional materials.
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Figure 5.1: The schematic crystal structure of the vacancy-ordered double perovskite (CH3NH3)2Snlg with
an arbitrary depicted orientation of the CH3NH3™ molecules.

Lattice softness in hybrid organic-inorganic perovskites has already shown to lead to improved
physical properties such as polaron formation enabling extended lifetimes of excited states [212]
or reduced carrier mobilities [178]. Despite the lack of octahedral connectivity in (MA),;Snlg,
it is an n-type semiconductor with an optical band gap of about 1.35 eV and Hellwarth electron
mobility of 52 cm?/Vs. [70]

The valence and conduction band edges of halide perovskites are mainly determined by the in-
organic octahedral framework, composed of the metal and halogen atoms, governing the light ab-
sorption and charge transport processes. [181,213-217] For example, substitution of X-site anions
has shown to change band dispersion [217,218], while B-site substitution influences the magni-
tude of the band gap. [181,219] Furthermore, it was shown that the band gaps of the A,Snlg series
are mainly determined by the dispersion of the conduction band influenced by the iodine sublat-
tice. [70] While the organic A-site cation does not directly affect the electronic structure, it can indi-
rectly influence the electronic band structure by changing the spacing between the octahedra which

further changes the inorganic lattice and the unit cell size. [181,219,220] This can also lead to co-
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operative tilting of the octahedra based on the size of A-site cations. [217,221,222] Furthermore,
A-site cations such as NH, ™ can strongly interact through hydrogen-bonding with the X-sites in-
ducing distortions of the octahedral network influencing, for example, phase-transitions [223,224]
or low-temperature structural behavior [225].

Hence, it is important to understand the interplay between the organic cations and the inorganic
orctahedral framework. Due to the lack of octahedra connectivity, the vacancy-ordered double per-
ovskites are ideal for studying the coupling between the organic and inorganic lattice. A previous
study done in the Neilson group showed that organic A-site cations strongly influence physical
properties by inducing octahedral tilting. [70] There, the relationship between the experimentally
measured carrier mobility, the calculated electron band effective mass and the carrier scattering
mechanisms could not be explained by the standard mathematical models for carrier scattering
mechanisms [226-228]. This suggested that there might be further contributions to the charge
transport in the A,Snlg series. The anomaly was explained with structural distortions arising from
anharmonic atomic displacements of the I-I distances between octahedra in the local coordination
range of 3.5 to 5 A. The local structure of the iodine sublattice could not be modeled using the
cubic structure with harmonic atomic displacements, suggesting a strong anharmonic influence,
which also manifest in the all-inorganic vacancy-ordered double perovskites [229].

This anharmonicity of dynamic octahedral rotations appears in other vacancy-ordered double
perovskite compounds [195, 196], as determined by nuclear quadrupole resonance spectroscopy.
Further studies, using nuclear quadrupole resonance and proton magnetic resonance spectroscopy,
showed simultaneous reorientation of octahedra and methylammonium cations. [230-232] In our
previous PDF study, we showed that the degree of anharmonicity increases in the presence of
dynamic organic molecules. [70] It was therefore assumed that the coupling between the organic
and inorganic units has a big influence on the anharmonicity and thus electronic properties.

To further understand the nature of this coupling, the orientations of the MA molecules need
to be determined, and described with respect to the inorganic lattice. Neutron scattering was used

to investing MA orientations within CH3ND3PbBr; at 11 K [233] and on CH3NH3Pbl; at 180
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K [234]. Their results found preferred orientations and showed that the NH,* group can form
hydrogen bonds to the halogen atoms. However, it was argued that even at low temperatures
the refinements of pure hybrid organic perovskites are difficult based on remaining lattice disor-
der. [235] Once heated above the temperature of 180 K, Weller et al. found that the MA cation
becomes orientationally disordered along the three unit cell directions with weak NH-I interac-
tions. This is similar to what was seen at higher temperatures for CH3NH3PbX3 (X =1, Br and Cl)
using single crystal X-ray diffraction as well as single crystal Laue neutron diffraction confirming
the disordered nature of the MA. [236] The tumbling motion of the MA molecules was also exper-
imentally observed by other techniques such as millimeter wave spectroscopy, NMR spectroscopy,
and dielectric measurements. [237-240] For example, 'H and *C NMR spectroscopy indicated
that methylammonium does not have a fixed position. However, the unusually long carbon relax-
ation times suggest that only the NH, ™ group of the MA interacts with the inorganic framework.
Similar to these previous studies, due to dynamic disorder of the MA cation, unique positions could
not be identified with XRD by Maughan et al. [70]. Therefore, at elevated temperatures the general
assumption is that the positions of the organic cations are dynamically averaged in 3D HOIPs, but
still interacting with the inorganic sublattice.

Theory-based techniques can provide further insight into the correlated nature of octahedral
tilting and molecular reorientations, but they are not easy. Since the materials proposed appli-
cations of semiconducting nature, quantum mechanical descriptions of the systems are desired
using approches such as Density Functional Theory (DFT) calculations. This was used to examine
hydrogen-bonding and its influence on octahedral rotations in CH3NH3Pbl;. [241] Their structure
optimization yielded comparable results to the experimental data acquired by Weller er al. at 100
K. [234] The theoretical studies for C-N bonds in the MA cations indicated preferred alignment
about the [101] and [101] directions with a head-to-tail configuration with the most stable configu-
ration being staggered. Their calculations also showed that a non-titled octahedra structure leads to
reduced hydrogen-bonding indicating that the octahedra tilting is highly correlated with hydrogen-

bonding interactions. While these quantum mechanical calculations deliver a precise picture, they
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are computationally very expensive. On the other side, molecular dynamics simulations need long
simulation times due to the rotational degrees of freedom of the organics and the anisotropy in
the dynamics of the halide anions. A well-established compromise in the field, between these two
aforementioned techniques, are Ab Initio Molecular Dynamics (AIMD) simulations. AIMD was
used to highlight the interplay of the inorganic and organic components. This technique showed
that the orientations of the MA molecules in MAPbI; are not completely random and the order is
mediated by cage stress and strain effects in addition to deformation and rotations of the octahe-
dra. [242] In the cubic phase, which is the high-temperature phase, the octahedra are almost not
rotated and all molecules are aligned in a ferro-electric ordering pattern. However, at that tem-
perature it is dynamically unstable leading to rotating MA cations. Overall, it was observed that
the nitrogen side of the molecule is closest to the X-side anions I~. These results presented by
Lahnsteiner et al. are in good agreement with previous AIMD and classical MD calculation for
300 K. [243,244] The results from an AIMD simulation at 400 K for MA orientations in MAPbI;
showed a mixing between the directions toward a cubic cell facet, a halogen atom, and the center
of an octahedron, with preference for the halogen atoms and less preference for the center of the
octahedron. [245]

While computer simulations are not always straightforward when it comes to disorder
[243,246,247], introducing additional tools, such as the concept of pseudo spins, [248] has fur-
ther advanced the possibility for rigorous group symmetry analysis in the hybrid organic-inorganic
CH3NH;3Pbl; perovskites. This approach has already supported analyzing orientations of the or-
ganic A-site cations MA and FA in AIMD siulations. [245,249]

Theoretical studies are good as initial trials, but there is the need to confirm these results exper-
imentally. However, direct measurement of these interactions is difficult and there are not many
analytical techniques capable of determining the interplay between the organic and the inorganic
species. One analytical technique capable of directly measuring coupling between organic and
inorganic lattice is two-dimensional terahertz-infrared-visible spectroscopy. [250] Grechko et al.

were able to correlate the high-frequency N-H stretch modes of the methylammonium and the low-
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frequency Pb-I phonon modes of the inorganic lattice in MAPbI3 with this technique. [251] While
this method can identify coupling at room temperature, it is challenging to extract geometrical data
allowing identification of the alignment of the MA in correlation to the inorganic octahedral units.

In this current study we use room temperature total scattering data as an input for large-box
structural modeling to get a detailed view into the structure of the hybrid organic-inorganic halide
perovkiste (MA),Snlg. The combination of X-ray total scattering and neutron total scattering pro-
vides sensitivity to the light and heavy elements within the structure and to evaluate the interplay of
each methylammonium cation with its nearest neighbor [Snlg] octahedron. We were able to show
that the MA cations are mainly preferentially orientated along the (111) and the (110) directions.
Additionally, we could confirm previously published results indicating that the [Snls] octahedra

are randomly tilted up to 11° in any direction. [70]

5.2 Experimental Methods and Materials

Note on author contributions: This chapter will be submitted for publication in the journal
Physical Review Materials by Arnold A. Paecklar, Annalise E. Maughan, Daniel Olds, Katharine
Page, and James R. Neilson. AAP designed and performed the RMC modeling approach, wrote the
code for analyzing the results, and wrote the initial draft. AEM was responsible for synthesizing
the material and for collecting the neutron and X-ray data. DO wrote the initial code for subtracting
of the hydrogen background and rebinning the neutron data. KP helped with collecting the total
scattering data. JRN supervised the project, helped with data analysis and the neutron experiment.

All authors are contributing to editing and finalization of the manuscript.

5.2.1 Synthesis of Material

The synthesis of the (MA),Snlg was reported previously [70], but is briefly outlined again here:
Preparation of Methylamine Hydroiodide (CH3NH, - HI): Methylamine hydrochloride (0.5
g) was added to 2.0 mL of hydriodic acid (57%, aqueous, 1.5% H3PO,) and 3.0 mL of absolute

ethanol and stirred until dissolved. Afterwards, the solution was cooled in an ice bath while stir-
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ring. The product, a sparkly white precipitate, was attained by adding diethyl ether to the solution.
The precipitate was washed thoroughly with diethyl ether until no yellow color was visible and sep-
arated by centrifugation. After drying the product overnight, energy dispersive X-ray spectroscopy
was used to measure the impurities by determining the molar ratio of 0.04 for [Cl]:[I].
Preparation of Tin(IV) Iodide (Snl,): Tin metal (0.3108 g) and iodine (1.3347 g) were re-
acted in an evacuated, fused silica ampule (1.3 kPa). The ampule was heated in a furnace at 200 °C
for 60 h until the purple vapor had subsided. Then the sample was quenched in air to yield bright

orange-yellow Snl, powder.

5.2.2 Characterization

Energy-Dispersive X-ray Spectroscopy (EDS): EDS measurements were performed with a
JEOL JSM-6500F field emission scanning electron microscope equipped with an Oxford 80 X-
MAX (80 mm) SDD detector using a 15 kV beam. Polycrystalline powders of CH3NH,-HI and
(CH3NH3),Snlg were measured on Cu-tape. The average molar [Cl]:[I] ratios were determined
from the average of 6 scans taken at 1000x magnification in macroscopically separated locations
of the samples.

X-ray Total Scattering:

Synchrotron X-ray total scattering data, suitable for Pair Distribution Function (PDF) analysis,
were collected on beamline 11-ID-B at the Advanced Photon Source, Argonne National Labora-
tory, using 86 keV photons and a sample to detector distance of 25 cm. Powdered samples were
loaded into polyimide capillaries and measured in transmission mode at room temperature using a
PerkinElmer amorphous silicon image plate detector. [182] Experimental PDFs were extracted us-
ing PDFgetX2. [252] The program Fit2D was used to calibrate the sample to detector distance and
detector alignment with data from a CeO, powder standard. Raw scattering data were integrated
in Q-space, applying a mask and polarization correction during integration. The total scattering
structure functions, S(Q), were calculated in PDFgetX2 by subtracting the background scattering

arising from the polyimide container, utilizing the appropriate sample composition, and applying
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standard corrections for the area detector setup. [253] Pair distribution function patterns, G(r), were
calculated via Fourier transformation of the S(Q) data utilizing a maximum momentum transfer,
Q, of 20 A~! for (CH3NH;),Snls.

Neutron Total Scattering:

Temperature-dependent neutron total scattering data were collected on the Nanoscale Ordered
MAterials Diffractometer (NOMAD) at the Spallation Neutron Source. [186] The MA,;Snlg pow-
der sample were measured in a vanadium container. Samples containing hydrogen are usually
deuterated due to the high incoherent scattering cross section of hydrogen. Additionally, hy-
drogen’s negative scattering cross section can cancel out postive scatterering. However, it was
also shown that deuterium substitution strongly influenced phase transition in the CD3ND3GeCl;
perovskite material [254] as well as in the vacancy-ordered ammonium and alkylammonium per-
ovskites [255]. Additionally, since it was previously shown that sufficient data collection could
be achieved without deuteration in CH3NH3PbBr; [256] and CH3NH3Pbl; [257], the MA3;Snlg
sample was not deuterated. This led to the collected total scattering data containing a high back-
ground signal from the incoherent scattering of hydrogen. It is generally possible to collect neu-
tron data with sufficient quality from undeuterated samples and appropriate treatment of the back-
ground. [258-260] Here, the hydrogen signal was manually subtracted from the raw Time-Of-
Flight (TOF) data by fitting the background signal in each constant-angle detector bank with a
pseudo-voigt function. The corrected signal for each detector bank was evaluated and truncated
based on subjective evaluation of the data quality. Then, the total scattering structure functions and
the PDFs were calculated for each detector bank and rebinned in one data set. Since it was difficult
to objectively determine the optimal TOF-data range for each corrected bank, three different neu-
tron total scattering data sets were generated. The first set containing data from the detector banks
1 to 5 (Table 5.1), the second set had the TOF-data range from these banks decreased by about 5%,
and the third data set had the same data range as set two, but without the data from detector bank
1 (Table 5.1). The data from Bank 6 was altogether removed due to the low signal-to-noise ratio.

Reverse Monte Carlo modeling:
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Table 5.1: The NOMAD detector bank ranges that were used for generating the neutron total scattering data

sets.
Original Range
Detector | TOF-range (us) | d-range (A) Q-range (A‘l)
Bank 1 50-2500 | 0.58-7.17 0.88 - 10.69
Bank 2 1600 - 2500 | 1.46-3.92 1.60 - 4.30
Bank 3 700 - 2600 | 0.28 -2.48 2.53-22.24
Bank 4 0-2800 | 0.24-1.44 3.62 - 49.81
Bank 5 20-2900 | 0.23-1.12 4.35-49.12
Reduced Range
Detector | TOF-range (us) | d-range (A) Q-range (A‘l)
Bank 1 550-2450 | 0.63-6.75 0.93-10.03
Bank 2 1622 - 2477 | 1.50-3.82 1.64 - 4.20
Bank 3 747 - 2552 | 0.30-2.35 2.67-21.09
Bank 4 70-2730 | 0.25-1.38 3.86 - 46.66
Bank 5 92 -2828 | 0.24-1.08 4.62 - 46.23

Reverse Monte Carlo (RMC) modeling was performed with 6 x 6 x 6 supercells of the cubic
structure of (MA)o,Snlg (a=72.097 A) containing 19,872 atoms. The starting structures were based
on the previously published refinement results with octahedral units randomly tilted up to 11.2° and
the MA molecules randomly rotated. [70] The orientations of the MA molecules are illustrated in
the Appendix C. Three sets of simulations, each containing 240 individual simulations with the
same input data and starting structure, were run in parallel using GNUparallel [261] on 10 nodes
with 24 cores each on the High-Performance Computing (HPC) system called SUMMIT. [262] Due
to the runtime restrictions, one full simulation was split into 10 segments and run in serial using
the workload manager SLURM. [263] Each individual segment generated an optimized output
structure which served as the starting configuration for the next run. This set-up also enabled the
option of easy restarts in case of any error or system failures.

Each distinct simulation was constrained in reciprocal-space by neutron scattering data as
S(Q)-1 (0.8 - 40 A‘l) and X-ray scattering data s S(Q)-1 (0.7 to 24 A‘l), and in real-space by
the neutron pair distribution function (0.9 to 19.99 A) and the X-ray pair distribution function (

09 to 18 A), G(r). Both S(Q)-1 data sets were convolved with a Gaussian function with a full-
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width-half-maximum of 1/2 the length of the supercell edge prior to use in simulations in order
to capture appropriate peak broadening due to finite size of the box. [187] Additional constraints
were set for coordination number as well as inter molecular distances (1 A) and intra molecular
distances (1 A). The experimental data were modeled using a RMC approach within the fullrmc
package (version 3.3.0). [188] Pseudo-rigid-body RMC modeling was performed, in which the
MA molecules and [Snlg] octahedra were randomly rotated and tilted as rigid units, prior to and
after their free relaxation. This included first the relaxation of the individual atoms starting with
the CH3NH3™ molecule. C-N, C-H and N-H bond lengths were constrained between 1.2—-1.7 A
1.0-12 A and 1.0-12 A respectively. The bond angles for H-C-H, H-C-N, H-N-H and H-N-C
were all constrained to 100-120°. This was done step wise first between 0.9 A and 2.5 A. After
initiating the refinements with only the intramolecular MA bonds, the bond lengths were frozen
and the intraoctahedron bonds were allowed to be refined. The Sn—I bond lengths were constrained
between 2.6 to 3.05 A and the orthogonal I-Sn—I bond angles were constrained to 80 — 100°. After
initiating the refinements with only the intraoctahedron bonds, the refinement range was increased
step wise to include longer-range pair correlations while all atoms were permitted to displace in
the Cartesian reference. After the full G(r) fitting range was reached, and after a finite number
of atomic displacements, the octahedra were constrained as rigid bodies (Sn—I bond lengths and
angles were frozen). As so, they were allowed to tilt about the center of the octahedra around each
crystallographic axis up to a maximum tilt angle of 10° followed by moves along the three crys-
tallographic axes up to a maximum of 0.2 A. Afterwards, the methylammonium were constrained
as rigid bodies (all bond lengths and angles were frozen) and allowed to move. Similarly, they
could rotate about the center of mass around each crystallographic axis up to a maximum rotation
angle of 180° followed by movements along the three crystallographic axes up to a maximum of
0.2 A. Finally, the MA molecules were allowed to randomly move and rotate up to 0.2 A and 10°,
respectively. The entire fitting process was reiterated three times from the start to achieve the final

configurations.
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5.3 Results and Discussion

As was pointed out above, some of the desired physical properties in materials originate from
structural disorder. However, disorder in crystalline materials arises from non-periodic defects
which are difficult to analyze and use to control structure-property relationships. The standard
tools, using only Bragg diffraction data, provide only the average atomic positions and cannot
elucidate non-periodicity. In order to gain further insight into the local atomic arrangement within
a material, Pair Distribution Function (PDF) analysis can be used. [42] The most common way to
model the PDF data is by refining atomic positions within their unit cell using programs such as
PDFgui. [264] However, very often these "small box" approaches cannot fully describe complex
disorder and, for example, describing antiferrodistortive local order, such as tilting, cannot be done
with the use of only one cell. [265]

Hence, to better describe aperiodic structures, large unit cells without explicit symmetry oper-
ations can be combined with both local as well as average structure information into the modeling
process. This can be done with the Reverse Monte Carlo (RMC) method. RMC was developed
for very disordered structures such as liquids and glasses but has also been advanced for analyzing
crystalline materials. [266—269] While there are a number of different programs and codes avail-
able allowing the integration and treatment of different structural information and even considering
force fields, [270-272] we specifically selected the package fullrmc based on its capabilities of in-
dividually defining and refining rigid bodies. [188] Despite RMC’s previous use in structural refine-
ments for orientations of CN molecules [273,274] as well as perovskite structures [229,275-281]
it has not been used for describing HOIPs.

One RMC run can be seen as a single simulation and yields only one possible snapshot of
the system in dynamic disorder. While there are multiple constraints in place during the modeling
process, a modeling result is not a unique solution and many different structures can fulfill the same
given constraints. To improve the likelihood of getting a better representation of the real, dynamic
structure, multiple snapshots were collected. To build a statistical description of the disorder, many

simulation runs are analyzed in ensemble.
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Figure 5.2: Bar graph highlighting the average error before and after the outlined RMC modeling procedure
for each of the three input neutron scattering data. Error bars are shown in black.

For our system we chose to use 240 modeling approaches for each of the three slightly modi-
fied neutron data set. Each of the 720 structural models was optimized by decreasing the difference
between the calculated and the experimental S(Q)-1 and G(r) pattern determining the error repre-
senting a Goodness-of-Fit variable. Despite the same starting structures for all simulations, the
final errors and structures differed from each other confirming the randomized selection and opti-
mization process during the fitting processes. The final error values were extracted and averaged
after the above described modeling procedure was concluded. In Figure 5.2, the error values for
each of the three batches of 240 runs is shown for before and after the refinement. It can be seen
that the modeling with the slight variations in neutron data sets did not result in a statistically
significant difference in the error values.

Similarly, the calculated neutron PDF (nPDF) (Figure 5.3) and S(Q) function (Figure 5.4) were
averaged over each simulation batch containing 240 individual simulations and compared to the
experimental data. Since the small changes in the input neutron data did not result in significant
changes in either the error or the nPDF fits, the optimized structures from the three data sets were

combined and analyzed as one data set.
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Figure 5.3: Averaged experimental and calculated neutron PDFs for each neutron scattering data based on

the a.) original range, b.) area decrease by about 5%, and c.) area decreased by about 5% and also bank 1
omitted.
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Figure 5.4: Averaged experimental and calculated neutron S(Q) for each neutron scattering data based on

the a.) original range, b.) area decrease by about 5%, and c.) area decreased by about 5% and also bank 1
omitted.
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While initial, visual inspection of the refined structures can easily be done with crystal struc-
ture visualization programs [189,282], when it comes to larger structures limitations are quickly
faced. Therefore, we developed our computational analysis routine for the vacancy-ordered dou-
ble perovskite (MA),Snlg as described in the following sections. The code for this computational

analysis is publicly available on github. [283]

5.3.1 Qualitative Observations

Due to the dynamic nature of the methylammonium, their corresponding pair correlations result
in rather broad peaks. Therefore, paired with the high weighting of its atoms comprised in the
nPDF, it is difficult to interpret the nPDF data visually. One particular distinguishing feature in the
nPDF from the X-ray PDF (XPDF), are negative pair correlations which are based on the negative
coherent scattering length of hydrogen. The XPDF data (Figure 5.5) is mainly sensitive to the
heavier atoms iodide and tin representing the inorganic framework; the first sharp peak can thus be
attributed to the Sn-I distances. The second peak in the XPDF comprises the I-1 distances along
the edges of the [Snlg] units. The broad peak suggests some plasticity and that the octahedra are
not completely rigid. An additional noteworthy feature is the tailing on the higher r-side which
was previously attributed to anharmonicity. [70] The lack of rigidity can also be described by
the off-centering of the Sn** atoms (B-sites) within the [Snls] octahedra (Figure 5.6). This was
determined by calculating the theoretical centroid position of the octahedra, based on the six I-atom
positions, and compared to the actual Sn positions in each octahedra. Figure 5.6 shows that the
maximum of the off-centering is located at 0.116 A. Similarly, previous local structure studies on
CsSnBrj [67], FASnl; and MASnI; [69] have found dynamic, temperature activated B-site cation
off-centering. However, the authors showed much higher levels of displacement for the Sn?* (0.2
A(CsSnBrg), 0.24 A(FASnI;;), and 0.22 A(MASI’IIg)) compared to what we observed for the Sn**.
These displacements found for Sn®** compounds are attributed to the stereochemical active s* lone
pair and are suggested to be responsible for their remarkable defect tolerant electronic properties.

[69] Indeed, the lack of a lone pair did not result in an off-centering for another perovskite with
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Figure 5.5: Averaged experimental and calculated X-ray PDF (top) and S(Q) data (bottom) for all 720 RMC
modeling runs.

a divalent cation such as CsCaBrs. [67] Contrary to these literature reports, our observation of
a decreased level of off-centering for the Sn** cannot be purely based on atomic displacements
based on thermally induced motions and other mechanism might play a role here.

The partial X-ray pair correlations for Sn-Sn are shown in Figure 5.7. The first peak at about
8.5A represents the Sn-Sn correlations across neighboring octahedra. The succession of the peaks
in a fashion of a, v/2a, v/3a, and 2a, shows that, despite high degrees of freedom and disorder, the
cubic order is still maintained on average within the inorganic structure. Figure 5.7 also illustrates
the partial neutron and X-ray C-I and N-I pair correlations. The higher amount of pair correlations
for the N-I between 3 and 5 A provides indirect support that the methylammonium preferentially
aligns closer to the octahedra with the nitrogen side. This could further suggest hydrogen bonding

between the organic and inorganic framework as previously observed. [241]

5.3.2 Orientation of the methylammonium cations

To understand the coupling between the inorganic and organic sublattice, knowledge about MA
cations orientation preferences is needed. For example, theoretical studies showed that a random

disorder of MA cations alone can lead to an increase in charge carrier lifetimes. [284] Leguy et
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al. [285] hypothesized that localization of the MA cations could increase carrier lifetimes even
further enabling observed long-carrier collection lengths [286].

To shed more light on this, we tried to address the question about whether the methylammo-
nium has a preferred crystallographic orientation by plotting the combined MA molecule orienta-
tions. To gain access to the average orientation, the coordinate system was changed from Cartesian
to spherical coordinates. First, the absolute coordinates of the C and N atoms were used to create
vectors, ony=(""x - T'¢), representing only the axes in the MA molecules, followed by transfor-
mation of their x,y,z coordinates into local spherical coordinates (¢, §). The polar angle, ¢, is
measured with respect to the positive direction of the z-axis, and the azimuthal angle, 6, is mea-
sured on the xy-plane from the positive direction of the x-axis. This approach is similar to what
was done for published results from AIMD simulations. [242,249]

In order to understand the molecular order at 300 K, the C-N vector orientations were plotted
as a 2D histogram, first over the entire ¢ and 6 (0 to 180° and O to 360°) range, followed, due to
the cubic symmetry, by down folding into the representations projected on the unit sphere (0 to 90°
and 0 to 90°) (Figure 5.8). Each plot summarizes the behavior of 1,244,160 MA molecules from all
the 720 simulations with 1728 MA molecules each. While plotting the entire range shows a very
diffuse picture, the folded plot clearly highlights two preferred MA orientations with the highest
density for the center of the bin at (0)= 59.52° + 1.45° and (@)= 45° + 1.45° and the center of
the bin at (/)= 88.55° + 1.45° and (¢)= 50.81° 4 1.45°. These angles correspond closest to the
crystallographic (111) direction (/=54.736°, $=45°) and the (110) direction (#=90°, $=45°). Since
the intensities of 7 vectors distributions do not drop to zero outside the two high density areas,
it is suggested that the molecules are indeed quite disordered which confirms the experimentally
observed macroscopic picture of a disordered MA system. [236] As controls, reference structures
were also generated for specific set crystallographic orientations ((111), (110}, (100)) of the MA
cations (Figure 5.8). In addition, the MA molecules from the starting structure (aligned in (111))
were also randomly rotated about the three Euler angles to create a uniform spherical distribution.

All these data were also created by combining the results from 720 individual 6 x6x 6 supercells.

78



3000 3000

2000 20040

LOG0 o0

0 40 80 120 160 200 240 280 320 360 0 30 60 90
o (°) @ (°)
90 - 90 = 90
@ 60 - 200000 Q 601 i L0000 Q 60 A 200000
= 30 100000 o 30 - <= 304
G T T 1 l] D T T ” O T T 1 {}
0 30 60 90 0 30 60 90 0 30 60 90
¢ (%) ¢ (°) a9
2000
100

0 30 60 90

¢ (°)

Figure 5.8: Histogram of the C-N-vector in spherical coordinates folded to 0 to 90° for a.) the combined
data from RMC modeling b.) the (111) direction with up to 2° noise, c.) the (110) direction with up to 2°
noise, d.) the (100) direction with up to 2° noise, and e.) the random rotation of MA.

In addition to the two-dimensional analysis of the MA cations (Figure 5.8), we also illustrated
the orientations of the MA by generating a three-dimensional kernel density estimate plot of the
nitrogen positions. First, the supercells were tiled into the unit cell followed by tiling it further into
a quarter of its volume. This way the 8 different MA sites in the unit cell can be overlayed in one
position. Further, to depict the MA orientations, only the nitrogen positions are plotted (Figure
5.9). Since the data from the RMC modeling is noisy, only the positions corresponding to the 1%
with the highest density were highlighted. There, higher levels of density can be found for the
crystallographic directions of (111), (110), as well as (100). Despite (100) appearing in the plot
of the highest 1% density, it does not have as high of a density in in the 2D plot compared to (111)
and (110). This might be explained by taking the entire density range in to account and combining

the density sums of all four quadrants of the sphere.
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highest density plot are shown. The illustration on the right (d.) depicts the (111), the (110) directions.

There is no clear consensus in the literature on the preferred orientations of MA in HOIPs. Our
results are comparable to what was deducted from milimeterwave spectroscopy data indicating
for the MAPDI3, with octahedral connectivity, that the MA alignment towards the cage corners is
most likely. [237] However, this is contrary to what was calculated with ab initio molecular dy-
namics for the MAPbI; where the room-diagonal orientation is systematically avoided by the MA
molecules and the preferred direction is close to the body or face diagonal. [242] Additionally,
Lahnsteiner et al. showed that all directions but the room-diagonal exhibit a high probability for
the MA molecules. Their simulated results agree well with the picture drawn from NMR mea-
surements indicating free rotation within a potential energy landscape with several high-symmetry
directions. [236] Having the cage edges as the directions of preferred alignment was also estimated
for MAPbBClI; based on single crystal X-ray diffraction and single crystal neutron diffraction for
MAPDBBr;. [256,287] Quasielastic neutron scattering (QENS) data demonstrated that the dipolar
MA ions jump between preferential orientations within the inorganic lattice and do not undergo

free rotation (below 370 K). [285] It was found that the preferred alignments for MA cations are
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corners, edges and faces, however, an unambiguous distinction between these directions could not
be made.

Another explanation for the combination of preferred orientations and disorder could be that
only a small fraction of MA cations stay in one position long enough to register any diffuse scatter-
ing. This notion is based on previous results from MD simulations [245] where about 30% of the
MA cations in MAPbI;3 remained almost frozen. Similar ideas were based on QENS data showing
60-77% of cations having a residence times above 200 ps. [285]

While not investigated in this study, it might be interesting to perform further analysis of the
MA molecules looking at long range correlations to determine the presence of interactions between
MA molecules or even domains. While there is precedence in the literature for this, it still might be
difficult to find this in scattering data based on what was seen with Monte Carlo simulations done
on MAPbDI; at 300 K. [285] Their results showed significant thermal noise being superimposed on

the antiferroelectric ordering.

5.3.3 Orientation of the [Snl;] octahedra

Our analysis confirmed octahedral tilting of up to 11° as was seen previously. [70] To visualize
the cooperative tilting of the octahedra, a similar approach to analyzing the results from AIMD
simulations was used for our [Snlg]. [249] A 2D histogram shows the tilting of 622,080 octahe-
dra comprising 720 simulations with 864 octahedra each in respect to their spherical coordinates
(Figure 5.11). The absolute displacement of the three octahedral axes with respect to the fixed
reference coordinate system in all directions (x-axis, y-axis and z-axis) creates a distribution of the
three pairs of angles. An example highlighting the angles in spherical coordinates for an ideal octa-
hedron, with respect to the y-axis, is shown in Figure 5.10. The figure shows also the distributions
for three reference structures with different octahedral tilting angles. The data for the reference
structures was generated by creating 720 of the 6x6x6 supercells and combining the data. Despite

the narrower distribution, the RMC modeling results resemble most closely the reference structure
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Figure 5.10: Ideal Snlg octahedron illustrated in a combination of a spherical and Carthesian coordinates.
The here highlighted spherical angles 6§ and ¢ describe the y-axis.

with the octahedra randomly tilted up to 11° in any direction. This initial few confirms the results
previously found by Maughan et al. [181] with only a 2x2x2 cell and a different fitting algorithm.

However, to gain more detailed insight into the titling of the octahedra, we must evaluate the
observed shifts of each axis individually. This can be done by analyzing the distributions of the
densities for each axis shown in Figure 5.11. There, it can be seen that along the x-axis and y-
axis the highest intensity are centered in the center of the bins at § = 88.55° 4+ 1.45° and ¢ =
1.45° 4+ 1.45° as well as 0 = 88.55° + 1.45° and ¢ = 88.55° 4+ 1.45°, respectively. These highest
intensities very quickly decreases at around 6 = 78° and ¢ = 78° as well as 6 = 78° and ¢ = 15° for
the x-axis and y-axis, respectively. This indicates that the movement of the octahedra around the

x-axis and y-axis is very restricted. Furthermore, it can be said that the axes have a very narrow

82



x-Direction y-Direction z-Direction

a |7V T T
D SO000 0000 4000
~ 607 aoon 607 gooon 60 3000
& 10000 Jnp  LoMC modeling
<= 10000 : 2
304 304 304
20000 20000 1000
0 0 0 U 0 0
0 30 60 90 0 30 60 90 0 50
90 woo0 997 woon 907 s
A500H) 35000
60 30000 GO 0000 G0 8000
= 25000 25000 P e
z 20000 20000
30 15000 30 4 15000 30 4 1000
10000 10000 i
_ 5000 5000 i
0 0 0 0 - naLg)
0 30 60 90 0 30 60 90 0 50
90 1 T 90 1 10000 907 140000
: 120000 120000
— 60 100000 60) 1 100000 GO 100000
oy 300000 0000 80000
D e | 500000 30 60000 5 | 60000
30 30 Jo000 30 10000
100000 20000 20000
0 - i 0 - 0 0 a
0 30 60 90 0 30 60 90 0 50
90 ~ soopon 90 7 soopon 90 7 600000
500000 500000 500000
—. 60+ 100000 60 1 Jo0000 GO . 400000
o .
S 300000 . 300000 300000
30+ 200000 30 200000 30 200000
100000 100000 100000
0 0 0 0 0 0
0 30 60 90 0 30 60 90 0 50
o () o (") o ()
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rotation probability of about 10° along these axes. The picture for the z-axis indicates that the
highest intensity is in the bins between 6 = 4.36° £ 1.45° and ¢ = 0-90°. The intensity quickly
decreases at around # = 18°. This indicates a higher degree of freedom around the z-axis. Since
the MA,Snlg consists of isolated octahedra, more degrees of freedom are present and, further, no

collective tilting is expected compared to the group of ABXj3 perovskites.

5.3.4 Alignment of methylammonium in relation to the octahedra

A significant difference between the all inorganic halide perovskite and the HOIPs is the charge
distribution in the A-site cation. The charge of a single atom is confined in a spatially symmetric,
mostly spherical, position. Having a molecular cation in the A-site position can change the sym-
metry of the charge distribution which also entails unequale charge distribution within the voids
between the [Snlg] octahedra. This effect is particularly pronounced in the methylammonium
which has an permanent electrical dipole of 2.29 D. [220] While many inorganic perovskites dis-
play spontaneous electric polarization based either on temporal spatial displacement of the B-site
cations [288] or lone pairs of electrons [289,290], this can also be induced by external electrical
fields, including by light. Polarized organic cations can influence the surrounding inorganic frame-
work, a polarizable medium, leading to deformations but also to strong interactions and coupling
which could explain the observed properties and behavior of perovskite solar cells. [285]

In order to further analyze the interplay between the organic and inorganic framework, the
relative orientations of the octahedral [Snlg] units with respect to MA cations were considered.
This was done by sequentially selecting each MA molecule individually and searching for the
nearest neighbor face centroid on an octahedra to the MA nitrogen atom. To better describe the
alignment of the MA cations in regard to the faces of the octahedra, the normal vectors on the face
were calculated. With this information, the angles between these vectors and the ¢ vector were
calculated and paired with the angles between the 7 vector and the vertical axes of the octahedra.
Figure 5.12 shows histograms of the aforementioned parameters for the combined RMC fits, but

also the expected values for model reference structures. Seven different reference structures were
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generated where the MA cations were rotated randomly, but also along the special crystallographic
orientations (111), (110), and (100) allowing the addition of noise up to 2° in respect to the used
polar and azimuthal angles.

Initial visual inspections suggested that the best match for the distances between the nitrogen
atoms seem to be random MA orientations. However, when taking a closer look at the angle dis-
tribution between CN and the normal vector on the faces, it seems to be three overlapping, broad
distributions. The peak maxima of these distributions as well as the above shown preferred MA
orientations suggest, that the configuration with MA along (111) and octahedra tilted up to 11° best
describe the modeling results. However, the aforementioned observed preferred (110) directional-
ity of the MA cations (Figure 5.8) also needs to be taken into consideration. Therefore, multiple
different supercells for each reference structure were created and combined in several different
ways to explore possibilities of how these combinations might resemble the observed RMC results
(Figure 5.12 e-g). Based on the illustrated data, it is suggested that when combining the three
scenarios (MA randomly oriented with octahedra randomly tilted up to 11° in any direction, MA
oriented about (111) with octahedra randomly tilted up to 11° in any direction, and MA oriented
about (110) with octahedra randomly tilted up to 11° in any direction) the amount of randomly
oriented MA must be above ~ 90% for it to show similarities to the data from the RMC modeling.
However, even with the mixture containing 91% randomness, the distribution profile of the RMC
modeling results cannot fully be covered. One explanation could be that the reference structures
were created with noise only up to 2° and higher levels are needed to capture the observed distri-
bution. Also, the octahedra are all ideal and only rotated. This means that no atomic displacement
parameters are included or used to describe these structural units. Additional contributions from
other preferred orientations such as (100) directions can also not be excluded. The presence of
slightly elevated densities in the 2D CN-orientation plot corresponding to (100), as well as more
clearly in the 3D plot provide, evidence for that. Therefore, a mixing of the different reference
structures involving MA oriented about (111) with octahedra randomly tilted up to 11° in any di-

rection, MA oriented about (110) with octahedra randomly tilted up to 11° in any direction, as
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Figure 5.12: Histograms illustrating the distances between N and centroid on the faces of the octahedra
(left), angles between the C-N vector and the normal vector on the faces of the octahedra (middle), and the
vertical axis of the octahedra (right). Gaussian fits are overlaid to the extracted data (red). Data for a.) Data
from the 720 RMC simulations, b.) MA randomly oriented with octahedra randomly tilted up to 11° in any
direction, c¢.) MA oriented about (111) with octahedra randomly tilted up to 11° in any direction, d.) MA
oriented about (110) with octahedra randomly tilted up to 11° in any direction. e.) to g.) contain mixtures
of b.),c.) and d.), with 33.3%/33.3%/33.3%, 66.7%/16.7%/16.7%, 91.2%/4.2%/4.2%, respectively.
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well as the MA oriented about (100) with octahedra randomly tilted up to 11° in any direction can
be found in the Appendix C. However, with so many degrees of freedoms, it is unlikely to find a
unique solution for the matching mixing ratio.

As was briefly addressed above, previous local structure studies on MASnlI; [69] have found
dynamic, temperature activated B-site cation off-centering. This induces unequal distributions of
the positive and negative charges in the octahedra which could further influence, or be influenced
by, the charged MA cation. This could indicate coupling between the inorganic and the organic
sublattice. To further elaborate on the question of coupling, it was evaluated whether there is a
correlation between the directionality of the tin off-centering in the octahedra and the preferred
orientations of the MA. In case the off-centering influences the MA, the spatial orientation should
be similar. Unfortunately, no correlated, preferred directionality was observed and the distribution
is completely random. (see Figure C.3 in the Appendix C) The lack of congruent alignment could

be explained by the lack of a stereochemical active s> lone pair on Sn atom.

5.4 Conclusion

High-throughput Reverse Monte Carlo modeling of the vacancy-order halide perovskite has
been performed to better understand the nature of organic-inorganic coupling in this dynamically-
disordered semiconductor. Using the local structure to correlate the interaction between the oc-
tahedral [Snlg] units and the highly dynamic organic A-site cations is key in understanding the
structure-property relationships. While other analytical techniques are limited in doing so, we
were able to determine from room temperature total scattering data that, while the MA is highly
dynamically disordered, the highest probability for finding the MA cations is along the (110) and
(111) crystallographic directions. Additionally, while less pronounced, there also seems to be
some preference for the (100) direction. Our analysis of octahedral tilting showed similar results
to what was previously presented in the literature; the octahedra tilt up to about 11°. However, we
found that the highest density for the distribution of the octahedra tilt angles is very narrow with

about 5°. Our analysis of MA cations in correlation to the octahedra showed that their alignment
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to each other is not completely random. While very broad due to thermal motions, the found dis-
tributions for distances and angles closest resemble those found for a 91.2%/4.2%/4.2% mixture
of the reference structures containing MA randomly oriented with octahedra randomly tilted up
to 11° in any direction, MA oriented about (111) with octahedra randomly tilted up to 11° in any
direction, and MA oriented about (110) with octahedra randomly tilted up to 11° in any direction.
To summarize, we have shown that Reverse Monte Carlo modeling provides a good approach to
gain additional structural insights into a disordered materials such as hybrid organic-inorganic per-
ovskites at room temperature. This analysis represents a good foundation for further understanding
the unique opto-electronic properties of vacancy-ordered double perovskite semiconductors. Fur-
thermore, our approach to highlighting the short-range interplay between individual structural units

can easily be transferred and used for other complex, disordered functional materials.
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Chapter 6
Locating the active sites within CuBTTri enabling

the S-nitrosocysteamin decomposition

6.1 Introduction

The radical nitric oxide (NO) [291,292] has commonly been known to be a toxic gas [293].
With a concentration of 800 ppm [294], NO has also been perceived as one of the major toxins
in tobacco smoke. However, as was discovered around 1990, it also has some very important
biological functions. [295,296] It is naturally produced in biological systems through NO synthase
(NOS) which oxidizes L-arginine eventually to L-citrulline while releasing NO. [297] In 1992,
NO was declared to be the molecule of the year and in 1998 research involving NO was significant
enough to be worthy of the Nobel Prize. [298] NO plays an important role in natural areas such
as cardiovascular, respiratory, and nervous and immune systems. [299-302] For example, NO is a
vasodilator, which induces relaxation of blood vessels. [303,304] It also helps with the relaxation in
the corpus cavernosum which is responsible for penile errections. [305] Furthermore, it functions
as a platelet aggregation inhibitor, a neurotransmitter, an antimicrobial and antitumor agent. [306]
Another use of NO is to enhance wound healing. [307-311]

For mediating the NO activity and concentration in these physiological processes either the
endogenic production of NO can be influenced or it can be delivered from exogenic sources. There
are several possibilities to have NO delivered from exogenic sources, but in many instances they
need to be located in proximity to the desired biological site. Depending on the biological envi-
ronment, NO is only stable for an average time of 5 seconds resulting in an influence sphere from
its source of about 200 um. [312] This indicates, that systemic application of nitric oxide is not
feasible. Hence, the molecule needs to be released locally in the affected area. This can be done

with materials that either have NO chemically bound or physically adsorbed which can then be
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released upon a trigger (UV-light, temperature, moisture) with the desired rate and concentration.
Materials that have been used for this application are polymers [313], hydrogel [303], nanoparti-
cles [314], silica, zeolites [315] and metal organic frameworks (MOFs) [316-318]. The materials
choice depends on the required NO concentration and release rate for its biomedical application.
NO concentrations that are too high can lead to rheumatoid arthritis whereas concentration that
are too low induce respiratory distress. [319] Different NO concentrations are necessary to impact
physiological cell signaling processes. For example, the relaxation of vascular smooth muscle cells
requires levels of 10-30 nmol/L of NO to facilitate vasodilation. However, the NO concentration
that mediates physiological responses has been determined to already occur at the sub nmol/L
levels. In addition to the concentration, the exposure time to NO is of similar importance. For
example, the activation time for certain proteins ranges from less than a second to hours or even
day. [320]

Zeolites and MOFs are some of the most promising materials for NO release since they show
the highest NO storage capacities reported in the literature and they have well defined structural
features that can be modified easily to change properties such as the release rate or the chemical
stability. For instance, NO can be chemically stored in a MOF by attaching specific groups onto
the framework forming linkers. This can either be done during the synthesis of the MOF or pho-
tosynthetically. [321-323] Another way to store NO is through physisorption within the porous
structures of MOFs and zeolites. The adsorption sites are easily accessible due to the porous struc-
ture of MOFs and zeolites resulting in a very high surface area.

Several different analytical techniques have been used for determining the adsorption interac-
tion of NO with these structures. For example, Infrared spectroscopy (IR, HKUST-1 [317, 324],
MIL-88(Fe) [325], Cu-ZSM-5 [326]), UV-VIS-NIR (Ni-CPO [327]), solid-state NMR (amino-
modified HKUST-1 [328], MIL-100 [329]) and electron paramagnetic resonance (EPR, Cu-ZSM-
5 [326], MIL-100 and CPO-27 [330, 331], and DUT-8 [332]) are methods that have been used
to determine the adsorption sites of NO. However, these methods are considered to be indirect

methods. Direct methods for considering the position of NO within the material are neutron
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diffraction (Fe2(NO)2(dobdc) [333]), powder X-ray diffraction(PXRD, Co-CPO-27 [334]), sin-
gle crystal X-ray diffraction (Co-CPO-27), and X-ray absorption spectroscopy (Ni-CPO [327],
Cu-ZSM-5 [326]). The summarized consensus of these studies is to have, as the main adsorption
site, NO bind on uncoordinated metal centers within their framework structure.

Despite their high storage capacity, zeolites and MOFs based on NO desorption are constrained
to only certain topological biomedical applications. All of the materials desorbing NO have a
restricted time frame where they can be used for releasing NO due to the limited amount of NO
that can be stored within the material. Materials relying on gas adsorption can only deliver NO for
several hours. This is not a problem for wounds that heal quickly or other external applications
where the NO delivering device can easily be replaced. However, once a longer release time is
required materials with sole adsorption/desorption behavior reach their limit. This is especially
critical when trying to prevent biofilm formation on medical devices that are inserted or implanted
in a physiological system. Some examples of devices that are susceptible to biofilm growth are
contact lenses, mechanical heart valves, pacemakers, prosthetic joints or central venous catheters.
Problems that can arise from biofilm formation range from tissue damage near prosthetic heart
valves, which can cause leakage as well as destruction of the material, to artificial hip and knee
prostheses being loosened. While some of these infections cause minor problems, others can have
serious consequences. This way microorganisms such as coagulase-negative staphylococci, that
usually life on the skin where they do not cause infections, can cause diseases or even death. [335]
For example, contraction of endocarditis during initial hospitalization led to the death of 40 - 50%
of patients with prosthetic heart valves. [336] Long NO release rates are required for implants
such as hip replacements which introduces a foreign body into a biological system. Situations like
that can lead to biofouling [337-339] resulting in a destruction of the material and the need to
replace it sooner than anticipated. Some consequences of biofilm proliferation on prosthetic joints
are acute septic arthritis leading to joint pain or, in more severe cases, even to swelling and fever
and further to loose joints and chronic pain. [340] Another problem for catheters can arise from

encrustations being formed by mineral deposition within the device. This is caused by biofilm
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induced hydrolysis of urea in urine which leads to the formation of free ammonia leading to a
lower pH which is responsible for precipitation of calcium phosphate or magnesium ammonium
phosphate. [341]

Besides the above mentioned negative impacts, biofilms can affect biological systems in mul-
tiple other ways by, for instance, detachment of cells or cell aggregates from the films, endotoxin
production, or providing an environment that leads to the generation of resistant organisms. The
latter point is especially a problem when biofilm treatment is necessary. Once a biofilm is formed,
the microorganisms are 10 — 1000 times less susceptible to the same type of antibiotics than when
dispersed as individual cells in the blood stream. [342] Resistance is achieve with extracellular
polymeric matrices and physico-chemical gradients within the films. The extracellular polysac-
charide production is especially enhanced in proximity of surfaces. While there has been some
success in biofilm treatment with low-frequency ultrasound in combination with aminoglycoside,
the prevention of formations of biofilms is desired in the first place. This can be done with antimi-
crobial polymers and surface coatings. However, so far these approaches have only been successful
for category 2 and 3 implants which are considered medical implants for short-term use. Another
example of short-lived biocompatible coatings, for artificial material being exposed to blood, is
based on NO desorption and has been used for biosensor electrodes. The incorporation of NO
releasing diazeniumdiolate stopped blood platelets from covering the surface. [343] However, for
category 1 implants, which are meant to stay in a body forever, a more long-lasting alternative
needs to be found. [337]

One option for long-term prevention of biofilm formation in vivo is to have the surface of
biomedical devices release NO for as long as the device is in contact with a biological organism.
As described above, unlike in external applications, NO desorption needs to continue as long as
the device is in place which can be multiple years. An approach to solve this problem is by us-
ing the metal centers in MOFs as catalysts, instead of only a storage site, to produce the NO in
situ from endogenous biomolecules on the surface of the implant. This can be done in analogy to

processes naturally occurring in a human body where NO, stored within S-nitrosothiols (RSNO)
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and nitrates, gets released in the desired places. RSNOs were the first known biologically active
NO donor in 1980 [294], are the most prevalent form of NO donor in the blood and several mech-
anisms have been identified how these molecules decompose [344]. RSNO is also not pertinent
to the development of tolerance which is commonly observed during clinical therapy with organic
nitrates. [345] Similar to the above mentioned method of releasing NO with light, it has also been
reported that visible light can cause GSNO to split off NO. [346] The biological process uses NO
synthase which possibly interacts with zinc ions to split the RSNO. [294] The first study that has
shown that the exposure of RNSOs to metal cations in solution accelerates these reactions was
published 1995. [347] While catalytic activity could be shown for the ion Cu?*, Fe?** only showed
minimal activity. Zn?", Ca®*, Mg?™, Ni**, Co?", Mn**, Cr*", and Fe3* did not show any activity.
It was reported that a copper ion concentration of 10~% mol/L is already sufficient enough to split
off NO from RSNOs. [345] Further studies investigated the RSNO decomposition with polymers
that have Cu®** ions embedded and the decomposition of smaller molecules that have copper in-
corporated within zeolites. [348—350] The first reported use of a MOF as a catalyst for nitric oxide
release was published by Harding et al. [351] in 2012. They used a copper based MOF (HKUST-
1 [352]) to split S-nitrosocysteine (CysNO). CysNO was the molecule of choice based on its high
bioavailability. [345] Literature reports the concentration of CysNO in plasma to be 0.3 umol/L
which is comparable to bigger molecules such as S-nitrosohaemoglobin in arteries (0.3 umol /L)
or S-nitrosoalbumin in plasma (0.25-1 umol/L). [294]

Other smaller molecules, for example S-nitrosoglutathione (GSNO), have a considerable lower
availability which is in the range of 120 — 180 nmol/L. While these concentrations have been mea-
sured in blood, the intracellular concentrations might be different. [345] This is especially antici-
pated since glutathione has intercellular concentrations above 1 mmol/L and NO has been shown
to react freely with thiols to form RSNOs. [294] Despite the initial success with HKUST-1 and
its widespread use, other MOFs need to be considered for in vivo applications due to the lack of
chemical long-term stability. While the copper ion in HKUST-1, responsible for the RS-NO bond

cleavage process, is bound in the MOF framework, small amounts leaked during the reaction with
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CysNO. [351] Copper ions can be toxic and longer exposure times of HKUST-1 to physiologi-
cal conditions could lead to a copper ion level that cannot be considered non-hazardous anymore.
Therefore, a follow up study used CuBTTri, a MOF with higher stability regarding its solubil-
ity, as a catalyst. [353] Several different tests were reported showing CuBTTri’s higher stability.
The initial tests of stability are very promising and showed that neither boiling the material for
three days in water nor the exposure to hydrochloric acid for one day changed its structure which
was confirmed by collecting powder X-ray diffraction pattern. [354] Additional tests with phos-
phate buffered saline (PBS), cell media and whole blood could also indicate a high stability by
non-altered XRD patterns. Furthermore, no differences could be observed after the reaction with S
-nitrosocysteamine (CysamNO). [353] However, no long-term exposures of the CuBTTri to contin-
uous flow of fluids have been reported yet. This scenario would be a more accurate representation
of an in vivo environment.

CuBTTri has already shown promising results as catalytic material for NO release by itself, but
to prevent biofilm formation in vivo, it needs to be incorporated into biomedical devices. As was
mentioned above, category 1 implants basically need to have an unlimited NO release properties.
This can be done by incorporating the MOF into, for example, polymeric matrices used in biomed-
ical devices. Its feasibility has been shown for CuBTTri in biomedical grade polyurethane [353],
poly(vinyl chloride) [355] and a biodegradable, nontoxic polymer such as chitosan [356]. Re-
sults like that can be considered big milestones towards in vivo biofilm prevention and with the
help of companies such as MOFgen [357], focusing on the commercial proliferation of MOFs for
biomedical applications, MOFs could soon be found readily in medical facilities.

Materials for biofilm prevention:

To design new materials with higher catalytic efficiency, the adsorption and reaction sites
within the porous structures of the catalysts need to be determined. In a similar manner, to un-
derstand the formation of the NO molecule in MOFs, it is important to find the sites where the
RS-NO cleavage process occurs. Once these sites have been identified, the design and synthesis

of new MOFs can specifically target availability and accessibility of these sites within the desired
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structures. The first step in this process is to determine the theoretical reaction sites by performing
calculations. Previous computational studies used molecular dynamics simulations (MD) to deter-
mine the interaction of a variety of RSNOs with the copper metal center in HKUST-1 [358] and a
derivative of it, MOF-143 [359]. The simulations for HKUST-1 were done for methyl nitrosoth-
iol and CysNO in a solution of ethanol. It was hypothesized that the thiol reduces the Cu®" to
Cu™. [358] The lowest energy was reached where the sulfur atom of the R-S-NO is coordinated to
the Cu™ ion at a S-Cu bond distance of 2 A. The next step is the release of the NO molecule. Upon
RSNO approaching the Cu™ centers, the ethanol in the copper coordination shell gets replaced with
RSNO. The second RSNO molecule does the same upon approaching the copper ion and forms
a disulfide bond with the remains of the first RSNO molecule. The reaction of RSNOs within
HKUST-1 also influences the atom positions within the framework. This can be seen with the
presence of two CH3SNO molecules on adjacent copper ions which increases the Cu-Cu distance
from 2.5 A to 3.5 A. Hence, it is very important to have flexible MOF frameworks to accommo-
date these interactions. [358] The follow up study illustrated multiple possible reaction pathways
resulting in a range of NO release rates. [359] Further, it was shown that not only the size of the
MOF or the RSNO influences the reaction rate, but also its chemical composition.

Despite the theoretical insight into the interaction processes of the RSNO molecules with the
metal centers, these findings have not yet been confirmed experimentally. Therefore, this proposed
study tries to give more information on the location and interaction sites of RSNO molecules in
MOFs based on experimental techniques. Due to the higher chemical stability [353] and the less
complex framework structure, compared to HKUST-1, the reported MOF CuBTTri — CysamNO
system was chosen for a proof of concept study. While CysamNO has a lower physical relevance
compared to other RSNOs such as GSNO and CysNO, its structure is simpler and therefore better
situated for a proof of concept study. The reaction occurring with two CysNO molecules resulting
in NO and a Cys-dimer is illustrated in Figure 6.1.

For locating the CysamNO in the CuBTTri a scattering method was selected. While neutron

scattering would be more sensitive to the light elements, contained within the MOF and RNSO
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Figure 6.1: Decomposition reaction of cysamNO occuring in the presence of a copper catalyst.

systems, the large amount of hydrogen (found in the host, guest and the solvent) would result in a
very high background signal making the data difficult to analyze. Therefore, the method of choice
was powder X-ray diffraction.

Having a very disordered system, crystallographic analysis using Rietveld refinements is not
sufficient for determining the reaction sites. Total scattering and Pair Distribution Function (PDF)
analysis can overcome this restriction. While originally developed for liquids and glasses, due to
its ability to acquire structural information on both the short- and the long-range order, it has been
used for amorphous, nanosized structures as well as crystalline structures. [42]

Furthermore, in addition to determining the long-range order with full pattern refinements, the
local structure will be identified by calculating the local coordination environment around the cop-
per metal centers. This will be done by calculating the pair correlation functions. While the atoms
of RSNO have rather low scattering cross sections for X-ray diffraction studies, the pair corre-
lation takes the cross section of both atoms into consideration. Since copper has a higher cross
section, the pair correlations are easily detectable as was demonstrated with the adsorption of an-
other physiological relevant gas, HsS, in the MOF Ni-CPO-27. [360] To only determine the pair
correlations between copper and the adsorbed species, the differential pair distribution function
needs to be calculated by subtracting from the MOF/RSNO signal the empty MOF signal as well
as the background signal from the solvent. Previous studies have used PDF to characterize small
molecules within porous structures such as NHsBH3 in MCM-41 [361], however, the higher level
of rigidity simplifies systems like this. Contrary to these stiffer frameworks, MOFs show a high
level of structural flexibility. This is a very important property in chemical reactions, facilitating
attaching and detaching of molecules and levitating framework stress, but it can also lead to higher

levels of static disorder in the neat structure itself. How total scattering can be used to study dis-
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order in framework structures such as MOF is discussed in the literature. [362] For example, PDF
and Reverse Monte Carlo modelling were used to describe the static disorder in zinc (III) isonicoti-
nate [363]. Total scattering has also been applied to local study structural features in amorphous
MOFs. [364-366] While most of the published PDF studies are focused on inorganic materials, the
study of organic and molecular compounds are gaining momentum. Studying organic materials is
more difficult due to the complexity of the atomic bonding possibility, but small box approaches
have shown success in describing intra- and intermolecular interactions [367] as well as large box
approaches [368]. PDF has also been introduced to particularly study pharmaceutical compounds
and substances used in medicine. [50,367,369-374]

The aforementioned reports on applying PDF analysis are generally limited to a two-phase sys-
tem including only a sorbent and sorbate. Since CysamNO in our proof of concept system needs
to be dissolved, this adds another phase or signal during the total scattering experiments. While
still difficult, the feasibility of this approach is based on previous literature examples using PDF
analysis to study materials in solutions and even under reaction conditions. [375] For example,
the structure of gold nanoparticles with size ranging from 3 to 30 nm in water was studied with
total scattering. [376] The water content (about 85%) in the sample volume was substantial, con-
tributing most of the signal to the experimental diffraction patterns. PDF analysis provided also
information on the ordering of organic polar and non-polar solvent molecules on the surface of
metal and metal-oxide nanoparticles. [377] Insight on the growth mechanism and kinetics during
solvothermal nanoparticle formation under 250 bar hydrostatic pressure with supercritical solvents
could also be achieved with PDF for, for example, TiO, with a water/isopropanol mixture at 250
°C [378], 4% YSZ with methanol at 270 °C [379], intermetallic PtPb with ethanol at 300 °C [380],
and SnO, with water at 350 °C. [81]

To determine the feasibility of the project and see whether differences in the loaded and the
empty CuBTTri structure exist, the PDFs for the empty and the CysamNO CuBTTri were calcu-
lated. A weak PDF difference signal indicates the possibility of being able to answer the question:

Can we experimentally determine if Cu in CuBTTri controls the RSNO decomposition?
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6.2 Experimental Procedure

The synthesis of the DMF form of the MOF CuBTTri was done by Alec Lutzke. All the other

work stated below was done by Arnold A. Paecklar.

6.2.1 Prediction of the initial structures

CysamNO: To calculate theoretical PDFs, structural models needed to be generated. First, the
structure of CysamNO was created and optimized, using the universal force field (UFF) [381], with
the program Avogadro. [382]

CuBTTri: We began from the published data for the experimentally determined structure of
CuBTT [383] (determined by neutron scattering) which is isotypic with the cubic sodalite-type
structure of CuBTTri. The difference is a N atom in the ligand 1,3,5-benzenetristetrazolate versus
the 1,3,5-Benzene-Tris-Triazole ligand. Isodistort [384] was used to transform the symmetry group
from Pm3-m to P432 to allow the change of the ligand. This structure was then optimized with
Density Functional Theory (DFT) using the Vienna Ab initio Simulation Package (VASP) [385—
388] with a planewave basis set and projector-augmented-wave [389] pseudopotentials.

The exchange-correlation functional used was within the Generalized Gradient Approximation
(GGA) of Perdew—Burke-Ernzerhof (PBE). [390] First the structure of the CuBTTri framework
was optimized using a planewave cutoff energy of 1000 eV for the basis set and I'-point sampling
for the Brillouin zone integration allowing the optimization of forces, stress tensor, atomic po-
sitions, the cell shape, and the cell volume until the electronic structure converged to an energy
difference of 103 eV and a force difference of 10-2 eV/A. The calculations were performed with
spin polarization. To correct for valence d electrons in Cu, a Hubbard U correction was applied
with 10.4 eV based on what used Cu in a similar MOF (CuBTT) and determined by ab initio
approaches. [391] To account for Van der Waals (vdW) interactions, Rev-vdW-D2 was used as a
correction. [392] These calculations were run on an HPC system with one core per atom.

CuBBTri with CysamNO: The insertion of CysamNO molecules into the optimized, empty

CuBTTri structure was done quasi-stochastically. The used positions were based on MD calcula-
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Figure 6.2: (left) CuBTTri with cysamNO coordinated to the copper atoms (blue) and (right) the empty
CuBTTri structure.

tions in other Cu MOFs [358] placing the S atom approximately 2 A away from the Cu positions.
Initially, this was done with 24 molecules with each containing 12 atoms. During the second
approach only one CysamNO molecule per sodalite (SOD) cage was used. This was based on
another study locating CO5 in CuBTT with DFT and GCMC. [393] The framework atoms were
frozen while the atoms of the CysamNO molecule were allowed to move. The same parameter
settings were used as for only calculating the empty CuBTTri structure.

Figure 6.2 shows CysamNO molecules coordinated with their S-atoms to all the Cu®* ions
within a unit cell of CuBTTri. CuBTTri crystallizes in the space group P432 and the SOD structure
which is characterized by structure type derived from zeolites. With the current location of the
CysamNO atoms, it was possible to use the P432 space group symmetry operations to place a
CysamNO molecule at a distance of 2 A next to all Cu®t atoms. This distance is based on the

calculations for RSNO — Cu interactions within HKUST-1.

6.2.2 Prediction of the diffraction pattern

To determine the feasibility of this project, some initial calculations were performed to see
what the theoretical diffraction and PDF pattern would look like. The XRD pattern for the empty
and CysamNO loaded CuBTTri structure using a Cu(K,,, A=1.5406 A) X-ray anode was done with

the General Structure Analysis System (GSAS) [394, 395] and for an Ag(K,, A=0.56 A) X-ray

99



80— T L s s s o A A T C
70 —— CuBTTri without CysamNO 41—
60 — CuBTTri with CysamNO ]
— Difference

L s e R L B e N L B
— CuBTTri without RSNO | |
— CuBTTri with RSNO
— Difference

Counts (a.u.)

0.0001

—
[ ondionmse o fimsae R zetiurgo ey ool o oo o W Py o o .
8 9 10 11 12 13 14 15 r(A)

20(°), A =055942 A

Figure 6.3: The predicted, calculated X-ray total scattering data using an Ag(K,,A=0.56 A) source of the
empty CuBTTri and the CuBTTri filled with 24 CysamNO molecules: the XRD pattern (left) and the pair
distribution function resulting from it (right).

X-ray anode with CrystalDiffract [396]. These pattern, in addition to the predicted PDF, calculated

with the program PDFgui [264] are illustrated in Figure 6.3.

6.2.3 Sample preparation and characterization

MOF: CuBTTri was synthesized following the previously reported procedure. [353] About
200 mg of the 1,3,5-tris(1H-1,2,3-triazol-5-yl)benzene was synthesized based on the published
method. This material was dissolved in 30 mL dimethylformamide (DMF) in a 120 mL vial and
its pH was adjusted to 4 with diluted hydrochloric acid. CuCl, -2 H,O was dissolved in 10 mL
DMF and added to the triazole solution. The vial was placed in an oven at 100 °C for 72 h followed
by the reaction solution being kept at room temperature for 1 week. The resulting purple powder
was centrifuged and washed with DMF three times. Then, the powder was placed in a glass
bottle with a screw cap along with deionized water and heated in an oven for 24 h at 100 °C. The
supernatant was removed with a pipette and the solvent exchange was repeated once more. The
next day, after removing most of the supernatant with a pipette, the remaining water was removed
by lyophilisation. Infrared spectroscopy was used to evaluate the level of DMF to water exchange.

RSNO: A fresh stock sollution of CysamNO will be prepared in situ prior to the reaction with

CuBTTri. A solution of 0.05 mol/L cysteamine hydrochloride will be nitrosated with excess of
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t-butyl nitrite. After reacting for 10 min under agitation in an ice bath, the concentration of the red
CysamNO solution will be determined by UV-VIS spectroscopy using the characteristic absorption

bands for RSNOs at 355 nm (e =793 Lecm ! L=1) and 545 nm (e= 15 L cm ™! mol ™).

6.2.4 Total Scattering measurements

Prior to completing the total scattering measurement, the MOF needed to be activated. This was
done by drying it for 3 days under vacuum and a temperature of about 80 °C. This is necessary to
remove all adsorbed species, particularly water. Removing all molecules form the adsorption sites
in the MOF prior to reaction showed to increases the initial NO release rate as seen by Harding et
al. for HKUST-1. [351] The material was then transferred into a glovebox where it was packed into
a quartz capillary with a 1 mm inner diameter (ID). The initial MOF structure was determined via
powder X-ray diffraction on a PANanalytical Empyrean with an Ag source (A=0.56 A). The sample
was measured for 615 min in multiple segments from an angle of 3° to 142° in 26. determine the
background signal. The same settings to determine the background from measuring the empty
capillary. The total scattering structure function, S(Q), and the pair distribution function, G(r),
was generated from this data using HighScore Plus. [397] The density (0.7780 g/cm?) used in this
calculation was based on the DFT relaxed, empty CuBTTri structure. To determine the background
signal from the bulk solvent, total scattering data for diionized water was also collected under
the same conditions. The DFT optimized structure was used as a model for the experimentally
generated G(r). Structural refinement was done using PDFgui. [264] Only the scale factor, lattice

parameter, deltal factor, and the isotropic Debye Waller factors for the were allowed to be refined.

6.3 Initial Results and Discussion

Structure Optimization: Given the large size of the unit cells of most MOFs, DFT, out of all
quantum chemical methods, is most suitable for routine calculations on the periodic strucutre of
MOFs. However, due to large amount of organic moieties, vdW interactions become significant

and could not be omitted and the exchange-correlation (XC) functionals needed to be carefully
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considered. Hence, the accuracy of the results strongly depends on the choice of the used XC.
While there are generally three different classes of XCs to correct for vdW [398], the corrections
by Langreth and Ludqvist groups (vdW-DF2) [399] have been very successful. Unfortunately,
the vdW-DF2 functional is also know to overestimate bond and lattice distance. Therefore, the
rev-vdW-DF2 functional was recently developed by Hamada with the purpose of improving the
geometries of vdW-DF2. [392] A comparison between XC functionals and experimental data for
adsorption in Ms(dobdc) MOFs was done as well as a comparison to Quantum Monte Carlo (QMC)
calculations and indicated that the rev-vdW-DF?2 functional shows the best agreement. However, as
has often been discussed in the literature, making direct comparison between experimental results
and simulations for porous materials is not always straight forward. [398] While this study showed
that meta-GGA functionals produced comparable resutls, they required significant more wall time
than other functionals. Hence, the rev-vdW-DF2 functional was chosen for our DFT structure
optimization.

In addition to finding the most suitable XC functional, other functors need to be considered
for optimizing the structure and having an accurate description of the adsorption under biolog-
ically relevant conditions. First, what needed to be considered when structures contain metals
such as Cu was a standard DFT problem: the self-interaction error (SIE). [400] Not taking this
into consideration can lead to many problems such as poorly optimized crystal structures, wrongly
assigning states as delocalized, or not finding band gaps and denoting systems as metallic. [401]
Generally used solutions to this problem are to either use empirically derived corrections (termed
as Hubbard U correction or just +U) or to use hybrid functionals. In a study examining multiple
copper compounds, it was found that hybrid functional agree less with the experimentally attained
data than standard functionals such as PBEsol+U. [401] There, different U values were derived
for compounds containing Cu* which distinct from Cu?*. Not having a Hubbard U correction
in MOFs could lead to the incorrect electronic structure which results in binding strengths of the
guest molecules to the open-metal sites either being under- or over estimated. [402] Another rea-

son for not using hybrid functionals was shown in a study examining small molecule binding in
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MOFE-74. [403] There, the use hybrid functionals was prohibitively computationally expensive for
large, complex MOFs. In addition to the higher computational cost, using even higher levels of
quantum computation, such as cluster models [404], did result in a poor agreement with experi-
mentally attained data for water adsorption in CuBTC. [405] The most sophisticated way to attain
the required Hubbard U values is by harnessing ab initio calculations as was shown through an
established linear response procedure for small molecule adsorption in MOFs. [391]

The binding energy of adsorbate is also influenced by thermal influences with adsorption hap-
pening at temperatures above 0 K. This is factored in with the quantum nuclear zero-point-energy
(ZPECs) and thermal energy (TECs) corrections needed for an appropriate comparison with exper-
imentally measured isosteric heats of adsorption at room temperature. [402] The final factor to be
considered arises from the CysamNO being dissolved in water. Hence, solvent contributions need
to be considered and can be treated explicitly, or implicitly. [406] The former provides a full ab
initio approach and is the most detailed representation of the system. However, this requires aver-
aging over solvent molecular configurations which makes it the more computationally expensive
option. A computationally cheaper and more tractable approach is the implicit water model. This
is a parameterized approach allowing to replace the solvent molecules with a continuum dielectric.
The average over all molecular configurations is embedded in the solvent model parameters. Since
this is a simplified approximation, it must be used with care and requires sometimes to still use the
first few solvation shells explicitly. [406]

While not used in our initial calculations, it could possibly be addressed by using the mod-
els described below. The most commonly used method to model solvation effects is to use a
polarizable continuum model. Modeling the solvent as a polarizable continuum makes ab ini-
tio computation feasible. While a common model in computational chemistry is the "COnductor-
like Screening MOdel*“ (COSMOS) [407], a newer approch, easily implementable for VASP, is
VASPsol. [408] A successful use of the implicit solvation with VASPsol was shown for study-
ing the adsorption of bio-oil model compounds in the zeolite HZSM-5. [409] There, the C1-C4

carboxylic acids adsorption used a non-spin polarized approach with a vdW correction (PBE+D?2).
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The structure relaxation of the empty, cubic CuBTTri wwas converged after 22 hours resulting
in optimized lattice parameters of 18.73938 A. For finding the ideal adsorption sites within the
SOD cage, the ZPECs, TECs, and the implicit solvation model were initially not considered and
only vdW corrections and Hubbard U corrections were applied. Even with this limited number of
computational parameters, the DFT based optimization could not find an energy minimum within
128 hours. Instead of realigning in the vicinity of the Cu atoms, the CysamNO molecule slowly
moved away from these sites towards the center of the SOD cage.

The best explanation for being unable to locate an energy minimum is the high number of de-
grees of freedom in this system. While all the above mentioned computational factors make the
results of a structure optimization more accurate, the amount of the atoms, primarily in the sor-
bate, increases the internal degrees of freedom and further the computational cost tremendously.
For instance, a study using DFT for finding adsorption sites in MOFs used, as the largest molecule
studied, propane (CsHg). [402] With propane containing only 11 atoms, the potential energy sur-
face is already highly multidimensional and finding a global minimum can be very difficult. This
is especially true if the initial structural configuration is sufficiently far from the global minimum.
In such a case, the DFT binding geometry can become very easily trapped within a local minima
while trying to optimize the structure. Hence, CysamNO containing even more atoms (12) poses
and additional challenge for finding a global minimum during our structural relaxation.

Based on our initial results, other approaches need to be considered. A semi-theoretical tech-
nique was chosen to find the CO, adsorption sites in CuBTT by cooling the system to 10 K,
collecting neutron scattering data, followed by the calculation of a Fourier difference map. This
served as the starting structure for their DFT structure optimizations. [393] However, to really
find the theoretical sites, in order to circumvent our current limitations with DFT, Grand Canonical
Monte Carlo (GCMC) simulations with programs such as RASPA might show more success. [410]
Another option is to use a combinatorial approach, using DFT for the neat MOF, finding the ad-
sorptions sites with GCMC or molecular dynamics (MD) simulations, and then further optimizing

these positions using DFT. However, for either MC and MD, an appropriate force field needs to be
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used. While there are easily accessible, commonly used force fields such as UFF [381] or Dreid-
ing [411], these are unable to treat open-Metal sites appropriately. While there are updated force
fields specifically designed for MOFs, like UFFAMOF [412,413] and QuickFF [414,415], to find
a properly suited force fields for CuBTTri, ab initio techniques could be used similar to what was
done for finding force fields for a series of different MOFs. [416] However, since the reaction of
CysamNO splitting is more complicated than just a simple adsorption, other variables must be also
considered. For example, the proposed reduction of Cu?" to Cu™ during the reaction is currently
not covered by a simple DFT structure optimization during an adsorption process in an extended
solid. [358] Furthermore, current force fields for MOFs do not allow for bond breaking or refor-
mation which also needs to be taken into consideration during chemical reactions. This could be
done by using reactive force fields such as ReaxFF [417,418] This has already been applied in a
number of studies involving MOFs such as the melt-quench process of ZIF-4 [419], the stability
of MOFs against water [420—422], and the appending of diamines to the metal-organic framework
Mg, (dobpdc). [423]

Since this is beyond our current capabilities, collaborations need to be sought out for continuing
this computational project.

X-ray Total Scattering of neat CuBTTri

It can be seen (Figure 6.4) that the initial fit shows good agreement with the structural model,
based on the general peak positions. The intensities match better in the low and high r-ranges
but have higher discrepancies in the medium r-range. This could indicate static disorder in the
MOF structure. Due to the size and the large number of atoms contained in the structure, further
refinement with PDFgui is not feasible. A more sophisticated software package, such as DiffPy-

CMI [253], or a large box approach with Reverse Monte Carlo (RMC) modeling needs to be used.

6.4 Future Steps

As a future project and a continuation, the local structure of the neat MOF needs to be deter-

mined. This is a perfect environment for using the previously developed skills in high-throughput
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Figure 6.4: Pair Distribution Function (PDF) analysis. The PDF of the empty CuBTTri generated from the
in house total scattering experiment (blue) and from the structural refinement (red). Highlighted in green is
the difference between these two PDFs.

reverse Monte Carlo modeling to find the disorder within the empty CuBTTri structure. The next
step is to synthesize the CysamNO and measure the reaction with the MOF in operando. This is
proposed to be done in an open capillary to provide a gas outlet for the NO being formed during
the reaction (Figure 6.5). To allow powder averaging and mixing of the reagents, the capillary
will still have to spin slightly. To determine the influence of the solvent on the MOF, a separate
measurement of the bulk solvent and in the MOF needs to be done. Using the program PDFgetX3,
the data from the solvent and the capillary will be subtracted before the Fourier transformation of
the total scattering data. However, as an initial approach, some Fourier difference maps will be
calculated to find average positions of adsorbed molecules. For this, Rietveld refinement method
will be used to refine the structure of the CuBTTri. Then, by calculating the Fourier difference map
we try to see whether water molecules can be located in close proximity of the copper centers. The
structure refinement of the second data set will be used to determine the location of the RSNO. To
locate the RSNO in the MOF, Fourier difference will be calculated again. While the adsorption and
desorption of the RSNO on the Cu center is a randomized, dynamic process, the coordination on
the metal center is supposed to be rather localized. Long measurements and a time averaged signal
should make it possible to determine the location and orientation of the RSNO at the metal center.

Further structural analysis of the PDFs will follow the initial analysis of the average structure. The
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results from theoretical studies, predicting the adsorption sites, will function as a starting structure
for the structural refinements. Due to limited intensities and prolonged measurement times, based
on the detector setup, the in house instrument can only provide rudimentary results. However,
the initial results from this study should enable a proposal seeking an funding and beam time to

perform these experiments also at a synchrotron.

i i — -

Figure 6.5: Illustration of the proposed experimental setup for the operando total scattering measurement.
The goniometer setup in the Empyrean diffractometer with the capillary position (left) and a cartoon showing
detailed information about a.) the capillary holder, b.) the glass capillary, and c.) the polymer tube for the
gas outlet.
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Chapter 1

Introduction

1.1 Problem

During their elementary and secondary education, students have a strong level of guidance pro-
vided primarily by teachers and parents. However, once students reach post-secondary education,
they are, for the most part, on their own and are required to be in control of their learning, their
motivation, their planning of goals, and managing their resources [Bembenutty, 2011a]. These
qualities are part of what is defined as self-regulation of learning or self-regulated learning (SRL)
defined as “processes whereby learners personally activate and sustain cognitions, affects, and be-
haviors that are systematically oriented towards the attainment of personal goals” [Zimmerman,
2011, p. 1]. This transition from one educational environment to the next is especially difficult for
many students because they lack the skills needed for such a self-regulatory environment. Addi-
tionally, many students are not aware of good study strategies [Hartwig et al., 2012, Kornell and
Bjork, 2007, McCabe, 2011, Morehead et al., 2016]. This deficiency in knowledge about effective
study strategies can be attributed, at least partly, to the lack of necessary training and information
about self-regulation and motivation provided to teachers and school psychologists [Cleary, 2011].
Not having the appropriate environment for learning can lead to students being, despite their inter-
est in the subject, disengaged during the instructions they receive in the classroom. Furthermore,
students’ interest in engaging in interventions, intended to increase their level of self-reflections, is
decreased. Additionally, the interaction with the learners and the classroom climate generated by
educators also has a strong influence on self-regulation [Bembenutty, 2011b]. These are reasons
for educators, researchers and policy makers to pay more attention to self-regulated learning in

higher education and its implications on student success.
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1.2 Self-monitoring

It was proposed that self-regulated learning is a cyclic process which occurs in three phases
[Zimmerman, 2000]: the forethought, performance control, and self-reflection phase. The fore-
thought phase, occurring before the actual learning process, is where learners generate goals and
do strategic planning. The performance phase refers to the actual learning task including atten-
tion focusing, self-instruction and self-monitoring. The self-reflection phase is considered the final
phase after the completion of the learning activity. This includes self-evaluation of the performance
leading to adaptation of performance based on their success or failure and subsequent finding of ex-
planations and adaptations for future tasks. This signals the starting point for the next forethought
phase for reinitiating the SRL process.

A self-monitoring process, during the learning process in the performance phase, could be
defined as one in which the effectiveness of learning strategies are assessed and the very first
step for making self-learning even possible [Pressley and Ghatala, 1990]. Furthermore, it must
reflect a learner’s “deliberate attention to some aspect of one’s behavior” [Schunk, 2012, p. 102].
Hence, the execution of this process must be intended and not arbitrarily or mindlessly done.
Several examples in the literature show positive effects of monitoring on student success such
as a study done on fifth and sixth graders on a computerized problem-solving task asking them
questions at multiple stages during the process [Delclos and Harrington, 1991]. They reported, that
students in the control group solved fewer complex problems and took longer to solve problems
than students in the self-monitoring group. An example for continuous monitoring, also used in
higher education, are learning diaries [Dorrenbécher and Perels, 2016, Fabriz et al., 2014]. A self-
monitoring intervention resulted in increased levels of SRL strategy use and also better performing
students compared to the control group even in a graduate level statistics course [Lan, 1996].

Self-evaluation, as part of the third phase of Zimmerman’s SRL framework, includes com-
paring outcomes with the set goals. This can be done by, for instance, evaluating the results of
exams commonly seen as the final step after completion of a learning activity. However, when

multiple exams occur within a course and also only the final exam grade is considered as a goal-
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measure, individual exams could be interpreted as part of the learning process and a measure of
self-monitoring. Being tested by others was also identified by students as a self-monitoring strat-
egy [Lan, 2005]. Students using this strategy seemed to realize the inaccuracy in evaluating their
own learning. Another category of student responses identified by Lan (2005), highly related to
being tested, was reviewing previous performance.

This process of reviewing or reflecting previous performance is also a good example for mon-
itoring. Similar to previous approaches [Nelson and Narens, 1994], monitoring was viewed as ‘a
data-driven dimension of metacognition functions to inform control processes’ [p.160, Nietfeld,
Cao, & Osborne, 2006] which reflects the process of making changes to study habits based on pre-
vious data representing performance on exams. This process could be augmented with intentional
and systematic interventions. It was claimed that these interventions are a suitable approach to
SRL components such as monitoring [Schunk and Zimmerman, 2003]. Positive effects of such in-
terventions have been shown in the literature. For example, improved monitoring was indicated in
a psychology and educational psychology course to lead to improved self-regulation and improved
performance [Thiede et al., 2003]. Similarly, feedback, given after an exam and classes, led to a
higher level of calibration and performance in an educational psychology course [Nietfeld et al.,
2006]. Also in a mathematics course, self-assessment of academic quiz outcomes led to higher
performance [Glenn, 2010, Zimmerman et al., 2011]. Based on these examples from the litera-
ture, it is predicted that additional feedback gathered over time, either through external sources or
though self-monitoring, would lead to better understanding of students’ strength and weaknesses
but also help them regulate and adjust their learning and learning strategies.

A similar approach was taken in introductory general chemistry courses at Colorado State Uni-
versity (CSU) with several different learning-to-learn activities intended to improve the students’
level of self-monitoring and foster SRL. One of the interventions used was the Post-Exam Self-
Assessments (further denoted as PESA) intervention. This approach provides additional opportu-
nities to monitor and evaluate their learning progress and understanding of the material. This type

of intervention has not only been used at CSU in chemistry, but also in other departments such as
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biology or microbiology, immunology and pathology. It is also an example of one of the interven-
tions used in the chemistry department, based on [Nilson, 2013], to decrease the high DFW-rates.
PESAs at CSU have been used with different approaches, for example, one course used post exam
assignments only after the first exam versus being part of the entire course. However, this type
of intervention has not been analyzed on its effectiveness to help students perform better in these

courses which was addressed in this study.

1.3 Post-exam Self-Assessment

A Post-Exam Self-Assessment intervention is considered to increase the level of self-
monitoring in an academic environment. It was suggested that possible interventions in chemistry
courses could be through communicating the role of effort and strategies as well as the facilitation
of strategy use [Zusho et al., 2003]. The latter means that the instructor could model specific strate-
gies of thinking for learning chemistry in the course. One way this can be done is through post-
test analyses [Achacoso, 2004] which are also known as “Post-exam wrappers” [Ambrose et al.,
2010, Kaplan et al., 2013, Lovett, 2010]. The post-exam self-assessment is based on a student’s
reflection on a past event which is not a generally well established practice. For example, 86%
of students reported not reviewing course material after a course had ended [Kornell and Bjork,
2007]. It was also observed that there is generally a low level of self-reported self-monitoring
at different levels of education ranging from elementary school to graduate school [Lan, 2005].
Across all education levels, only 22% of the students reported to use some self-monitoring strat-
egy after class. Once higher stakes are involved, such as a quiz or a final exam, 36% and 31% of the
students reported self-monitoring strategies respectively. The self-monitoring strategies reported
by students were categorized in six groups (self-testing, being tested by others, overt presentation,
elaboration, systematic rehearsal, and reviewing previous performance). It was also observed that
older students reported higher levels of self-monitoring compared to younger ones. The identi-
fied self-monitoring categories of reviewing previous performance (e.g. exam or assignments) was

used by only about 2% of the sampled students and marked the least used strategy. This confirms
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a similar trend from a previously published study on 10th-graders who reported their level of re-
viewing tests when interviewed about their use of self-regulation strategies [Zimmerman and Pons,
1986]. Even at the graduate level, students have not optimized self-monitoring and self-regulated
learning strategies yet [Lan, 1996]. This supports a general belief that students do not usually judge
their learning after an exam in actual courses and usually, once an exam is graded and returned,
students often quickly forget the details about the exam performance or how they prepared for the
exam. This prevents them from discovering how their learning process and their study strategies
went wrong. Traditionally, exams have marked the end of a learning process before a new learn-
ing begins for the next exam. Hence, an exam is not considered being an integrative part of the
learning process itself. However, testing should be part of the learning process. The procedure of
testing can entail for students to actually reflect on, for instance, what they had done wrong on that
exam, what type of mistakes they made and what study strategies they used. This has been done in
a similar manner by course instructors which reflect on how students performed, compare that to
the learning objectives and further adjust their teaching or syllabus for the next semester when they
teach the same course again. Since instructors are already more aware of these processes, they
could help students overcome the difficulties of self-monitoring caused sometimes by not hav-
ing a familiar self-monitoring system in place. Such an approach could address the motivational
obstacles hindering students from self-monitoring [Zimmerman, 1998] which are on the one hand
students being un- or misinformed about the effectiveness of self-monitoring and on the other hand
the lack of self-efficacy on using self-monitoring strategies. A systematic self-monitoring system
could be a Post-Exam Self-Assessment implementation in subject courses.

Marsha Lovett introduced the concept of PESA as part of a study which looked at four
courses including introductory mathematics, and science courses (biology, chemistry and physics)
at Carnegie Mellon University [Lovett, 2010]. The courses had different assignments and activities,
but all their exams were fairly similar. The goal of her study was to determine the practical viability
of these post-exam wrappers across several different courses as well as to get an initial formative

assessment. The data that was used to evaluate the effectiveness were the students’ responses pro-
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vided on the wrapper, the answers provided on the survey at the end of the semester which inquired
about their learning experience and the student ratings of different learning strategies which came
from questionnaire responses at the beginning and at the end of the semester. Students were asked
three kinds of questions in the initial design of her exam wrappers: a. how they prepared for the
exam b. what kind of errors they made on the exam and c. what they might do differently to
prepare for the next exam. The main purpose of this approach was not to get detailed answers
from the students per se, but rather induce reflection and self-monitoring. Students are enabled to
answer for themselves whether they studied enough or sufficiently in advance. Furthermore, by
asking them about the study strategies that they used they consider that there are many option that
they could have harnessed. One of the outcomes from Lovett’s study was, that more than half of
the students claimed to have changed in how they learn the material and study for exams. From
this proportion of participants, 90% of them reported to have adopted a new learning strategy in
chemistry. Another finding was, as predicted, students showed a higher increase in metacognitive
ability the more courses they took that used exam wrappers. Furthermore, the more the students
were exposed to the courses using exam wrappers, the more effective study strategies they used
and the more accurately they rated study strategies on their level of effectiveness. Unfortunately,
this research did not include a control group. This method should help to promote a different view
of exams so students see them not only as a mere evaluation tool, but more of a valuable piece that
is part of the learning cycle. For example, it has been shown that repeated retrieval, representative
for testing, can enhance long-term learning [Brame and Biel, 2015]. This can also be seen to be
an incubator for self-regulated learning which would profit in particular the students who are tran-
sitioning to college. The more instructors in other subject courses use these wrappers, the more
students can learn about metacognitive skills in different contexts which increases the possibility
that students might use these skills in new situations.

Post-exam wrappers can easily be implemented into a course. Generally speaking, any in-
tervention should be easily adaptable to different disciplinary contents or formats of the course

(whether it is a small or large student population). Additionally, instructors should not have to
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design a distinct instrument for every course. The post-exam wrappers fulfill these requirements
which makes them a tool that is repeatable but flexible enough to accommodate variations in for-
mat. These exam wrappers can be done as an in-class activity, as part of a homework that the
students can turn in the next time they come to class or that can be done on an online learning man-
agement system. One more advanced way to administer post-exam self-assessments is to proceed
with the interaction after students have turned the post exam assignments in. This can be done
by returning them to the students at a later point during the semester when they are supposed to
start studying for the next exam. This helps to remind students of what they have learned when
doing the last exam wrappers. Then, students can ask some questions about it which can also be
accompanied by an in-class group discussion on what effective study strategies are. Discussion
items can tackle issues such as how many hours a student studied or when they started to study
for the last exam. This process could lead students to think, for example, that they should work
through more practice problems in order to better understand how to set up certain equations. This
intervention was designed to increase metacognitive skills, however, reflections on exams can also
increase motivational factors as a study in a college mathematics course showed [Zimmerman,
2011]. There, students who received self-reflection training and who used it to self-assess aca-
demic quiz outcomes, outperformed students in the control group. These students also showed
better self-efficacy beliefs. Hence, such an intervention creates higher levels of motivation and

might be useful as an intervention in a chemistry course.

1.4 Help-Seeking

Help-seeking is considered to be an important self-regulated learning strategy [Zimmerman,
2008]. This might sound contrary to self-regulated learning since searching for social assistance
is contrary to the self-regulation process, which is by definition, nonsocial [Zimmerman and Pons,
1986]. A nonsocial approach is also reflected in societal norms focusing more on an individualistic
nature than a collective, social environment [Karabenick and Berger, 2013]. This is also buttressed

by John Garner, former Secretary of Health, Education and Welfare of the United States who said:
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“The ultimate goal of the educational system is to shift to the individual the burden of pursuing
his own education.” [Lan, 2005] Therefore, it might not be surprising that, despite having been
acknowledged as, for more than three decades, a self-regulated learning strategy [Karabenick and
Gonida, 2018], many college students still do not seek the help that is needed for their academic
success. While embarrassment is one of the reasons, there are a multitude of others ranging from
showing weakness, over feeling hopeless to not being aware of needing help. Preventing students
from asking the instructor questions can be based on their feeling of instructors judgment or their
feeling of instructors not being receptive [Karabenick and Sharma, 1994]. In other instances,
students realize that they have problems but do not ask for help because they lack the ability to
identify what exactly they have not mastered yet. Not asking for help could also mean that there
is a lack of understanding but students are unable to formulate a reasonable question preventing
them from asking [Renkl, 2002].

However, there is evidence that successful students using other learning strategies are more
likely to pursue looking for help when needed [Karabenick and Knapp, 1991]. Also Zimmer-
man and Pons (1986) identified seeking social assistance as a self-regulated learning strategy and
showed that seeking assistance was a strong differentiator between the two achievement groups.
50% of the high achieving students reported asking for assistance from peers while only 23% of
the low achieving students did. High achieving students also reported to seek help 27% more
frequently from adults than the low achieving students. This result suggests that students relied
more heavily on social sources of assistance to succeed in academic endeavors following similar
findings on social learning which demonstrated that inhibition and self-controlling processes can
be acquired and modified through observation of a model [Bandura et al., 1967]. This way us-
ing help-seeking as a self-regulated learning strategy helps to increase understanding enabling the
student to act on future problems independently.

Help seeking is part of all three phases in the cyclic self-regulation model as a social strategy for
gaining needed assistance [Usher and Schunk, 2018]. While originally only thought of occurring

in the performance phase as a social strategy for acquiring needed assistance [Zimmerman and
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Moylan, 2009], it may occur, according to Karabenick and Gonida (2018), as error identification
and self-observation in the performance phase, task analysis during the forethought phase, and
also self-evaluation in the self-reflection phase. Despite there being differences in the various
models for the help-seeking process, they can generally be divided into eight steps [Karabenick
and Berger, 2013, Karabenick and Newman, 2009, Nelson-Le Gall, 1981]. Although the order of
the steps can change, usually the first two steps are task analysis, which embraces determining
whether there is a problem, and determining whether help is needed [Karabenick and Berger,
2013]. Based on that, the ideal adaptive help seeker was described as one who asks questions
regarding whether help is necessary, the content of the request, and the target, but also possesses
interpersonal skills as well as self-system resources permitting him or her to persevere in situations
and environments inhibiting or undermining help seeking [Newman, 2008]. In order to identify
a problem, cognition or metacognition competencies need to be present which are also related to
understanding that help is needed and how to seek help. While this represents a major competency
for adaptive help seeking, emotional and social competencies are important at each stage of the
help-seeking process. For example, with help-seeking being one out of the only two social self-
regulatory strategies, learners need to have proper social skills for interacting with teachers or peers
who could provide the needed help [Makara and Karabenick, 2013].

Learners not being aware of situational shortcoming requiring them to seek help are, there-
fore, attributed to metacognitive deficiencies in the self-regulated learning process [Efklides,
2011]. Hence, cultivating adaptive help seeking would require also improving cognitive com-
petencies [Karabenick and Berger, 2013]. The challenge is to find effective intervention programs
addressing specifically students with weak cognitive, metacognitive and motivational competen-
cies. Suggestions have been published for instructors to create environments in school classrooms
that can be considered help-seeking-friendly [Karabenick and Berger, 2013]. The environment in
the classroom plays an important role, such as whether students perceive mastery goal or perfor-
mance goal orientation within a classroom [Karabenick and Gonida, 2018]. Furthermore, it was

claimed that teacher instructional support and emotional support are predictors for academic help
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seeking in adolescents. For example, students’ adaptive help seeking level was found to be higher
in middle and high school classes in which students perceived higher levels of support [Zusho
et al., 2007]. Therefore, it was suggested that instructors should clearly outline rules and proce-
dures for the students on how to acquire help and what resources they have available [Newman,
2008]. Unfortunately, some teachers themselves are unaware of correctly contextualizing help
seeking for themselves and their students [Butler, 2007b]. Occasionally, this leads them to make
students believe that they should constantly work alone and not ask for help or that students should
only get praised for independent work [Butler, 2007a, Karabenick and Gonida, 2018, Karabenick
and Sharma, 1994, Strati et al., 2017]. In addition, the adjustments that can be made for prepar-
ing a help-seeking-friendly environment as well as the level of instructor support are limited in a
classroom for larger introductory college courses. Therefore, other approaches need to be taken
and help-seeking interventions need to be designed to adapt to different groups and environments.
While there is a list of possible interventions to competencies in help seeking, most of them have
not been studied in relation to help seeking behaviors. The question also remains whether a spe-
cialized training on self-regulated learning as part of a stand-alone course or distinct interventions

implemented in a subject specific course would benefit students more.

1.5 Measuring Self-Regulated Learning

Since it is important to “understand cognition in the context of natural purposeful activity”
[Neisser, 1976, p. 7], a classroom is the most appropriate setting for determining student qualities
related to SRL. A typical methodology to determine these values in psychological or educational
experiments is to perform experiments in a laboratory setting. There, several different experiments
can be done to observe values such as reaction time or think-aloud protocols to measure strategy
use or actual experimental manipulations to induce certain types of motivational goals [Ericsson
and Simon, 1993, Graham and Golan, 1991]. However, laboratory experiments are not always the
most appropriate setting. For example, they often sacrifice external validity and generalizability to

the classroom setting. This is due to students’ self-efficacy beliefs for most academic tasks based
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on their familiarity with comparable tasks in a classroom setting. In comparison to their familiar
classroom, the laboratory tasks could be relatively unfamiliar to them. The personal interest level
and values for tasks performed in an academic classroom setting are also different for students.
This means, that most laboratory tasks probably have low value for the typical student since their
exposure to certain tasks, which may appear to be artificial, make the students rate the activity as
unimportant or not meaningful to real life. Other examples for differences between laboratory and
classrooms are more complex forms of learning, longer periods of learning, greater motivation,
and longer delays between learning and testing. Laboratory settings, on the other hand, have
the advantage that certain experiments can be performed, such as reaction time and think-aloud
protocols, which are difficult in a classroom. Other advantages of experiments performed in a
laboratory are the possibility to precisely specify and control of variables and relationships that are
difficult to achieve in the field. Therefore, experiments performed in these different environments
can yield different or sometimes even opposing results. For example, this was observed for the
‘Memory of Past Test’ effect. While a laboratory setting [Finn and Metcalfe, 2008] indicated the
presence of this effect, the actual classroom setting could not find evidence for this effect [Foster
etal., 2017]. However, there were more variations in the design of the study which makes it difficult
to claim that the different outcomes are solely based on the this variable. To summarize, laboratory
findings are considered to not be readily generalizable to classroom contexts [Lundeberg and Fox,
1991, McCormick, 2003]. Hence, based on the desired “close to reality”’-situation in a classroom
compared to a laboratory, the best way to collect data is actually in a classroom setting.

Some of the instruments that can be used in a classroom are observations, stimulated recall,
interviews, and questionnaires. Let us review each of these methods briefly and determine its us-
ability for measuring abilities related to self-regulated learning. A reason for using observations
as an instrument is because many indicators of motivation are behavioral in nature such as choice
of task level or effort on task and persistence at task. However, simply observing these character-
istics is not sufficient to determine student motivation since it is important to also collect data on

students’ perceptions and beliefs about the task. This is based on the goal theory [Ames, 1992]
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which distinguishes between a student’s tendency toward mastery-orientation and performance ori-
entation. One way a student’s orientation could be determined with just behavioral observation is
through speech recording. However, this approach usually entails too much effort to be a viable
option for covering the student’s orientation and, therefore, is not feasible in a classroom setting.

A method to obtain the same type of data, generated by observational methods as well as
measures of students’ beliefs and perceptions of their behavior, is called stimulated recall. [Bloom,
1953, Siegel et al., 1963, McConnell, 1985] The way this method works is to have students respond
to a videotaped replay of their behavior from an earlier classroom session. The recording provides
cues stimulating students to reflect on the shown class. This approach helps them to remember
what their in-class thought process was. Hence, stimulated recall allows researcher to understand
students’ motivation and cognition in an actual classroom. While this method is meant to deliver
the best data in the context of reliability and validity, it is expensive, time consuming, and not
adequate when researchers lack the required equipment.

Contrary to stimulated recall, other self-reported instruments such as interviews and question-
naires are easy to use in classroom settings. Questionnaires are especially well suited for large
groups of participants. For example, if the questionnaire items are closed-ended, it requires lit-
tle time for preparing and scoring them. Questionnaires can also be used to obtain information
on strategy use. This can be achieved by asking concrete questions about actual behavior that
the students could engage in instead of abstract cognitive operations. Therefore, the items on a
questionnaire can target actual behavior that the students might perform when studying the course
material. However, some of these items may be difficult to be understood by younger participants
as, for example, children [Garcia and Pintrich, 1996]. Based on these findings, questionnaires seem
to be the most appropriate tool for determining qualities and abilities for becoming self-regulated
learners in a college setting. While earlier there were questionnaire based tools to assess college
student learning, they were considered to not be based on theoretical frameworks. In the literature
these questionnaires are sometimes also defined as inventories. Some problems with inventories

were, for instance, that there was no coherent definition of study skills, some inventories contained
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subscales that had a very low reliability, the inventories were not validated as a diagnostic instru-
ment, many of the inventories can quickly be deciphered by the students which makes it easy for
them to give their desired image of themselves or most inventories look at only one part of effective
study (consistent and regular study). Newer inventory based research on self-regulated learning in
chemistry courses has focused more on particular areas of self-regulated learning such as eval-
uating metacognitive skills. For example, students in these courses have been evaluated on their
learning with the Metacognitive Activities Inventory [Cooper et al., 2008,Cooper and Sandi-Urena,
2009, Sandi-Urena et al., 2011b]. However, with this inventory other very important components
of self-regulated learning, such as motivation, have not been addressed.

A tool that examines both the student’s motivation and learning strategies, which includes
metacognition, is the Motivated Strategies for Learning Questionnaire (MSLQ). A review by Dun-
can and McKeachie (Duncan & McKeachie, 2005) illustrates the background of the MSLQ as well
as the areas where it has been applied. Despite its wide usage and success in different levels of
education ranging from 4th-grader [Andreou, 2004] to graduate students [Hamman et al., 2000],
newer inventories are slowly replacing the MSLQ. The more recent achievement goal literature
uses the Patterns of Adaptive Learning Scales (PALS) [Ross et al., 2005, Hackel et al., 2016] and
the Revised Achievement Goal Questionnaire (AGQ-R) [Elliot and Murayama, 2008], with the
latter being most appropriate for college students.

Measuring help seeking can be done with the MSLQ, but one critique is that it’s help seeking
scale does not distinguish between different sources of help. A more thorough scale was developed

by Stuart Karabenick (2004) at the University of Michigan.

1.6 Summary of the Chemistry Education Part of the Disserta-

tion
The second part of this dissertation aims to highlight that other factors besides just the actual
chemistry content are important when studying this subject matter. We must ensure that knowl-

edge gets understood and transferred effectively by fostering the appropriate "soft-skills" enabling
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students to be more self-aware and become self-driven learners. The lack thereof has lead to high
failure rates in science courses following a large number of students leaving this field. Similar
trends were seen at Colorado State University with high drop- and withdraw-rates as well as a
large number of D and F grades in introductory chemistry courses. This led to the introduction
of SRL interventions in these courses. While the initial subjective evaluations were promising, a
more in depth evaluation had to be conducted to further understand the influence on SRL qualities,
motivation, but also on overall course grades.

Chapter two focuses on the chemistry course CHEM 111 with multiple types of interventions
such as reading assignments, pre-exam knowledge surveys, and post-exam self-assessment. Their
impact on motivational aspects (intrinsic goal orientation, extrinsic goal orientation, task value,
control of learning beliefs, and self-efficacy) as well as a learning strategies aspect (help seek-
ing) was evaluated with a paper-based survey using questions from the Motivated Strategies for
Learning Questionnaire [Duncan and McKeachie, 2005]. While our experimental design was un-
able to detect statistically significant impact, broader implications are discussed. The final chapter
evaluates the influence of only one intervention, the post-exam self assessment, and its influence
on different aspects of help seeking (general intention to seek needed help, general intention to
avoid needed help, perceived cost of help-seeking, instrumental help-seeking goal, expedient help-
seeking goal, seeking help from formal sources, and seeking help from informal sources) and the
influence on student grades. This was the only intervention introduced in a separate course, CHEM
107, and evaluated during two consecutive semesters allowing for an exploratory and confirmatory
study. Similarly to the first study, students reported help-seeking information on in-class, paper-
based surveys following the design of Karabenick (2004). Even eliminating influential factors
such other interventions or different courses as comparative measures, did not yield a measurable
statistically, significant effect in our experimental setup.

The appendices for this part of the dissertation contain examples of the surveys used for each

study as well as additional figures from the two chemistry education chapters.
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Chapter 2
Metacognitive reflection and self-regulated learning

qualities in general chemistry college courses

2.1 Introduction

Introductory undergraduate science and engineering courses often have high failure rates, lead-
ing to a large number of students leaving the Science, Technology, Engineering, and Mathematics
(STEM) field [Freeman et al., 2011]. Presaging these trends, declines in motivation and engage-
ment in high school are greater in science courses than in other subjects [Gottfried et al., 2001, Shu-
mow and Schmidt, 2013]. Accordingly, it is paramount to better understand such declines in mo-
tivation/engagement and to identify methods of enhancing academic achievement and retention in
STEM fields.

One possible explanation is that success in STEM fields requires a broad understanding of
learning so as to master complex, math-intensive concepts. However, survey data suggest that
undergraduates may possess incomplete or erroneous knowledge of effective learning strategies
[Hartwig and Dunlosky, 2012, Kornell and Bjork, 2007, McCabe, 2011, Morehead et al., 2016].
Further, students may underestimate their role in learning [Ruohoniemi and Lindblom-Ylinne,
2009] and fail to implement effective strategies even if they have adequate knowledge of those
strategies [Foerst et al., 2017]. Thus, in conjunction with a variety of other factors that might un-
dermine learning outcomes [Kirschner and van Merriénboer, 2013,Nilson, 2013,Singleton-Jackson
et al., 2010], the literature suggests potentially important deficits in knowledge and production of
optimal learning strategies [Rhodes et al., 2020].

Accordingly, it is imperative that students engage in effective self-regulation, “...self-
generated thoughts, feelings, and actions that are planned and cyclically adapted to the attainment

of personal goals” [Zimmerman, 2000, p. 14]. This may be especially important at the college
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level, where most learning occurs outside of a structured environment and without instructor guid-
ance. Students, therefore, frequently engage in self-regulated learning (SRL). This includes moni-
toring and control of cognition (metacognition; [Dunlosky J., 2008, Flavell, 1979, Rhodes, 2019])
as well as monitoring and control of one’s emotion, motivation, behavior, and learning environ-
ment. Indeed, students are increasingly expected to be self-regulated learners [Kirschner et al.,
2006, Wirth and Leutner, 2008] , with some curricular frameworks establishing effective SRL as a
primary goal [European Commission, 2008]. Deficits in SRL may manifest in shortfalls in strategic
knowledge (e.g., algorithms need to solve problems), deficient knowledge of cognitive tasks (e.g.,
assessing the difficulty of a task), and/or poor self-knowledge (e.g., awareness of one’s strengths
and weaknesses), among other possibilities [Pintrich, 2002].

In the current study, we explored an approach to remediating shortfalls in students’ SRL skills.
Prior research has considered generalized approaches via courses on how to learn [Bail et al.,
2008,Hofer and Yu, 2003,Schmitz, 2001]. Although highly promising, it may also be advantageous
to situate training in SRL skills within a content course rather than extracurricular training [Hattie
and Marsh, 1996, Paris and Paris, 2001, Pressley et al., 1992, Tricot and Sweller, 2014]. Accord-
ingly, we tested a focused SRL intervention within a large, multi-section introductory chemistry
course. Broadly, the interventions consisted of reflections elicited during readings and knowledge
assessments before and after exams (see the Methods section for details).

Of key interest were changes in SRL skills over the course of a semester. Prior work suggests
that, absent an intervention, some elements of SRL may decline over time. For instance, Zusho,
Pintrich, and Coppola (2003) measured self-regulated learning among students in a general chem-
istry course and reported that motivation and metacognition declined over a single semester [Zusho
et al., 2003, Eccles J. S., 1998, Pintrich and Schunk, 2002]. Zusho et al. also reported that self-
efficacy [Bandura, 1997], “students’ judgments of their capabilities to perform a task, as well as
their beliefs about their agency in the course” (p. 1083, Zusho et al., 2003), was the best predictor
of course performance. These data comport with a meta-analysis reported by Robbins et al. (2004)

showing that self-efficacy, along with achievement motivation, had a strong, positive relationship
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with college GPA [Robbins et al., 2004] . A much more extensive synthesis of meta-analyses
of 105 variables linked to achievement in higher education [Schneider and Preckel, 2017] further
showed that self-efficacy robustly predicted academic performance. Other factors, such as goal
orientation or intrinsic academic motivation, had smaller relationships with performance.

Prior work also suggests that an intervention implemented within a chemistry class may posi-
tively influence SRL. For instance, Olakanmi and Gumbo (2017) implemented in-class instruction
for students on how to self-regulate their learning and set learning goals in each of the selected
six lessons of a secondary school chemistry course. Students were prompted to ask questions
about content during each lesson and reflected on their learning, revisiting their learing goals at the
end of each lesson. A control group was exposed to the same course content but without instruc-
tions on how to self-regulate learning. Those students exposed to the intervention gained higher
meta-cognitive self-regulation as well as slightly greater improvements in the knowledge of the
covered topic (reaction rates).* However, what remains to be addressed is whether a targeted in-
tervention can enhance SRL specifically in an introductory, college STEM course such as general
chemistry. Further, prior research has not addressed whether the interventions implemented in this
study would positively influence students’ metacognitive abilities or their level of motivation in a
large, introductory general chemistry course.

Accordingly, in the current study, we compared SRL skills in an introductory chemistry course
with targeted interventions to an introductory chemistry course without any intervention. SRL
skills were operationalized by measuring six different categories related to SRL (intrinsic goal ori-
entation, extrinsic goal orientation, task value, control of learning beliefs, self-efficacy for learning
and performance, and help seeking). Participants provided self-report survey data on each of these
measures prior to the intervention and at two time points during the semester. Based on this design,

we tested the following hypotheses:

“The results and methods used in the Olakanmi and Gumbo (2017) study were not taken into consideration for
our study since the study was published after data collection for the present study had already taken place.
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Hypothesis 1. Relative to a course not receiving the targeted intervention, participants in a
course with the SRL intervention should exhibit higher levels of self-reported SRL abilities (moti-
vation, self-efficacy, and metacognition).

Hypothesis 2. Exposing students to the interventions should positively influence their level of
metacognition, cognition, and motivation over time. Hence, the level of self-reported SRL abilities
should either increase or remain stable compared from the beginning to the end of the semester.
In contrast, the control group should replicate findings reported by Zusho et al. (2003), indicating
a decrease in students’ self-reported metacognitive abilities as well as a decrease in motivational

aspects from the beginning to the end of one semester.

2.2 Methods

Note on author contributions: This chapter was submitted for publication in Journal of Chem-
istry Education by Arnold A. Paecklar, Matthew G. Rhodes, Melissa M. Reynolds. AAP performed
the experiments, wrote the initial draft, and collected and analyzed the data. MGR supported the
data analysis efforts as well as edited the manuscript. MMR contributed to editing and finalization
of the manuscript.

Participants:

Participants in this study were students enrolled in the introductory, on-campus chemistry
courses CHEM 111 and CHEM 107 at Colorado State University. Participants in the four sec-
tions of CHEM 111 were assigned to receive the SRL intervention described in the following
section. A companion introductory chemistry course, CHEM 107, served as the control group and
did not receive any intervention. CHEM 107 is taught by different instructors, requires less use of
mathematics than CHEM 111 and also covers some of the material covered in a follow-up course
for CHEM 111. Nevertheless, the CHEM 107 course is closest in its content and curriculum to the
CHEM 111 course compared to other introductory chemistry courses.

Demographic information for the students enrolled in both courses is reported in Table 2.1. A

total of 921 individuals were enrolled across the six sections studied. Although 665 participants
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completed the first survey, only students participating in all three surveys and answering all ques-
tions were included in the data reported. The final number of participants decreased to 70 (50
females, 18 males reported; age: M = 19.61 years, SD= 2.70) and 157 (107 females, 49 males
reported; age: M = 19.23 years, SD= 2.30) students for CHEM 107 and CHEM 111 respectively.’
A sensitivity analysis for the test of the simple main effect, assuming an o = .05 and power (1 — 3
= .80), indicated that the smallest effect size we could detect was d = .304. Likewise, a sensitivity
analysis using the same parameters indicated that a relatively small interaction (d = .17) could be
detected via this design. Taken together, our post hoc sensitivity analyses indicated that we had

sufficient power to test the central hypotheses.

Table 2.1: Demographic information describing the participants in the CHEM 107 and CHEM 111 course

Category CHEM 107 CHEM 111
Ethnicity

Caucasian 78.3% 75.0%
Hispanic 8.7% 9.0%
Asian-American 4.3% 3.8%
African-American - 2.6%
Mixed/Other 8.7% 9.6%
Class level

Freshman 65.2% 79.5%
Sophomore 17.4% 12.2%
Junior 10.1% 7.1%
Senior 7.2% 1.3%
Most common majors 1.3%
Psychology 13.6%

HDEFS 7.6%

HES 7.6% 11.6%
Animal science 9.7%
Biology 12.3%

Explanation of abbreviations:
HDFS...Human Development and Family Studies,
HES...Health and Exercise Science

SWe address the ramifications of this level of attrition in the General Discussion.
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2.3 Materials and Procedure

Materials:

Interventions

The interventions, based on examples provided in the literature [Nilson, 2013], were imple-
mented in the large, multi-section introductory course (CHEM 111) and were managed through
the online learning management tool (Canvas) associated with that course. In addition to the actual
intervention during the semester, two knowledge surveys, one at the beginning of the semester and
one at the end of the semester, were implemented. These surveys were identical and asked students
questions pertaining to each learning goal covered during the semester. Students indicated whether
they felt able to answer the question without actually providing the answer to the question. Two
types of interventions were implemented in the CHEM 111 course during the semester:

Reading Assignments:

Reading assignments comprised four questions on readings assigned prior to each lecture as
a preparatory exercise. The questions that students were asked to reflect on were: ‘What is the
assigned reading from the text?’, ‘What is the main point of the reading?’, ‘What was surprising
in the reading?’, and “What was confusing in the reading and why?’. Selected answers to these
questions were discussed in class.

Interventions before and after the exams:

Pre-exam knowledge surveys: A subset of questions from the Beginning-of-Semester Knowl-
edge Survey, addressing only the topics covered on each individual exam, were used for the Pre-
exam knowledge survey and given to the students about a week prior to the exam. This consisted
of 25 to 41 learning goals for each exam. Students rated their level of confidence about their ability
to answer a question related to each learning goal. The students had six answer options reflecting
different confidence levels ranging from ‘I do not understand the question or task’ to ‘I know that
I can answer the question well enough for grading now’ (see Appendix D.1 for an example). The
goal was for students to consider the concepts to be addressed on the exam, potentially encouraging

them to differentiate and focus on topics that required additional study.
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Post-exam self-assessment: These assignments were given after each exam had been graded
and encouraged students to consider their test preparation. Several different questions prompted
students to reflect on the difference between their actual and the predicted/desired outcome of the
exam, how students prepared for the exam, errors that were made and how they would prepare for
the subsequent exam (see Appendix D.2 for questions). This assignment was done independently,
but some instructors occasionally led an in-class discussion on what students learned from the

post-exam assessment.

SRL Inventory

SRL was measured via responses to the Motivated Strategies for Learning Questionnaire (MSLQ).
While other scales have been successfully used in previous studies addressing college chemistry
courses [Cooper and Sandi-Urena, 2009, Cooper et al., 2008, Sandi-Urena et al., 2011a, Sandi-
Urena et al., 2011b], the MSLQ [Duncan and McKeachie, 2005] addresses not only metacognition
but also other aspects of SRL, including motivation. For the current study, students provided re-
sponses to six subscales (see Appendix D.3 for the questions used):

Intrinsic goal orientation: Includes questions intended to indicate a student’s goals in a learning
task, as curiosity or mastery.

Extrinsic goal orientation: This is complementary to intrinsic goal orientation and describes a
student’s reason for participation in a course. Some example extrinsic reasons are grades, rewards,
comparison to others, or evaluation by others.

Task value: Evaluates a student’s perception of how interesting, how important, or how useful
the material is that is being used in the course to achieve the goal.

Control of learning beliefs: This notion reflects a student’s belief of how dependent positive
outcomes are on internal factors such as his or her own efforts to learn.

Self-efficacy for learning and performance: This scale describes one’s confidence in the skills

needed for mastering a task but also the judgement of successfully accomplish the task.
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Help seeking: In the academic environment managing support of others is very important. This
scale addresses this issue and particularly discriminates between help being accessible from peers

or instructors.

Procedure:

Students in CHEM 111 had the opportunity to gain extra credit for participating in Thinking
about Learning activities (interventions). Participation in these activities was independent of par-
ticipation in this study. Details on what activity was done as well as when and how each activity
was graded are listed in Table 2.2. These activities were introduced to the students in the course
syllabus as a set of tools to help them improve learning. The exams were always given on Thursday
evenings and occurred during the 4th, 7th, 10th and the 13th week of classes. The final exam was

on the Tuesday during the finals week.

Table 2.2: Occurrence and Grading Scheme for the Thinking about Learning activity

Activity Due Date
Beginning-of-Semester Knowledge Survey One week after class started
Writing on Assigned Readings Monday, Wednesday, Friday
Pre-Exam Knowledge Survey Wednesday before each exam
Post-exam self-assessment Fridays, 8 days after the exam
End-of-Semester Knowledge Survey The end of the last week of classes
Activity Points  Frequency
Beginning-of-Semester Knowledge Survey 3 1
Writing on Assigned Readings 0.5 each 39
Pre-Exam Knowledge Survey 2 each 4
Post-exam self-assessment 4 each 4
End-of-Semester Knowledge Survey 3 1

Students in the intervention group (CHEM 111), completed the MSLQ three times during the

semester, before the first (time 1), third (time 2), and fifth/final (time 3) exam in class. Each survey
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also contained a consent form and a demographic information sheet. The control group (CHEM
107 course), without any Thinking about Learning activities, followed the same procedure. The
study was introduced a week before the first data collection in class by the first author. The students
were also given a short verbal reminder about the details of the study in class right before the second
and third data collection. This study was done with the permission from all faculty in the involved
courses and was approved by the Institutional Review Board (IRB).

Analytic Approach: Average values were calculated for each sub-scale, with some items on the
help-seeking scale reverse-coded. Each sub-scale was analyzed via a 2 (Course: intervention, no
intervention) x 3 (Time: 1, 2, 3) mixed-factor analysis of variance (ANOVA). An alpha level of
.05 was used for all subsequent statistical tests. Partial eta values of .0099, .0588, and .1379, are
considered to be benchmarks for small, medium, and large effect sizes respectively (Richardson,

2011).

2.4 Results

Intrinsic goal orientation: Mauchly’s test indicated that the assumption of sphericity had been
violated, x%(2)= 6.033, p = .049; therefore the degrees of freedom were corrected using Huynh-
Feldt estimates of sphericity (¢=.987). Overall, the rating of intrinsic goal orientation (see F'igure 2.1a)
differed across time, F(1.974, 444.092) = 16.072, p < .001, 775: .067. The pairwise comparison
for the main effect of time, corrected using a Bonferroni adjustment, indicated that the significant
main effect reflects a significant difference (p < .001) between time 1 and time 2 and time 1 and
time 3 but not between time 2 and time 3 (p = .587). In addition, students in CHEM 111 reported
higher overall levels of goal orientation than students in CHEM 107, F(1, 225) = 3.96, p = .048,
772: .017. There was no course x time interaction, F(1.974, 444.092) = .803, p = .447, 772 =.004.

Extrinsic goal orientation: Mauchly’s test indicated that the assumption of sphericity had been
violated, x2(2)= 18.333, p< .001; therefore degrees of freedom were corrected using Huynh-Feldt
estimates of sphericity (€=.939). Overall, the rating of extrinsic goal orientation (see F'igure 2.1b)

differed across time, F(1.877, 422.403)=11.323, p < .001, 77}% = .048. The pairwise comparison for
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the main effect of time, corrected using a Bonferroni adjustment, indicated that the significant main
effect reflected a significant difference between time 1 and time 2 (p = .017) and time 1 and time
3 (p <.001) but not between time 2 and time 3 (p = .067). There was no difference between the
ratings of extrinsic goal orientation between the students in CHEM 111 and the students in CHEM
107, F(1, 225) = .000, p = .985, 77]2, < .000. In addition, there was no course X time interaction,
F(1.877,422.403) = 1.363, p = .257, 77]% =.006.

Task value: Mauchly’s test indicated that the assumption of sphericity had been violated,
Y2(2)= 23.849, p < .001; therefore degrees of freedom were corrected using Huynh-Feldt Esti-
mates of sphericity (¢=.919). Overall, the rating of task value (see Figure 2.1c) differed across
time, F(1.839, 413.694) =47.958, p < .001, nzf: .176. The pairwise comparison for the main effect
of time corrected using a Bonferroni adjustment indicated that the significnat main effect reflects a
significant difference (p < .001) between time 1 and 2 and time 1 and time 3 but not between time
2 and time 3 (p=.051). In addition, students in CHEM 111 reported higher levels of task value
than student sin CHEM 107, F(1, 225) = 6.169, p = .014, 772: .027. There was no course X time
interaction, F(1.839, 414.694) = .074, p = .915, 772 <.001.

Control of learning beliefs: Mauchly’s test indicated that the assumption of sphericity had been
violated, x2(2)= 7.419, p = .024; therefore degrees of freedom were corrected using Huynh-Feldt
Estimates of sphericity (e=.981). Overall, the rating of control of learning beliefs (see Figure 2.1d)
differed across time, F(1.962, 441.476) = 5.79, p = .003, 77;% = .025. The pairwise comparison for
the main effect of time, corrected using a Bonferroni adjustment, indicated that the significant main
effect reflects a significant difference between time 1 and time 2 (p = .005) but not between time 1
and time 2 (p =.172) and time 2 and time 3 (p = .361). However, there was no difference between
the ratings of extrinsic goal orientation between the students in CHEM 111 and the students in
CHEM 107, F(1,225) = .894, p = .345, 7712, = .004. Course did not interact with time, F(1.962,
441.476) = .316, p = .725, 77]%: .001.

Self-efficacy for learning and performance: Mauchly’s test indicated that the assumption of

sphericity had been violated, y2(2)= 40.324, p < .001; therefore degrees of freedom were cor-
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rected using Huynh-Feldt Estimates of sphericity (¢=.868). Overall, the rating of self-efficacy (see
Figure 2.1e) for learning and performance did not differ across time, F(1.737, 390.767) = 2.904,
p = .064, 77§= .013. In addition, students in CHEM 107 reported higher levels of self-efficacy for
learning and performance than students in CHEM 111, F(1,225) =7.778, p = .006, 772: .033. There
was no course X time interaction, F(1.737, 390.767) = .430, p = .622, n£= .002.

Help seeking: Mauchly’s test indicated that the assumption of sphericity had been violated,
x2(2)=133.373, p < .001; therefore degrees of freedom were corrected using Huynh-Feldt Estimates
of sphericity (e=.889). Overall, the rating of help seeking (see Figure 2.1f) did not differ across
time, F(1.777, 399.922) = .281, p =.729, 77;%: .001. Furthermore, there was no difference between
self-reported help seeking between the students in CHEM 111 and the students in CHEM 107, F(1,
225) = .001, p = .971, 1y < .001 and no course x time interaction, F(1.777, 399.922) = .023, p =
968, 77:3 <.001.

2.5 Discussion

Based on studies in secondary as well as tertiary education showing positive effects of SRL
interventions [Bail et al., 2008, Leidinger and Perels, 2012, Schmitz and Perels, 2011, Stegers-
Jager et al., 2012], we examined whether similar positive effects would be obtained for a SRL
intervention in a general chemistry course. Taken as a whole, our results provide little evidence
for the impact of the SRL intervention implemented. For instance, students in the control group
reported higher levels of self-efficacy at all measurement points relative to students in the interven-
tion group. Furthermore, no difference was evident in self-reported extrinsic motivation, control
over learning, or help seeking. Intervention students did, overall, report higher levels of intrinsic
orientation and task value, but these patterns must be qualified. In particular, the key prediction
was that a time x group interaction would be evident for measures of SRL, such that students ex-
posed to the intervention would be more likely to remain stable or show increases in measures of
SRL across measurement time points than control students. No such pattern was evident for any

measure.
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In contrast to several prior studies [Olakanmi and Gumbo, 2017, Stegers-Jager et al., 2012,
Zusho et al., 2003], our SRL intervention did not affect self-reported learning behaviors. Although
necessarily speculative, several explanations may account for the failure to detect differences be-
tween the intervention and control groups. For instance, traits such as self-efficacy may be rela-
tively stable and less subject to change [Bandura, 1997, Pajares, 1996]. As illustrative, Nietfield
and colleagues [Nietfeld et al., 2006] provided an educational psychology course with short moni-
toring exercises during class. Students were asked to rate their understanding of the day’s content,
identify concepts they found difficult to understand, report what they would do to improve their
understanding of these concepts, and answer three multiple choice review questions of the day’s
material paired with a confidence judgement for each question. The review items were answered,
discussed and reflected on before the end of the class, with students in the treatment group feed-
back on the accuracy of monitoring their judgment of the test performance after each test. However,
relative to a comparison class, neither group showed changes in self-efficacy.

In a related vein, the quality, amount, and frequency of the intervention employed in the current
study may be insufficient to produce any meaningful change in SRL. For example, Schmitz and
Perels (2011) showed that students prompted to engage in self-monitoring over 49 days indicated
increased levels of self-regulation, self-efficacy and improved math test scores compared to base-
line measures taken before the SRL intervention period. By comparison, the interventions used in
the current study were far less frequent and thus may reflect a much lower “dose” of the interven-
tion. Thus, future work might employ a similar intervention implemented with greater frequency
and intensity than reported in this study. Additionally, we note that the level of attrition among
participants (see the Methods section) may have introduced non-random sources of variability that
might have diminished the likelihood of a successful intervention. For example, students who reg-
ularly attend class and participate in the interventions may have less need for remediating SRL. By
extension, students who might have been most likely to benefit from the interventions may have
been excluded from the study due to infrequent class attendance that excluded them from data

collection opportunities.
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Further, although our study compared two different chemistry courses based on similar course
content and student demographics, other differences may have been present between the two
courses that we did not control. For example, this study did not control or test for classroom
goal structures [Urdan, 2010] that may have exerted direct and indirect influences on students’ per-
formance. As illustrative, the influence of three variables (lecture engagement, evaluation focus,
and harsh evaluation) on undergraduates’ perception of their chemistry classroom environment was
examined as well as the influence on course performance and intrinsic motivation [Church et al.,
2001]. Lecture engagement was positively related to a mastery goal orientation whereas harsh
evaluation negatively predicted a mastery orientation. However, Church et al. did not detect any
relationship with course performance. Although these variables are controlled by the instructor,
goal structures might also reflect the values of students enrolled in the course. Prior work sug-
gests that variability in goal orientation is frequently greater within a course rather than between
courses [Miller and Murdock, 2007,Urdan, 2010]. Accordingly, we believe our results are unlikely

to reflect differences in goals among students enrolled in these similar courses.

Educational Implications

A clear implication for educators is that not all implementations of interventions have a directly
measureable positive effect on students’ level of SRL qualities. This could mean that certain
interventions work differently depending on the course subject but also depend on the way they
are introduced or administered. Although immediate effects are not always indicated by some
interventions, a positive effect leading to changes in students’ long-term SRL cannot be excluded or
predicted. Furthermore, it remains unclear whether the intervention might exert effects on students’
grades and suggests an avenue for future research.

Indeed, even if differences were detected between students subjected to an intervention and a
control group, the intervention should be sufficiently robust so as to produce appreciable benefits
to student learning [Hattie, 2008]. Hattie also noted that many instructional strategies may enhance

learning, leading instructors to the conclusion that their chosen method enhances learning [Hattie,
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2015]. A more beneficial strategy is to identify those strategies that have greater or lesser im-
pacts on learning. For instance, methods that have greater effects on learning include, but are not
limited to, teachers being adept at cognitive task analysis, reciprocal teaching, spaced learning,
and peer teaching (see [Hattie et al., 2015], for details on successful implementation). [Schnei-
der and Preckel, 2017] Schneider and Preckel (2017) have extended this approach to focus on
post-secondary education. Their meta-synthesis of best practices in learning suggest that learn-
ing benefits when instructors incorporate practices such as student peer-assessment, ensuring that
presentations of abstract concepts are clear and understandable, encouraging of questions and dis-
cussions, making course objectives and requirements clear, academic skill training, and mastery
learning. This also suggests that, based on the vast diversity of teaching methods and interventions
for enhancing student learning, faculty training is also important at the university level in order to
become an effective teacher. Similar to self-regulated learning, all of the attributes and approaches
towards effectiveness can be taught leading to enhanced university teaching.

Limitations: We should always be cautious about how the results of self-reported measures
of motivation and learning strategies are interpreted. The validity of self-reported data has been
a problem due to factors such as social desirability bias. However, when Duncan and McKeachie
have included so called measures of social desirability (e.g. the Crown-Marlowe social desirability
scale) they could show that these measures of response bias did not account for any significant
amount of variance and it also did not change the final result. Further, there was no random
assignment of participants to the intervention groups which would be desirable, but very difficult

to realize in university contexts.
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Chapter 3
The influence of Post-Exam Self-Assessment
Interventions on student performance and help

seeking in a college level general chemistry course

3.1 Introduction

Students are required to be in control of their own learning [Bembenutty, 2011a but often
struggle to achieve this since they are not aware of good study strategies [Hartwig et al., 2012, Ko-
rnell and Bjork, 2007, McCabe, 2011, Morehead et al., 2016]. The lack of these qualities hinders
self-regulated learning (further abbreviated as SRL) and very often leads to overwhelmed students
getting too often letter grades D and F, or drop out of courses despite exerted learning efforts. To
excel in SRL, students need to be able to understand where they are in their learning process, what
they have already mastered and what still needs to be learned. This involves a cyclic process and
often referred to as self-monitoring [Zimmerman, 2000]. How monitoring can have positive effects
on student learning, such as higher performance, was shown in the literature [Delclos and Harring-
ton, 1991, Lan, 1996]. Self-monitoring can be done in multiple ways, but effective techniques
correctly identified by students themselves are, for example, being tested by others or reviewing
previous performance [Lan, 2005]. This can function as a direct input for making changes to study
habits [Nietfeld et al., 2006] which was shown to result in higher performances on quizzes in a
mathematics course [Glenn, 2010, Zimmerman et al., 2011]. Based on this example from the liter-
ature, it is predicted that additional feedback from, for example, self-monitoring can lead to better
understanding of what the students’ strengths and weaknesses are but also help them to regulate
and adjust their learning. One method, considered to increase the level of self-monitoring in an
academic environment, is in post-exam self-assessments. This can be done by post-test analy-

ses [Achacoso, 2004] which are also known as “Post-exam wrappers” [Ambrose et al., 2010, Ka-
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plan et al., 2013, Lovett, 2010]. While self-monitoring or self-reflection is still not a wide spread
practice [Kornell and Bjork, 2007, Lan, 2005], it could be easily enforced by implementing post-
exam self-assessments (further denoted as PESA) into subject courses such as general chemistry.
PESA has already been used in mathematics as well as biology, chemistry and physics courses
at other institutions, leading to more than half of the surveyed students claiming that they have
changed how they learn the material and study for exams [Lovett, 2010]. Furthermore, 90% of
them reported to have adopted a new learning strategy in chemistry. Self-reflection and self-
assessment have shown to also increase motivational factors such as self-efficacy [Zimmerman,
2011]. However, the question still remains how other self-regulated learning strategies, such as
help-seeking, might be influenced by such self-monitoring interventions. While help-seeking is
considered to be an important self-regulated learning strategy [Zimmerman, 2008], many college
students still do not seek out the needed help [Karabenick and Gonida, 2018]. However, in a col-
lege organic chemistry course it could be shown that students with a higher tendency to seek help
were higher achieving than the group with lower help-seeking tendencies [Szu et al., 2011]. Fur-
thermore, not only the level of help-seeking but also time time when it is done during the semester
is important. For example, Szu et al (2011) showed that while the overall frequency and study time
did not differ between the lower and higher achieving group, the higher achieving students showed
higher levels of seeking instructor assistance at the beginning of the semester. Similar trends were
seen in other STEM courses such as mathematics [Treisman, 1992]. This is a good example of
how students apply SRL strategies by seeking information early on allowing them insight that they
need to master the semester.

A distinct intervention to foster help seeking through improved metacognitive competencies
in a subject specific course could be PESA. It was proposed that learners would seek help more
frequently if they were more aware of what they did not know and how to get help [Karabenick
and Dembo, 2011]. Self-monitoring, self-evaluation as well as planning for exams and assignments
are metacognitive strategies. It was shown that higher levels of self-monitoring resulted in more

specific help seeking [Tobias, 2006]. As specified earlier, PESA indicate improved monitoring
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in academic courses, which is part of metacognition, and, therefore, an important factor in help
seeking. Hence, SRL could also be enhanced by strengthening an important learning strategy such
as help seeking [Zimmerman, 2008]. Help seeking in a college level chemistry course was already
studied previously and particularly put in the context of achievement goal theory [Karabenick,
2004]. The results for three introductory chemistry courses and three organic chemistry course
were similar as for the group of introductory psychology students. It was shown that instrumental
help seeking led to preferentially using their teachers over others as their source of help. Another
important finding was that students’ performance in these courses was positively related to help-
seeking approach which was also found in an organic chemistry course [Horowitz et al., 2013].
Students following this trend had a higher likelihood to seek help in order to gain higher levels of
autonomy. Contrarily, students endorsing performance goals were concerned about outperforming
others as well as being perceived as less able leading them to avoiding help seeking and would
only seek help to avoid work. However, this study gives only a static picture of help seeking in a
chemistry course and also does not take the influence of possible interventions on the level of help
seeking into considerations.

Hypothesis

Based on the previous literature and the presented example of PESA as a possible intervention
to increase monitoring and help seeking as a self-regulated learning strategy, specific hypotheses
were developed that were to be tested in our study.

A. The implementation of a post-exam self-assessment in an introductory, general chemistry
course improves students’ monitoring skills and further leads to higher course grades compared to
the control group.

B. The use of a post-exam self-assessment intervention improves students’ metacognitive abil-
ities, leading to better understanding on when and how students need to seek out help which in-
creases the level of self-reported help seeking in an introductory, general chemistry course during

the course of the semester.
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An introductory chemistry course at Colorado State University was used to test these hypothe-
sis during the academic year 2017/2018. During the Fall Semester 2017 an exploratory study was
done where only the influence of the post-exam self-assessment intervention on students’ perfor-
mance was determined. During the Spring Semester 2018 a confirmatory analysis was conducted
with the extension of also looking at the intervention’s influence on students’ level of help seeking.
At the beginning of the Spring Semester the confirmatory study was preregistered with the Open

Science Framework (https://osf.io/qnk3s/register/565fb3678c5e4a66b5582f67).

3.2 Methods

Participants:

Exploratory study:

The exploratory study during the Fall semester 2017 was sampling CSU students from the two
sections of the introductory, general chemistry course CHEM 107. Students were sampled from
the population of all students at this university. To enroll in the general chemistry CHEM 107
course being studied, students must meet a mathematics prerequisite required by the university.
One of the sections was assigned to the control group whereas the other section functioned as the
intervention group. All students in each section were eligible to participate. The course instructor
informed students that they would have the chance to participate in a study over the course of the
semester and I was invited to the class to introduce the study, describe the procedures for consent,
and answer any questions. As part of this recruitment, it was made very clear to students that the
study was entirely voluntary and that nobody was required to participate.

The overall participation in the intervention group for all surveys (1 - 3 times) was 189 stu-
dents (110 females, 77 males reported; age: M = 20.84 years, SD= 4.72). Regarding ethnicity
in CHEM 107, 78.3% identified as Caucasian, 10.1% as Hispanic, 5.3% Asian-American, 1.6%
African-American and the rest identified as mixed or other ethnicity. Regarding their class level,
20.8% stated to be Freshman, 44.8% Sophomore, 26.8% Junior, and 7.7% declared to be Senior.

While there was a wide variety of majors from all different colleges, the three top most common
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majors were psychology (17.5%), Health and Exercise Science (9.0%), and equine science equally
as computer science (8.5%). However, the students who only participated in all three surveys was
only 55 (41 females, 12 males reported; age: M = 21.35 years, SD= 4.77). The number of stu-
dents who participated in the intervention, the post-exam self-assessment, once, twice and three
times were 21, 24, and 38 respectively. Only the 38 students (28 females, 9 males reported; age:
M = 21.26 years, SD= 5.84) who participated in all three interventions were considered for this
study. Participation in the study also meant allowing us to have their course grades shared by the
instructor. Students who volunteered to participate in the study were eligible to earn 6 points of
extra credit towards their course grade for each survey and post-exam self-assessment; those who
participate during all three times got a 7-point bonus which means they got 25 points instead of 18.
There was no partial credit possible. Individuals who did not consent to participate in the study
also had the opportunity to earn the equivalent amount of extra points through reading activities
(of equal duration) offered by the instructor.

The number of students in the control group who only participated in reading assignment (1 - 3
times) were 104. However, only 103 participants gave consent to use their grades. Students in the
control group had the opportunity to earn 6 points of extra credit towards their course grade through
reading activities (of equal duration) offered by the instructor; those who participated during all
three times got a 7-point bonus which meant they got 25 points instead of 18.

For both groups, only data from participants who signed the informed consent form were in-
cluded in the research study. In addition to the incentive of a payment with points towards the
course grade, the faculty and the researcher highlighted its importance when introducing it to the
students in the class room. The more of a benefit the students see for themselves and future students
in the potential outcomes of the study the more they are inclined to participate. This was pointed
out in previous literature [Scharff et al., 2011] claiming that participation is also influenced by how
the instructor presents the value of the task. This study was done with the permission from all
faculty in the involved courses and was approved by the Institutional Review Board (IRB).

Confirmatory Study:
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The confirmatory study was done during the Spring semester 2018 and sampled CSU students
in a similar way to the exploratory study from the two sections of the introductory, general chem-
istry course CHEM 107. For this study, students were sampled in the two sections of the general
chemistry CHEM 107 course. One section was randomly designated to receive the intervention
and the other section received no intervention (but provided survey data). All students in each sec-
tion were eligible to participate. The overall participation in the intervention group for all surveys
(1 - 3 times) was 235 (129 females, 104 males reported; age: M = 19.71 years, SD= 2.56). Re-
garding ethnicity in the intervention group in CHEM 107, 80.7% identified as Caucasian, 12.9% as
Hispanic, 2.6% Asian-American, 0.9% African-American, and the rest identified as mixed or other
ethnicity. Regarding their class level, 25.3% stated to be Freshman, 47.1% Sophomore, 20.7% Ju-
nior, and 6.9% declared to be Senior. While there was a wide variety of majors from all different
colleges, the three top most common majors were psychology (15.3%), Health and Exercise Sci-
ence (10.2%), and Fish, Wildlife and Conservation Biology (8.5%). The number of participants
in all three surveys 142. Students who participated in the post-exam self-assessment once, twice
and three times were 30, 25, and 85 respectively. However, the number of students relevant for
this study, participation in all surveys and also all three interventions, was only 82 (51 females,
30 males reported; age: M = 19.94 years, SD= 3.55). Students who volunteered to participate in
the study were eligible to earn extra credit towards their course grade (2 points for participation
in each survey and 4 points for each post-exam self-assessment; those who participate during all
three times get a 7-point bonus which means they get 25 points instead of 18). Individuals who
did not consent to participate in the study also had the opportunity to earn the equivalent amount
of extra points through reading activities (of equal duration) offered by the instructor. Only data
from students who completely fill out the assignment were awarded the extra credit. There was no
partial credit possible.

The overall participation in the control group for all surveys (1 - 3 times) was 88 (53 females,
35 males reported; age: M = 20.83 years, SD= 3.92). Regarding ethnicity in the control group

in CHEM 107, 80.5% identified as Caucasian, 9.2% as Hispanic, 5.7% Asian-American, 2.3%
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Native-American, 1.1% African-American, and the rest identified as mixed or other ethnicity. Re-
garding their class level, 25.3% stated to be Freshman, 47.1% Sophomore, 20.7% Junior, and
6.9% declared to be Senior. While there was a wide variety of majors from all different colleges,
the three top most common majors were psychology (18.2%), health and exercise science (10.2%),
and Human Development and Family Studies equally as Natural Resources Management (7.6%).
The number of relevant students who participated in all surveys was only 54 (36 females, 18 males
reported; age: M = 20.57 years, SD=4.48). Out of all participants in the control group, 88 students
gave consent to have their grades used for this study. Students who volunteered to participate in
the study (fill out the help-seeking survey) could earn extra credit towards their course grade (2
points for participation in the survey; those who participated during all three times got a 2-point
bonus which means they get 8 points instead of 6). In addition, there was an opportunity to earn
17 points of extra credit which was not connected to the research at all. Students were given the
opportunity to do a reading assignment which was worth 4 points. If participating students did all
three assignments, they could get a bonus of 5 points. Hence, instead of 12 points they could get
17 points. Only data from students who completely filled out the assignment were awarded the

extra credit. There is no partial credit possible.

3.3 Materials and Procedure

Help Seeking:

To measure the level of helps seeking, questions from a previous study probing help seek-
ing [Karabenick, 2004] referring to 7 categories (General Intention to Seek Needed Help, General
Intention to Avoid Needed Help, Perceived Costs of Help-Seeking (threat), Instrumental (Au-
tonomous) Help-Seeking Goal, Expedient (Executive), Help-Seeking Goal, Seeking Help from
Formal Source (teachers), Seeking Help from Informal Source (other students)) were combined
with the help-seeking subscale of the Motivated Strategies for Learning Questionnaire (MSLQ)
[Pintrich P. R., 1991]. The help-seeking data for all questions was provided on a 7-point scale. The

individual help seeking questions are illustrated in the Appendix E.1.
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Post-Exam Self-Assessment:

The post-exam self-assessment was used as the metacognitive intervention in this study. The
assignment was created by the general chemistry coordinator at CSU based on Nilson (2013) and
was slightly modified by the researcher before introducing it to the students in the course. The
entire assignment can be found in the Appendix D.2. Students could access the assignment though
the online learning platform supporting the course.

Procedure:

Exploratory Study:

The study occurred over the course of one semester. The intervention group was given the
first survey in the week before the second exam. All the subsequent surveys were administered
one week before exam 3 and 4. In the exploratory study, the control group was not asked to fill
out a survey. After Exam 2, 3 and 4 students, the intervention group engaged in a metacognitive
reflection, the post-exam self-assessment, and turned in the assignment regarding this reflection no
later than a week after the individual exam. Students in both groups took also a final exam but no
group filled out a survey prior to that exam nor did they do any metacognitive reflection afterwards.
The alternative assignments for the control group, the reading assignments, also had to be turned
in no later than a week after the exam (same day as the intervention group).

The manipulated variable that differentiates the control from the intervention group was the
exposure to a metacognitive intervention, the post-exam self-assessment, but also the exposure to
help-seeking surveys. Thus, there was a single variable (Metacognitive Intervention) with 2 levels
(exposed to intervention, not exposed to intervention). Two different types of data were measured
during the exploratory study: 1. The questions on the help-seeking survey correspond to 8 different
subcategories. 2. All individual exam scores and the final course grade were delivered from
the course instructor. The first and second exam score was averaged and used as a covariate for
subsequent ANCOVAS. Due to the lack of help-seeking data from the control group the influence
of the intervention could not be determined. Therefore, this data was not further analyzed for the

exploratory study.
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Confirmatory study:

Similarly, to the exploratory study, the confirmatory study occurred over the course of one
semester. The study was introduced to the students by the first author approximately two weeks
prior to their second exam. The first survey was administered in the intervention in the week
before the second exam. All students also took a survey 1 week prior to Exam 3 and Exam 4. After
Exam 2, students in the intervention group engaged in a metacognitive reflection and turned in the
assignment regarding this reflection no later than a week after their exam. This same procedure
was followed for the subsequent Exam 3 and 4. Students in both groups took also a final exam
but no group filled out a survey prior to that exam nor was there any metacognitive reflection. The
same regulations applied to the control group where students were exposed to the same survey the
same day as the intervention group. Their reading assignments also had to be turned in no later
than a week after the exam (same day as the intervention group).

The manipulated variable that differentiates the control from the intervention group during
the confirmatory study was the exposure to a metacognitive intervention, the post-exam self-
assessment. Thus, there was a single variable (Metacognitive Intervention) with 2 levels (exposed
to intervention, not exposed to intervention). Two different types of data were measured: 1. The
questions on the help-seeking survey correspond to 8 different subcategories which were averaged
accordingly and reported as a single score for each category. 2. All individual exam scores and the
final course grade will be delivered from the course instructor. The first and second exam score

will be averaged and used as a covariate for subsequent ANCOVAS.

3.4 Results

Exploratory study

Student Performance: A one-way analysis of variance (ANOVA) (Figure 3.1) was conducted
to compare the effect of the number of participation in the PESA (IV) on the average final exam
score (DV). The number of participation contained four groups of participation O times (control

group), 1 time, 2 times and 3 times. No significant effect of the number of participation in the
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PESA on the average final exam score was observed, F(3, 182)=.609, p = .610, 7712)= .010 (Power =
.175). Additionally, to account for the notion that “Better Students are more likely to participate”, a
one-way analysis of covariance (ANCOVA) (Figure 3.2) was conducted to determine a statistically
significant difference between number of exposures to PESA on final exam grade controlling for
the average score of exam one and two. The ANCOVA did not detect a significant effect of the
number of exposures to PESA controlling for the average score on exam one and two, F(3, 181)=
1.060, p =.368, 7712,:. 017 (Power = .284). Hence, the post-exam self-assessment intervention,

regardless of the number of participation, did not show any effect on the average grade of the final

exam.
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Figure 3.1: ANOVA Results - Average Final Exam Scores for the exploratory study during the Fall Semester
2017.

Confirmatory study

Student Performance: A one-way ANOVA (Figure 3.3) was conducted to compare the effect of
the number of participation in the PESA (IV) on the average final exam score (DV). The number
of participation contained four groups of participation O times (control group), 1 time, 2 times and
3 times. No significant effect of the number of participation in the PESA on the average final

exam score was observed, F(3, 223)= .677, p = .567, 1712,= .009 (Power = .192). Additionally, to
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Figure 3.2: ANCOVA Results - Average Final Exam Scores for the exploratory study during the Fall
Semester 2017.

account for the notion that “Better Students are more likely to participate”, a one-way ANCOVA
(Figure 3.4) was conducted to determine a statistically significant difference between number of
exposures to PESA on final exam grade controlling for the average score of exam one and two.
The ANCOVA did not detect a significant effect of the number of exposures to PESA controlling
for the average score on exam one and two, F(3, 222)= .224, p =.880, 7]5:003 (Power = .092).
Hence, the post-exam self-assessment intervention, regardless of the number of participation, did
not show any effect on the average grade of the final exam.

Help Seeking: An index for each of the 8 different help seeking subcategories was gener-
ated for each data collection time. Each sub-scale was analyzed via a 2 (Group: intervention, no
intervention) x 3 (Time: 1, 2, 3) mixed-factor analysis of variance (ANOVA). This was done to
determine any changes of the level of help seeking over the course of the study within a group but
also between the two groups. An alpha level of .05 was used for all subsequent statistical tests.
Partial eta values of .0099, .0588, and .1379, are considered to be benchmarks for small, medium,
and large effect sizes respectively (Richardson, 2011).

The average value, for each help-seeking category, was calculated by summing the scores from

all questions in that category and dividing by the number of questions in that category. The last help
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Figure 3.3: ANOVA Results - Average Final Exam Scores for the confirmatory study during the Spring
Semester 2018.
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Figure 3.4: ANCOVA Results - Average Final Exam Scores the confirmatory study during the Spring
Semester 2018.
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seeking category (4 questions form the MSLQ) contained a question that first needed to be reverse
coded before its score could be averaged. It could be shown that the intervention does neither
significantly change the level of help-seeking over the course of the semester, nor significantly
increase the level of help-seeking compared to control group.

General Intention to Seek Needed Help Mauchly’s test indicated that the assumption of
sphericity had been violated, x%(2)= 21.694, p < .001; therefore the degrees of freedom were
corrected using Huynh-Feldt estimates of sphericity (e=.886). Overall, the rating of the general
intention to seek needed help (Figure E.1) did not differ across time, F(1.772, 239.942) = .168, p
= .820, 1712): .001. In addition, there was no difference in students’ reported ratings of the general
intention to seek needed help between the control and intervention group, F(1, 134) = .094, p =
760, 7]§= .001. Furthermore, here was no group x time interaction, F(1.772, 239.942) = .334, p =
.690, 772 =.002.

General Intention to Avoid Needed Help Mauchly’s test indicated that the assumption of
sphericity had not been violated, y%(2)= 0.912, p = .634; therefore no correction for the degrees of
freedom was needed. Overall, the general intention to avoid needed help (Figure E.2) did not differ
across time, F(2, 268) = .396, p = .674, 77§= .003. In addition, there was no difference in students’
reported ratings of the general intention to avoid needed help between the control and intervention
group, F(1, 134) = 3.103, p = .080, 7712)= .023. Furthermore, there was no group x time interaction,
F(2,268) =.171, p = .843, nf) =.001.

Perceived Costs of Help-Seeking (threat) Mauchly’s test indicated that the assumption of
sphericity had been violated, x?(2)= 19.010, p < .001; therefore the degrees of freedom were
corrected using Huynh-Feldt estimates of sphericity (e=.900). Overall, the rating of the perceived
cost of help-seeking (Figure E.3) did not differ across time, F(1.800, 236.501) = .365, p = .672,
7]12)= .003. In addition, there was no difference in students’ reported ratings of the perceived cost
of help-seeking between the control and intervention group, F(1, 134) = 1.562, p = .214, 77]3: 012.

Furthermore, there was no group x time interaction, F(1.800, 236.501) =2.393, p =.100, 7)12, =.018.
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Instrumental (Autonomous) Help-Seeking Goal Mauchly’s test indicated that the assump-
tion of sphericity had been violated, x%(2)=9.190, p = .010; therefore the degrees of freedom were
corrected using Huynh-Feldt estimates of sphericity (e=.957). Overall, the rating of the instrumen-
tal help-seeking goal (Figure E.4) did not differ across time, F(1.915, 256.566) = 1.419, p = .244,
77}2)= .010. In addition, there was no difference in students’ reported ratings of the instrumental
help-seeking goal between the control and intervention group, F(1, 134) = .941, p = .334, nﬁ:
.007. Furthermore, there was no group x time interaction, F(1.915, 256.566) = .077, p = .919, 7713
=.001.

Expedient (Executive) Help-Seeking Goal Mauchly’s test indicated that the assumption of
sphericity had been violated, x?(2)= 10.951, p = .004; therefore the degrees of freedom were
corrected using Huynh-Feldt estimates of sphericity (e=.946). Overall, the rating of the expedient
help-seeking goal (Figure E.5) did not differ across time, F(1.892, 248.368) = 1.822, p = .166,
7]]2,= .013. In addition, there was no difference in students’ reported ratings of the expedient help-
seeking goal between the control and intervention group, F(1, 134) = .232, p = .631, 172: .002.
Furthermore, there was no group x time interaction, F(1.892, 248.368) = 1.442, p =.239, ng =.011.

Seeking Help from Formal Source (teachers) Mauchly’s test indicated that the assumption
of sphericity had not been violated, \2(2)= .702, p = .704; therefore no correction for the degrees
of freedom was needed. Overall, the rating of seeking help from formal sources (Figure E.6) did
not differ across time, F(2, 268) = .858, p = .425, n§= .006. In addition, there was no difference in
students’ reported ratings of seeking help from formal sources between the control and intervention
group, F(1, 134) = .376, p = .541, n§< .003. Furthermore, there was no group X time interaction,
F(2,268) = 1.347, p = .262, nﬁ =.010.

Seeking Help from Informal Source (other students) Mauchly’s test indicated that the as-
sumption of sphericity had been violated, y*(2)= 8.505, p = .014; therefore the degrees of freedom
were corrected using Huynh-Feldt estimates of sphericity (¢=.962). Overall, the rating of seek-
ing help from informal sources (Figure E.7) differed across time, F(1.924, 257.757) = 3.185, p =

045, n§= .023. However, the pairwise comparison for the main effect of time, corrected using a
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Bonferroni adjustment, indicated that the significant main effect does neither reflects a significant
difference (p = .082) between time 1 and time 3, nor between time 1 and time 2 (p = 1.000) nor
between time 2 and time 3 (p = .160). In addition, there was no difference in students’ reported
ratings of seeking help from informal sources between the control and intervention group, F(1,
134) = 2.834, p = .095, 7]12)= .021. Furthermore, there was no group x time interaction, F(1.924,
257.757) = .651, p = .517, 77127 =.005.

Help Seeking Scale from MSLQ Mauchly’s test indicated that the assumption of sphericity
had not been violated, X2(2)= 4.336, p = .114; therefore no correction for the degrees of freedom
was needed. Overall, the rating on the general help seeking scale from the MSLQ (Figure E.8)
differed across time, F(2, 268) = 11.144, p < .001, 771%: .077. The pairwise comparison for the main
effect of time, corrected using a Bonferroni adjustment, indicated that the significant main effect
reflects a significant difference (p = .001) between time 1 and time 2 and time 1 and time 3 (p <
.001) but not between time 2 and time 3 (p = 1.000). However, there was no difference between the
ratings on the general help seeking scale from the MSLQ betweeen the students in the intervention
and the control group, F(1, 134) = 0.015, p =.903, 77]2)< .000. In addition, there was a group X time
interaction, F(2, 268) = 3.805, p = .023, 1712, =.028.

3.5 Discussions

Based on previous findings from tertiary education showing positive effects of SRL inter-
ventions specifically focusing on self-monitoring and reflection [Lan, 2005, Lovett, 2010, Glenn,
2010, Zimmerman et al., 2011], we examined whether similar positive effects could be obtained
for a post-exam self-assessment intervention in a general chemistry course. We were particularly
interested in the possible influence of the level of help-seeking and students’ performance. How-
ever, taken as a whole, our results provide little evidence for the impact of the PESA intervention
on these two factors. There are two main perspectives that could be used to explain the lack of
influence of the intervention. On the one hand, it could be hypothesized that a PESA intervention

by itself does not have a large effect on students’ metacognitive abilities, motivation, and their
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course grades. This idea could be supported by previous results from a study investigating the in-
fluence of reflection and incentives on the level of student calibration [Hacker et al., 2008]. Hacker
et al. (2008) collected students’ calibration data prior to testing and immediately after the exam
about the predicted number of correct items. Overall, subsequent reflections on the differences
between pre- and postdiction did not change the students’ accuracy for future calibration. Inter-
estingly, different results were seen for the various performance groups within the course. Similar
results for different abilities groups were also observed previously [Kruger and Dunning, 1999].
The high-performing students were already highly calibrated and, provided their constrained stan-
dard deviations, their accuracy approached a ceiling. The results for the lower-performing students
are mixed. The students who received extrinsic incentives gained postdiction accuracy. However,
contrary to expectations, students who were asked to reflect on their performance lost postdiction
accuracy. Hacker et al. (2008) attributes these findings to the effect of their reflection intervention
being too weak to induce changes in calibration. Similarly, it could be that our intervention has a
rather small impact making it hard to determine any effects with our sample size. Consequently,
a much larger sample size would be needed to make clear indication on whether or not an inter-
vention is useful in a specific environment. Hacker et al. (2008) also pointed out that, due to the
small number of students in their intervention groups, their results need to be approached with
caution. They further suggests, that the students’ judgments of performance could be primarily
impacted by stable and persistent beliefs about their performance. This phenomena could be based
on judgments of calibration not being based on directly accessing activated memory, but rather
on inferences on the activated memories [Koriat, 1993]. A pattern shown during studying pic-
tures comparing the learning style of massing and spaced. Students performed better in the spaced
learning condition, but when asked immediately after exams in a laboratory study, they still exhibit
false judgments of effective learning by favoring massed learning [Kornell and Bjork, 2008].
Additionally, compared to previous examples in the literature [Nietfeld et al., 2006], our inter-
vention could be less effective since students do not engage to the same level. The PESA interven-

tion puts all the weight on students and does not provide additional instructor feedback or practice
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as was shown in other studies to be part of a successful intervention [Zimmerman et al., 2011]. It
could also be argued that metacognitive skills are needed in the first place for students to realize
what kind of effort they have to put into the interventions. This leads us to the question whether
we just need to change the extent to which we engage students in interventions.

Based on this notion, interventions in the current form might not be useful or might not make
the best use of students’ and instructors’ time. Other interventions could be more effective and
better suited for the studied chemistry courses. For example, a recent review paper highlighted
a plethora of factors influencing achievement in higher education [Schneider and Preckel, 2017].
Their results were based on 38 meta analyses covering 1.9 million participants. 105 variables in 11
categories could be identified as influential factors, with different degrees of influencing students.
Based on their results, other approaches could be tested. While not only the type of intervention
is important, also the timing is crucial. For example, regularity and proximity are key for effective
self-monitoring [Bandura, 1986].

Another possible explanation cannot be excluded: our intervention actually increased students’
level of help seeking but we were unable to detected it since we measured the wrong characteristics.
Our help-seeking scales were based on seeking help through more traditional approaches such as
teachers and peers. However, nowadays students are prone to focus more on harnessing newer
technologies, such as google or YouTube, as their primary source for help. This explains the
necessity of modifying the survey.

Additional variables that are very often neglected in the equation are the social and cultural
background of students. The group of lower performing students is very often still comprised of
minorities as well as students with migration backgrounds. Different cultural influences could have
an extra effect on how help seeking is approached and what intervention might work best. [Volet
and Jarveld, 2001]

To further improve our experimental design and evaluate the influence of the PESA, a future
study needs to increase the frequency of the interventions and the survey times. For example, a

future design should include at least a 4th survey at the end of the semester. This is necessary to
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capture the influence of the third post-exam self-assessment, currently not captured by only three
surveys. Varying the level of self-reflection that students are engaged in, but also the level of feed-
back the students receive, poses another important modification. The experimental design of this
study was purely quantitative and did not analyze students’ responses to the surveys. Hence, addi-
tional insight on possible changes of students’ learning strategies might be gained by a qualitative
research where students answers on the post-exam self-assessment are analyzed.

Nevertheless, despite not having detected changes, our results cannot predict how a repeated
exposure to self-reflection interventions over multiple semesters changes students” SRL. Neither
can we answer how often students need to be prompted to engage in self-reflection exercises before
they keep using them independently. Other questions needing to be addressed are to what extent

students can transfer SRL skills, acquired in e.g. general chemistry, to other STEM courses.
Educational Implications

Most classrooms are complex environments with a multitude of variables influencing learn-
ing. Carefully controlling all variable within this setting, leave alone factors influencing learning
outside the classroom, is very difficult and designing targeted interventions must be first based on
actual scientific findings, but also on the specific learning environment. When considering im-
plementing an intervention for a college course, not only the type of an intervention, but also the
timing [Szu et al., 2011] are important factors that need to be considered. For example as was
recently pointed out for flipped classroom approaches in chemistry [Jarvis, 2020], when poorly
implemented they can fail to raise student scores or even put some students in disadvantaged po-
sition. Specific interventions fostering a good help seeking culture should specifically target the
beginning of the semester. While often students determine that they struggle after a few weeks
into the semester, seeking out help is often too late at this point. Then, it is difficult for students to
catch up and they often end up compensating by utilizing wrong or inefficient learning strategies.
Since self-regulated learning can be learned, it is not surprising that help-seeking was defined to
be a developmental skill [Nelson-Le Gall, 1981]. Therefore, when trying to foster a good help

seeking culture, a developmental approach must be taken by creating not only an environment
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inviting students to ask questions, but also providing manifold opportunities for deep reflection
and self-monitoring.

Limitations: There should always be caution about how the results of self-reported measures
as help-seeking are interpreted. While observations would be a better measure to determine the
level of help seeking, it is totally impractical in a college context, especially in introductory courses
with hundreds of students. Besides, observations will not give an accurate picture since college stu-
dents seek most of their help outside of classrooms. However, when conditions are well specified,
it can be assumed that self-reported data and the actual behavior are highly correlated for inten-
tions related to help-seeking [Ajzen, 1980]. Another limitation was that no real randomization of
assigning participants to the intervention and control groups occurred, which would be desirable,

but very difficult to realize in university contexts.
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Appendix A
Supplemental Information for ''Capturing the details
of Ny adsorption in zeolite X using stroboscopic

isotope contrasted neutron total scattering'’

Gas Adsorption Measurements - Experimental Details

100 mg of the pressed Ca exchanged zeolite X sample was activated under dynamic vacuum at
400°C for 24 hours followed by a N surface area measurement at 77 K. Adsorption isotherms were
measured using a Micromeritics ASAP 2020 adsorption analyzer fitted with a He cryostat with a
stability of 0.01 K. All the isotherms were collected with at least five initial 0.5 cm?®/g incremental
doses of gas followed by further 5 cm®/g incremental doses up to 1 atm with sufficiently long equi-
libration times for each dose. The measured N, adsorption isotherms are all type 1. Desorption
measurements were taken at the end of each isotherms to monitor that no hysteresis occurred. Prior
to each measurement, the sample was reactivated at 200°C under dynamic vacuum for an hour fol-
lowed by an hour of equilibration in the cryostat at the target temperature. N, isotherms were
measured at 77 K and then every 10 K from 140 K to 300 K. The BET surface area was evaluated
over the nanoporous regime, 0.01 < P/Py < 0.10, of the 77 K Ny adsorption isotherm following the
recommendation of Walton and Snurr. [424] Isosteric heats of adsorption (HOA) were calculated
by using the Clausius-Clapeyron relation between at least three measured isotherms. No hys-
teresis and sufficiently long equilibration times ensure that thermodynamic equilibration has been
achieved, which is necessary to determine accurate heats of adsorption determined by the Clausius-
Clapeyron relation. As little to no hysteresis was observed in the experimental isotherms and there
was no uptick at the tail end of the HOA characteristic of increased fluid-fluid interactions, it
can be determined that the physisorbed N2 did not undergo significant capillary condensation or

multilayer formation under the thermal conditions measured. Results are shown in Figure A.2.
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Figure A.1: Experimental Heats of Adsorption for Ny adsorption into CaX. The three temperatures indicate
which three isotherms were used for the Clausius-Clapeyron relation.

Comparison of Measured Heats of Adsorption at Several Temperatures

GCMC Simulation Details Gas adsorption was simulated with Monte Carlo in the grand
canonical ensemble (GCMC) with our own in-house modified version of the MuSiC package. [425]
The Peng-Robinson equation of state was used to determine the fugacity of Ny for each temper-
ature/pressure examined. [426] Each simulation employed 5,000 initialization, 500,000 equilibra-
tion, and 500,000 production cycles. A cycle consisted of N moves, where N is the number of
adsorbed particles and cations rounded up to the nearest multiple of 10. The value for N started
at Negtions+20 and could fluctuate (never decreasing) during the initialization cycles to match the
system, and it was held constant throughout the equilibration and production cycles. The cations
could fluctuate through random translations and re-insertions (jumps), and the adsorbed N par-
ticles could fluctuate with random translations, rotations, re-insertions, insertions, and deletions.
Each move was weighted equally. The experimentally determined crystal structure was used to rep-
resent the zeolite framework, which was held as rigid during the simulations. C'a,3.57106Als603s4
was the stoichiometry used for the zeolite corresponding to ideal 86X with 100% Ca exchange.
Owing to its previous success in describing cation positions and ion exchange in FAU-type zeolites,
a simplified T-atom description that doesn’t distinguish between Al and Si was used to describe the
framework. [132,427-429] A brief NVT simulation of a single unit cell with only framework and

cations present was used to refine the cation positions in the activated sample. The final snapshot
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was then expanded into the 2x2x?2 super cell and used as the initial guess for cation positons in
all the GCMC simulations. The volumes in the zeolite framework inaccessible to Ny were blocked
using our recently developed energy based pore mapping program. The accessible pore volume
was mapped using similarly sized Ar as the probe molecule: =120 K, 0=3.4 A, [131,430] The
simulated adsorption isotherms were excess corrected using the calculated accessible pore volume.
Simulated heats of adsorption were obtained with fluctuation theory. Radial distribution functions
and density maps were produced from the snapshots of the system collected at the end of each pro-
duction cycle. The guest (cation and adsorbate)-framework Coulomb interactions were computed
using Ewald sums with a damping parameter, o, of 0.31601 A~ (~2.5 7/L). The on-the-fly guest-
guest Coulomb interaction were computed using the damped, shifted potential method of Wolf
with a cutoff of 12 A. [431] The damping parameter, c, for the on-the-fly Coulomb calculations
was set to 0.07 A~ as it best reproduced the cation configuration of the brief NVT simulation done
with much slower on-the-fly Ewald summations. The partial charges and van der Waals interaction
parameters for the simulation are found in Table A.1. The partial charges for the framework atoms
were found via an interpolation of the electronegativity equalization method (EEM) charges deter-
mined by Mortier et al. for FAU-type zeolites according to the Si/Al ratio. [132,432] Following
the model of Jeffroy et al., the fully ionic charge for Ca was employed, and a Buckingham (exp-6:
Ae~?" — Cr~5) potential was used to describe the interaction between the Ca and framework oxy-
gen: A=61.1-10° K, b=4.05 A, C=7.552-10° KAS. [133,433] The atomistic LJ parameters for N,
were taken from the all atom TraPPe-small force field, which employs a charged ghost “Gh” atom
at the molecular center of mass to replicate No’s quadrupole moment. [130] The remaining van der
Waals interactions for the framework oxygen-N,, Ca-N,, N5-Ns and Ca-Ca were computed with
12-6 Lennard-Jones (LJ) potentials cutoff at 12 A; Lorentz-Berthelot mixing rules were used to
obtain the pair-wise LJ parameters from the atomistic parameters listed in Table A.1.

We provide the details of the final snapshot of the GCMC simulation to demonstrate the domi-
nant interaction governing adsorption in this simulation is the Coulombic interaction between the

Ca and Ny:
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Figure A.2: Simulated (blue) and Experimental (red) isotherms (left) and heat of adsorption (right) for No
adsorption into CaX at 300 K.

- The net electrostatic interaction between the N5 and the Ca is attractive: -3333.15 kJ/mol

- The net VDW interaction between the Ny and the Ca is repulsive: 204.739 kJ/mol

- The interaction with the framework is 887.987 kJ/mol (electrostatic) and -810.044 kJ/mol
(VDW) which combine to give a small net repulsive interaction with the adsorbed Nj.

When the electrostatic interactions between the framework and Ca with the N5 are turned off,
the GCMC predicted adsorption drops to 0.64 molecules/unit cell, which is effectively the same
as for a siliceous (no cations present) FAU framework: 0.66 molecules/unit cell. If only the elec-
trostatic interactions with the cations are turned off, the adsorption drops even further to 0.18

molecules/unit cell confirming the repulsive interaction indicated in the snapshot energetics. This

clearly indicates that the electrostatic interaction between the Ca and the Nj is by far the dominant

interaction governing adsorption.

Table A.1: Atomistic Force Field Parameters: ‘-‘ indicates not used in potentials.

o(A) | eK) q(e) Ref.
- - | 1.23735 | [132,432,434]
O |3.000 | 93.53 | -0.84263 | [132,432,434]

Ca | 2.586 | 50.27 | 2.00000 [133]
N | 3.310 | 36.00 | -0.48200 [130]
Gh - - 0.96400 [130]

Comparison of Experimental and Simulated Adsorption
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Rietveld refinement and Fourier difference map of static dosed data for zeolite X

Rietveld refinement of crystal structures were carried out in TOPAS academic version 6. A sec-
ond order polynomial (TOF = DIFC-d + DIFA-d? + ZERO) was used to convert the time-of-flight
(TOF) to d-spacing, DIFC and ZERO were determined from a NIST Si-64d standard sample while
DIFA was allowed to refine to account for the sample position variation. The diffraction peak shape
was primarily modeled using a Pseudo-Voigt function, with an additional convolution of an expo-
nential function (or a type-3 GSAS back-to-back function in JANA 2006) to model the extended
peak tails for TOF diffraction data. Charge balance was used to constrain the Ca occupancies on
the three different Ca sites (16-occCal + 32-occCa2 + 32-occCa3 = 43) with an additional split site
occupancy constraint for the Cal and Ca2 sites (occCal + occCa2 < 1). A Fourier difference map
was used to identify the potential N, positions in the structure of the static loaded sample. The pris-
tine structure (without Ny) was used as the starting model for the Refinement in JANA2006. [128]
Only the atomic positions and Ca occupancies are allowed to vary during the refinement. After
converging, the Fourier difference map was calculated and plotted in VESTA software [435] with
a positive residual threshold value of 0.3 fm/A3. It was found while modeling the nitrogen atomic
position for the dosed data set, that the occupancy and atomic displacement parameters are corre-
lated. An initial fit with the occupancy fixed to the value derived from SSITKA analysis found the
refined value of the B, to be 5.3(1.1) A% In subsequent refinements, the atomic displacement pa-
rameter of nitrogen was this refined value. Table A.2 and Figure A.3 display results of the pristine
structure refined against the 154° bank NOMAD data.

This pristine structure results in the presented positions in Figure 3.1, and was used to generate
the presented Fourier difference maps (when compared to the dosed data) in Figure 3.2. Table A.3
and Figure A.4 display results of the dosed structure refinement against the 154° bank NOMAD
data.

Table A.4 displays the results of the dosed structure refinement, completed without modeling
the N position, against the 154° bank NOMAD data.

Stroboscopic and data-informed reduction procedure

228



0.35
0.30-
0.25}
0.20-
0.15 U
0.10° !
0.05 R.,,=2.311
.00 prrvmsmpead s A s d A rarmasad\ Syttt [\~ [V ]
—0,08

I/Iv

6 07 08 09 1.0 1.1 1.2 1.3 1.4
d (A)

Figure A.3: Results of fit in TOPAS to pristine structure refinement with data in black, fit in blue, and
residual in red. Resultant parameters from this refinement are shown in Table A.2.
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Figure A.4: Results of fit to dosed structure refinement with data in black, fit in blue, and residual in red.
Resultant parameters from this refinement are shown in Table A.3.
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Table A.2: The fixed and refined values used to fit the pristine diffraction data. Note the refined parameters
include associated error, while the fixed values do not.

Space group = Fd3, a=a=25.041922) A, R,, = 2.359
Atom X y z Occ. biso (Az)
Si(1) | -0.0524(4) | 0.1243(4) | 0.0356(5) 1.0 0.23(15)
Si(2) | -0.0586(4) | 0.0336(5) | 0.1206(5) |  0.11 0.23(15)
Al(1) | -0.0586(4) | 0.0336(5) | 0.1206(5) | 0.89 | 0.23(15)
O(1) | -0.1116(3) | 0.0021(6) | 0.1068(3) 1.0 1.46(14)
0(2) | -0.0042(4) | -0.0037(4) | 0.1411(2) 1.0 1.46(14)
0(3) | -0.0348(2) | 0.0642(5) | 0.0655(5) 1.0 1.46(14)
O4) | -0.0616(2) | 0.0758(4) | 0.1730(5) 1.0 1.46(14)
Ca(1) 0.0 0.0 0 0.727(59) |  0.58
Ca(2) | 0.0622(6) | 0.0622(6) | 0.0622(6) | 0.250(23) | 0.58
Ca(3) | 0.2227(2) | 0.2237(3) | 0.2227(3) | 0.730(18) | 0.58

During this study it was found that an unexpected and significant uptake of water into the
sample occurred, which greatly complicated the standard PDF data reduction procedures. We
present our advanced data-informed reduction procedure to mitigate the artifacts introduced by
the uptake of water, and thus isolate the scattering signal due to the adsorption of nitrogen during
steady-state flow conditions in the zeolite sample.

Stroboscopic gas flow measurement considerations

Three characteristic times are associated with stroboscopic gas-flow measurements, the switch-
ing period of the dosing gasses, the initial delay between the flow of a gas species at the switch
and its’ arrival at the sample, and the exhaust delay between the gas reaching the sample and being
detected downstream at the RGA. While the first of these is known a priori (based on the prescribed
switch rate), the remaining two must be determined experimentally for each sample. To determine
the total travel time of gas from switch to RGA (which encompasses all plumbing and flow-related
timing as well as any mechanical delay of the gas through the column of sample), a small quantity
of inert tracer gas (in this case, Ar) in one of the dosing isotopes is employed. When the flow
is switched to the gas containing the tracer, this total travel time can be quantified by detecting
the inert gas signature on the RGA. Note that any delay of the dosing gas (}*N) separate from the

tracer gas upon switching can thus be attributed directly due to the catalytic reaction, and associ-
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Table A.3: The fixed and refined values used to fit the nitrogen-dosed diffraction data. Note the refined

parameters include associated error, while the fixed values do not.

Space group = Fd3, a=24.9846(18) A, R,, = 2.311
Atom X y z occ. biso (AQ)
Si(1) | -0.0524(4) | 0.1240(4) | 0.0363(4) 1.0 0.22(14)
Si(2) | -0.0585(4) | 0.0336(4) | 0.1201(4) 0.11 0.22(14)
Al(1) | -0.0585(4) | 0.0336(4) | 0.1201(4) 0.89 | 0.22(14)
O(1) | -0.1115(4) | 0.0017(6) | 0.1073(4) 1.0 1.55(13)
0(2) | -0.0038(5) | -0.0039(5) | 0.1410(2) 1.0 1.55(13)
0(3) | -0.0348(2) | 0.0641(5) | 0.0653(5) 1.0 1.55(13)
0(4) | -0.0618(2) | 0.0761(5) | 0.1732(5) 1.0 1.55(13)
Ca(l) 0.0 0.0 0 0.690(56) | 0.58
Ca(2) | 0.0615(6) | 0.0615(6) | 0.0615(6) | 0.267(22) | 0.58
Ca(3) | 0.2237(2) | 0.2237(2) | 0.2237(2) | 0.732(18) |  0.58
N 0.2761(13) | 0.2761(13) | 0.2761(13) | 0.195(37) |  5.30

ated residency time, of the sample with the gas. The details of calculating such residency times
from SSITKA-studies are covered elsewhere [127]. As the delay in travel time of gas from switch
to sample is identical for both the inert tracer and the dosant gas, total travel time is sufficient to
extract residency time characteristics. However, determination of the delay from switch-to-sample
is necessary to accurately reduce measured diffraction data stroboscopically. To this end, the mea-
sured diffraction data itself can be used as a tool to self-determine the delay of switch-to-sample at
beam. Because we are using two isotopes of gas with significantly different scattering power (9.37
barn for *N compared to 6.44 barn for °N), we employ instantaneous integrated-intensity as a re-
liable metric of relative isotope presence in the sample, with the assumption that lower integrated
scatter intensity indicates a greater presence of 1°Ny, and vice-versa. The details of the time-delay
extrapolation are covered in the next section.

Data-informed water mitigation and PDF reduction procedures

The relative populations of measured exhaust gas on the RGA are shown, for 1“N,, N,, and
Ar, in Figure A.5a, in which we observe the expected and prescribed isotope switching behavior,
as well as the slight offset of the inert tracer gas from the *N, signal.

Inspection of the measured total scattering structure factor, S(Q), as a function of time, as

shown in Figure A.5(b), reveals the dominant change in the sample over time to be a steady rise
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Table A.4: The refined structural parameters from Jana.

Space group = Fd3, a=25.0919(32) A, Ryp = 2.632
Atom X y z occ. biso (AQ)
Si(1) -0.0524 0.1243 0.0356 1.0 0.23(15)
Si(2) -0.0586 0.0336 0.1206 0.11 0.23(15)
Al(1) | -0.0586 0.0336 0.1206 0.89 0.23(15)
O(1) | -0.1121(4) | 0.0020(7) | 0.1061(4) 1.0 1.46(14)
O(2) | -0.0038(6) | -0.0043(6) | 0.1419(2) 1.0 1.46(14)
O(3) | -0.0351(2) | 0.0638(6) | 0.0649(5) 1.0 1.46(14)
04) | -0.0622(3) | 0.0770(6) | 0.1738(6) 1.0 1.46(14)
Ca(1) 0.0 0.0 0 0.701(65) 0.58
Ca(2) | 0.0637(8) | 0.0637(8) | 0.0637(8) | 0.238(32) 0.58
Ca(3) | 0.2223(4) | 0.2223(4) | 0.2223(4) | 0.733(25) 0.58
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Figure A.5: (a.) Measured exhaust gas readout from RGA, indicating relative fraction of gas species. (b.)
Measured total scattering structure factor from Zeolite-X sample under oscillating gas flow as a function of
time, with four 100-second averages along this evolution plotted concurrently.

in diffuse scattered intensity, which we attribute to an unexpected uptake of water into the sample.
Consider that the total measured scatter at any given time will be due to the steady-state zeolite
structure (which is constant), the contributions of water (which are increasing with time), and the
small oscillatory contributions due to the changing nitrogen isotope. In order to isolate the gas-
dependent signal, we must first mitigate the effects of this water-feature. We do this by developing
a time-dependent water-scatter model, described below. To begin, we average the first 430 seconds
of data, wherein the flow of gas was fixed to *N/Ar mixture. We subtract this constant ‘dry’
zeolite model from all datasets, resulting in a signal which contains scatter due to the presence
of water, nitrogen, isotope differences, and any changes in the host-structure over time (which
should be minimal). We refer to this as the animated scattering signal, S4(Q). To generate a

‘fully saturated” water model, we average the last 70 seconds of data in S 4(Q), and fit this using a
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Figure A.6: (a) Average scatter from final 70 seconds of measurement, when data is fully saturated with
water, and overlaid Psuedo-Voigt (PV) fit. For comparison, the dry-model zeolite scatter is also overlaid.
(b-top) The water model, plotted as a function of time. (b-bottom) The integrated intensity of the observed
data normalized by the as-fit water model.

Psuedo-Voigt function [436], which is shown in Fig. A.6a. The total integrated intensity of each
dataset in S 4(Q) is compared to the integrated intensity of this full-water model, resulting in a
time-dependent metric of relative water saturation, S 4(Q)/S i7,0(Q). Thus, a time-dependent water-
scatter model can be generated by scaling the full-water model by this saturation metric, which is
shown in Fig. A.6(b).

The time-dependent water model, Sy,0(Q), can now be subtracted from S 4(Q), resulting in
the isolated scattering signal due to the gas-signal and any small structural changes in the host,
referred to here as the S,,5(Q). The integrated intensity of this gas-only scatter reveals the expected
oscillatory signal. This isolated gas-signature, as well as the integrated intensity metric, are shown
in Figure A.7a. The signal is further isolated by examining the residual of the integrated time-
dependent water model to the integrated animated signal, which clearly highlights the expected
sinusoidal behavior. A sine-wave is fit to this residual, shown in Figure A.7(b), which is ultimately
used to stroboscopically bin the data. The observed sinusoidal uptake of nitrogen is found to be
offset from the switching time of the dosing gas by approximately 50 seconds, allowing us to
quantify the previously unknown source-to-sample delay.

With the associated gas-transport times now fully characterized, accurate stroboscopic rebin-
ning of the measured scattering data is now possible. This was carried out using the Mantid data
reduction framework. [437] The diffraction data from the 154° NOMAD detector bank of data

was fit using TOPAS refinement package [100]. The refined atomic structure from the static-dosed
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Figure A.7: (a) Time-dependent views of the gas-only scatter signal, S,,:(Q), with the as-fit sine wave to
the integrated intensity, color-coded to the stroboscopic binning scheme used with the '*N; associated data
in red, and the 15N associated data in cyan. (b) The residual and associated fit used to derive the sine-curve
used in the stroboscopic rebinning.

zeolite data, found in Table A.3, was used for both the stroboscopically binned 14N- and 'N-data,
with only the nitrogen occupancy allowed to vary. This resulted in a refined occupancy value of
0.672(52) for the *N-data and 0.465(66) for the °N-data, which produces a ratio of 1.45(24).
This result is very consistent with the anticipated scattering power difference of the two isotopes
of nitrogen, being 9.37 barn for N, and 6.44 barns for °N, the ratio of which is ~1.46. We find
that this trends hold even when all parameters in the refinement are allowed to vary. The difference
in refined nitrogen occupancy of the static- vs.-stroboscopically dosed data could be due to either
the adsorption of water (inadvertently being fit as nitrogen occupancy in the stroboscopic data) or

that the static dosed case was not fully saturated with Ns.
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Appendix B
Supplemental Information for ‘“Bond Valences and
Anharmonicity in Vacancy-Ordered Double

Perovskite Halides”

Prior to the RMC simulations presented in this work, we attempted to model the Cs—I/I-I pair
correlations in the pair distribution function with a linear combination of three Gaussian func-
tions to approximate the individual Cs—I, I-lintra, and I-Iinter contributions to the peak shape and
determine the origin of the peak asymmetry. However, while modeling with three Gaussian fea-
tures easily reproduces the XPDF data, we found that the trends in peak height, position, and full
width at half maximum were inconclusive, likely due to the large degree of overlap of these pair
correlations. In this light, we found that unconstrained modeling of this feature was inappropri-
ate, and instead turned to the more rigorous modeling routines employed in Reverse Monte Carlo
simulations.

Traditional free-motion Reverse Monte Carlo (RMC) simulations were performed to ensure
consistency with our rigid-body RMC approach. The optimized supercells are shown in Figure
B.1 and the fits to the XPDF and S(Q)-1 are shown in Figure B.2.

The partial radial distribution functions for the I-Iintra, I-linter, and Cs-I pair correlations

extracted from the free-motion RMC simulations of Cs,Snlg and CsyTelg are shown in Figure

CsaTels

Figure B.1: Supercells of CsoSnlg and CsyTelg optimized from free-motion RMC simulations.
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Figure B.2: Calculated G(r) and S(Q)-1 from free-motion RMC-optimized supercells of CsySnlg and
CsoTelg compared against the experimental G(r) and S(Q)-1 from X-ray total scattering data. Experimental
data are shown as open circles, the fits from the RMC optimizations are shown as orange lines, and the
difference curves are shown as blue lines. The x-axes in (a) and (b) are split to highlight the low-r pair
correlations.

B.3. The peaks are modeled by Gaussian functions to reveal asymmetry in the peak shape.
In both Cs,Snlg and CsyTelg, the Cs—I pair correlation is quite asymmetric, consistent with the
pseudorigid-body RMC simulations shown in the main article. We have calculated the bond va-
lence sum of cesium from the RMC-optimized supercells of Cs,Snlg and CsyTelg, as shown in
Figure B.4. The distributions were fit to Gaussian functions, and the centroid of the peak was

taken as the bond valence sum. The results of the fitting are presented in Table B.1.

Table B.1: Bond valence sum analysis for Cs™ from the RMC-optimized supercells of CsoSnlg and CsoTelg.

free-motion RMC | pseudo-rigid-body RMC
CssSnlg 1.21+£0.13 1.21 +£0.11
CsqTelg 1.19 £ 0.09 1.19 £0.10
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radial distribution function (arb. units)

Figure B.3: Partial radial distribution functions for I-lintra (a,b), I-linter (c,d), and Cs-I (e,f) pair corre-
lations in CsySnlg and CsyTelg obtained from free-motion Reverse Monte Carlo simulations (circles). The
distributions are fit with Gaussian functions, shown by the orange line. The difference curves are shown in
blue and reveal asymmetries in the I-linter and Cs—I RDFs.

free-motion RMC ~ pseudo-rigid-body RMC

| Cs,Snly (a) i Cs,Snlg | (b)

60

40+ 1r 1

counts

075 1 125 15 075 1 125 15
Cs" bond valence sum

Figure B.4: Bond valence sum distributions for cesium in the 6 x 6 x 6 supercells of CsoSnlg and CsoTelg
optimized within the (a,c) free-motion RMC approach and (b,d) the pseudo-rigid-body RMC approach. The
distributions were fit to Gaussian functions and the centroid of the peak was taken as the bond valence sum.
The blue vertical lines denote the bond valence sum of Cs™ calculated from the cubic structures of CsoSnlg
and Cs2Snlg refined against the XPDF data.
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Appendix C
Supplemental Information for "Finding Order

within the disordeered methylammonium tin iodide"

As areference, the orientations of the methylammonium cations in the starting structure for the

RMC modeling was plotted (Figure C.1).
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Figure C.1: Histogram illustrating orientations of the methylammonium cations in spherical coordinates, ¢
and 6, folded to 0 - 90° (left) as well as a kernel density estimate plot in Cartesian coordinates.

Additional histograms for reference structures not shown in Chapter 5 are illustrated in Figure
C.2. A different mixing of reference structures was generated and shown.

To see whether the methylammonium cations in (MA),Snlg have any influence on the off-
centering of the Sn atoms in the [Snlg] octahedra, a 2D histogram of the distribution of the

TCSn:(T Centroid of octahedra ~ TSn) was generated (Figure C3)
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Figure C.2: Histograms illustrating the distances between N and centroid on the faces of the octahedra (left),
angles between the C-N vector and the normal vector on the faces of the octahedra (middle), and the vertical
axis of the octahedra (right). Gaussian fits are overlaid to the extracted data (red). Data for a.) Data from the
720 RMC simulations, b.) MA oriented about (111) with octahedra randomly tilted up to 11° towards (111),
c.) MA oriented about (100) with octahedra randomly tilted up to 11° in any direction, d.) to f.) contain
mixtures of MA randomly oriented with octahedra randomly tilted up to 11° in any direction, MA oriented
about (111) with octahedra randomly tilted up to 11° in any direction, c.), and MA oriented about (110) with
octahedra randomly tilted up to 11° in any direction, with 79.2%/8.3%/4.2%/8.3%, 83.3%/6.9%/2.8%/6.9%,
and 87.5%/5.6%/1.4%/5.6%, respectively.
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Figure C.3: Histogram illustrating orientations of the tin off-centering in the octahedra in spherical coordi-
nates, ¢ and 6, folded to 0 - 90°.
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Appendix D
Suppelemental information for '"Metacognitive
reflection and self-regulated learning qualities in

general chemistry college courses''

D.1 Example from Pre-exam knowledge survey

Explain the role and the characteristics of the three types of subatomic particles in the volume

and density of the atom and its nucleus

I do not understand the question or task

I do not understand the technical terms

I do not think I can give a correct answer

I think I understand the question and I think I can answer at least half of it correctly

I think I understand the question and I know exactly where to find the information I need to

give a correct answer in 20 minutes or less

I know that I can answer the question well enough for grading now

D.2 Example from Post-exam self-assessment

Chem 111 Post-Exam Self-Assessment

See the instructions in Canvas for more details about how this assignment will be scored.

1. Fill in these blanks: Exam Number Your Predicted Exam Score % Actual Exam

Score %
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2. How did your actual score on this exam compare to the score you expected? How do you

explain the difference, if any?
3. How do you feel about your exam grade? Are you surprised, relieved, disappointed, or what?

4. Write about you spent your time preparing for the exam. That is, what study techniques did
you use? Address at least 4 of these examples, and feel free to add your own:
* Did you take notes on the readings?
* Did you do SmartWork review or end-of-chapter problems?
* Did you rebuild your pie after the ALEKS Knowledge Check?
* Did you talk about the course material with other students?
* Did you go to office hours?
* Did you use the sample exam?
* Did you test yourself in some other way?
* Did you complete the Exam 1 Knowledge Survey (in Canvas)?
* Was your study time focused, or did you multitask while studying?
5. How many hours did you study for the exam? Was this enough time to get the grade you

wanted, or should you have spent more time preparing? Should you have spent your study

time differently?

6. Fill out the table below for every question you missed on the exam. (If you need more rows,

put your cursor in the last box of the last row and press tab.)

Your exam version:
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list below.

Types of questions may include:

true/false, calculation, equation, interpret a graph, interpret a picture, draw Lewis

structure. (You can also suggest other types.)

. Examine the questions that you answered incorrectly on the exam. To what extent did these
items come from a specific set of class materials (readings, lectures, recitations, ALEKS,

end-of-chapter problems)? To what extent did they focus on certain topics? Did you tend to

misread the questions? Were you careless? Did you run out of time?

. Set a goal to get a certain percentage correct on the next exam. Consider what you found to
be effective from your study for this exam. What study strategies and schedule will enable

you to earn that score? (Be specific — it is not sufficient to say, “I’ll keep doing what I have

been.”)
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D.3 MSLQ - Scales and questions used on the surveys

Intrinsic Motivation

In a class like this, I prefer course material that really challenges me so I can learn new

things.

In a class like this, I prefer course material that arouses my curiosity, even if it is difficult to

learn.

The most satisfying thing for me in this course is trying to understand the content as thor-

oughly as possible.

When I have the opportunity in this class, I choose course assignment that I can learn from

even if they don’t guarantee a good grade.

Extrinsic Motivation

Getting a good grade in this class is the most satisfying thing for me right now.

The most important thing for me right now is improving my overall grade point average, so

my main concern in this class is getting a good grade.

If I can, I want to get better grades in this class than most of the other students.

I want to do well in this class because it is important to show my ability to my family, friends,

employer, or others.

Task Value

I think I will be able to use what I learn in this course in other courses.

It is important for me to learn the course material in this class.

I am very interested in the content area of this course.

I think the course material in this class is useful for me to learn.
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* I like the subject matter of this course.

* Understanding the subject matter of this course is very important to me.

Control of Learning Beliefs

If I study in appropriate ways, then I will be able to learn the material in this course.

It is my own fault if I don’t learn the material in this course.

If I try hard enough, then I will understand the course material.

If I don’t understand the course material, it is because I didn’t try hard enough.

Self-Efficacy for Learning and Performance

I believe I will receive an excellent grade in this class.

* I’m certain I can understand the most difficult material presented in the reading for this

course.

* I’m confident I can understand the most complex material presented by the instructor in this

course.

* Considering the difficulty of this course, the teacher, and my skills, I think I will do well in

this class.

* I’m certain I can master the skills being taught in this class.

* I expect to do well in this class.

* I’'m confident I can learn the basic concepts taught in this course.

I’m confident I can do an excellent job on the assignment and test in this course.

Help Seeking

245



Even if I have trouble learning the material in this class, I try to do the work on my own,

without help from anyone (REVERSED)
I ask the instructor to clarify concepts I don’t understand well.

When I can’t understand the material in this course, I ask another student in this class for

help.

I try to identify students in this class whom I can ask for help if necessary.
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Appendix E

Suppelemental information for ''The influence of
Post-Exam Self-Assessment Interventions on Student
performance and help seeking in a college level

general chemistry course"

E.1 Help-Seeking Questionnaire

General Intention to Seek Needed Help
* If I needed help in this class I would ask someone for assistance.
 If I needed help understanding the lectures in this class I would ask for help.
 If I needed help with the readings in this class I would ask for help.
General Intention to Avoid Needed Help

e If I didn’t understand something in this class I would guess rather than ask someone for

assistance.
* I would rather do worse on an assignment I couldn’t finish than ask for help.
* Even if the work was too hard to do on my own, I wouldn’t ask for help with this class.
Perceived Costs of Help-Seeking (threat)

* Getting help in this class would be an admission that I am just not smart enough to do the

work on my own.

* I would not want anyone to find out that I needed help in this class.
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* Asking for help would mean I am not as smart as other students in the class.

* Others would think I was dumb if I asked for help in this class.

Instrumental (Autonomous) Help-Seeking Goal

* I would get help in this class to learn to solve problems and find answers by myself.

» If I were to get help in this class it would be to better understand the general ideas or princi-

ples.

* Getting help in this class would be a way for me to learn more about basic principles that I

could use to solve problems or understand the material.

Expedient (Executive) Help-Seeking Goal

* The purpose of asking somebody for help in this class would be to succeed without having

to work as hard.

* If I were to ask for help in this class it would be to quickly get the answers I needed.

* Getting help in this class would be a way of avoiding doing some of the work.

Seeking Help from Formal Source (teachers)

* If I were to seek help in this class it would be from the teacher.

* If I were to seek help in this class I would ask the teacher.

Seeking Help from Informal Source (other students)

» If I were to seek help in this class it would be from another student.

 If I were to seek help in this class I would ask another student

Help Seeking Scale from MSLQ
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Even if I have trouble learning the material in this class, I try to do the work on my own,

without help from anyone (REVERSED)

I ask the instructor to clarify concepts I don’t understand well.

When I can’t understand the material in this course, I ask another student in this class for

help.

I try to identify students in this class whom I can ask for help if necessary.

E.2 Individual Help Seeking Scale Plots
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Figure E.1: Results from the help Seeking Survey Subscale: General Intention to Seek Needed Help.

3.8 4 @ Control

34
3.2 4
3.0 4
2.8 4
2.6 1
2.4 A
2.2 1
2.0 4
1.8 1
16 1
1.4

Average Value of Subscale

Survey 1 Survey 2 Survey 3

Figure E.2: Results from the help Seeking Survey Subscale: General Intention to Avoid Needed Help.
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Figure E.3: Results from the help Seeking Survey Subscale: Perceived Costs of Help-Seeking (threat).
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Figure E.4: Results from the help Seeking Survey Subscale: Instrumental (Autonomous) Help-Seeking
Goal.
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Figure E.5: Results from the help Seeking Survey Subscale: Expedient (Executive) Help-Seeking Goal.
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Figure E.6: Results from the help Seeking Survey Subscale: Seeking Help from Formal Source (teachers).
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Figure E.7: Results from the help Seeking Survey Subscale: Seeking Help from Informal Source (other
students).
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Figure E.8: Results from the help Seeking Survey Subscale of the MSLQ.

251



