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ABSTRACT

Adsorption plays an integral role in a variety of fundamentally and
technologically important processes such as lubrication, gas separation and
purification, wetting behavior, energy storage, heterogenous catalysis, biologically
inspired materials, and the theory of phase transitions. As a result, adsorption
phenomena are extensively studied in chemistry, physics, and biology each for
uniquely different reasons. The homologous series of normal alkanes represent a
class of organic molecules that are important in the fuel industry. From a
fundamental perspective, the series of normal alkanes provide a route whereby
physical and chemical properties relevant to adsorption can be examined with only
subtle changes in molecular size and length. The alkanes also exhibit a well-known
odd-even effect in some condensed phase physical properties. In the current
study, the physical adsorption properties of the normal alkanes (methane-decane)
on MgO, graphite, and boron nitride were investigated using volumetric adsorption
isotherms and molecular dynamics simulations. This portion of the study focuses
on determining the thermodynamics of adsorption as well as predicting the
adsorption structures and dynamics. As a secondary study, the chemical
adsorption of ethanol was examined on the surface of transition-phase aluminas
using volumetric adsorption, temperature-programmed desorption, and inelastic
neutron scattering. The purpose of this work was to observe the surface-catalyzed
reaction of chemically bound ethanol with Lewis and Brg[oe]nsted acid sites

present on the aluminas in-situ. The results of the projects described have



significant implications in the design of new materials for gas separation and

purification as well as heterogenous catalysis.



PREFACE

Surface chemistry represents one of the most fundamentally and
technologically important areas in science; though it is often overlooked or even
forgotten. However, modern technology relies heavily on a sound understanding
of the underlying phenomena that dictate surface interactions. A variety of
processes in chemistry, physics, and biology occur at the boundary between two
phases. Additionally, some of the most profound areas in current scientific
research involve surfaces including lubrication, gas separations and purification,
adhesion, energy storage, renewable energy, and catalysis. Even recently,
Kosterlitz and Thouless were awarded the Nobel Prize in physics for developing a
microscopic theory of melting for two-dimensional (2D) materials (Kosterlitz 1972).

Behind the curtains, surface chemistry plays a significant role in basic
everyday human life. The diffusion of ions in and out of cells relies on membrane
transport mechanisms dictated by surface functional groups. Surfactants in the
lungs, made up of a combination of lipids and proteins, are designed to reduce the
surface tension of the air/liquid interface by forming a reactive monolayer surface
(Veldhuizen 2000). The beading of water on a car windshield results from the
wetting behavior of water on glass. It is the responsibility of the surface scientist to
further the development of science that addresses key societal challenges.

Chemistry is often considered a practical and applied science. However,
surface science does not exclusively fall into the realm of chemistry. Physical

interactions such as van der Waals forces are the dominating factor in
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physisorption. Thus, physics must also play a considerable role in the interfacial
regime. In terms of Pasteur’s quadrant, surface science resides at the top right
where there is both a quest for fundamental understanding as well as a
consideration for use (Stokes 1997); Hence the applicability of surface science in
industrial catalysis as well as the fundamental understanding of 2D melting in
Kosterliz, Thouless, Halperin, Nelson, and Young's (KTHNY) theory.

The aim of the research contained within this dissertation is to provide
necessary information for enhancing fundamental understanding of surface
interactions and to also improve methods for surface-catalyzed reactions important
in the industrial realm; thus, the work performed has both fundamental and
practical implications. This has been accomplished using a multi-faceted
approach, including adsorption methods, spectroscopy, and computation,
providing a detailed description of the systems of interest. The physical adsorption
of the first ten normal alkanes (methane through decane) has been investigated
on magnesium oxide (MgO), graphite, and hexagonal boron nitride (hBN) using
volumetric adsorption isotherms and molecular dynamics (MD) simulations.
Adsorption experiments on these three different substrates reveal how a change
in chemical composition and surface symmetry influences the adsorption
thermodynamics, monolayer solid structures, layer growth, and dynamics within
the thin films. The homologous series of normal alkanes are ideal for providing a
direct route for examining adsorption properties with subtle increases in molecular

size. A secondary focus involves the adsorption of ethanol on the surface of
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transition-phase aluminas. This interaction involves chemical adsorption where the
ethanol is catalytically dehydrated to form ethylene by activated sites on the
alumina surface. Volumetric adsorption isotherms, temperature-programmed
desorption (TPD), and inelastic neutron scattering (INS) were employed to
examine the surface-catalyzed dehydration reaction at each step in the process.
In the first chapter, a brief history of adsorption will be presented in order to
provide the reader with a chronological timeline of discoveries and technological
advancements that have led to modern surface science and adsorption as they
are known today. The bulk and surface structures of the substrates used in this
study will be then be described followed by an examination of the behavior of bulk
n-alkanes. MD theory will be covered along with some of the useful functions that
can be calculated from trajectories. The materials and methods used in this work
are detailed in chapter 2. The next four chapters correspond to each of the
publications that have resulted from these studies: chapter 3 — adsorption of
octane, nonane, and decane on MgO(100), chapter 4 — adsorption of methane
through decane on hBN, chapter 5 — adsorption of pentane and hexane on
graphite, and chapter 6 — catalytic dehydration of ethanol on the surface of
transition-phase aluminas. Chapter 7 will summarize the results from the above

experiments and present directions for future work.
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CHAPTER ONE —= INTRODUCTION AND BACKGROUND
INFORMATION



Introduction to Molecular Adsorption

Adsorption isotherm measurements (constant temperature) can provide
information about specific surface area, pore structure and size distribution,
particle size distributions, thermodynamics, and phase transitions. The
isothermal volumetric approach is frequently used because it is experimentally
the easiest measurement to perform. Conveniently, the constant temperature
model is also the least complex to describe mathematically. While there are
several approaches to performing adsorption isotherm measurements, this study
will focus on the gas-solid adsorption experiment. In these types of experiments
a well dispersed solid (generally a powder), called the adsorbent is contained
within a small volume at a constant temperature. Gas molecules, termed the
adsorbate, are introduced to the solid within a closed volume at a particular
pressure. The interaction between the adsorbate and adsorbent can be probed
using a variety of techniques including vapor pressure measurements, low
energy electron diffraction (LEED), NMR, calorimetry, Auger electron
spectroscopy, and ellipsometry each with their own respective advantages and
disadvantages. Table 1 below highlights the capabilities of a selected group of
experimental techniques used to study molecular adsorption. This investigation

utilizes pressure transducers to measure adsorption volumetrically. As the



Table 1 — Experimental methods for examining adsorption phenomena.

Reproduced from M. Bienfait. (Bienfait 1980)
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adsorbate molecules interact with the adsorbent, the pressure decreases until it
reaches an equilibrium value. For the sake of simplicity, the discussion in the
following sections will be limited to adsorbate molecules that interact with a
surface through physical forces (i.e. physisorption).

There are a variety of theoretical approaches which have been used to
describe fundamental molecular adsorption, however there has yet to be
revealed a single equation or method that exactly explains the behavior of all
types of adsorption. For example, many of the models that accurately represent
monolayer physical adsorption tend to fail in describing multilayer behavior that
exists when a film partially or fully wets a substrate due to molecule-molecule
and molecule substrate attractive forces. Furthermore, perturbation of the
substrate by the atoms/molecules in the adsorbed phase has impeded the ability
to macroscopically describe adsorption using standard thermodynamics. Two
recent developments have made it possible to further the current understanding
of microscopic and molecular-level adsorption phenomena. First, improvement of
experimental techniques and instrumentation has made it possible to extend the
boundaries of experimentally accessible phase space. In particular, the ability to
achieve low temperatures (<100 K) and pressures where small molecules (e.g.
hydrogen, helium, methane) exhibit unique behavior in the adsorbed phase.
Further, the ability to generate substrate materials with homogenous surfaces,
particularly in carbonaceous archetypes, has greatly improved the reproducibility

of such measurements. It is not surprising that significant advancements have



recently been made in understanding the interaction of noble gases and small
organic molecules on the surface of graphite. Secondly, the application of
computer simulation methods to model adsorption systems has enhanced the
ability to understand natural interfacial phenomena observed in experimentation.
The bridge between these computational and experimental approaches lies in
the approximation of intermolecular forces represented by simple functions which
have been empirically parameterized. Nevertheless, the interpretation of
experiments ultimately drives the effort for improving theoretical models and the

current understanding of interfacial phenomena.

A Brief History

The study of adsorption has been around for centuries, yet not formally
coined “adsorption” until 1881 (Kayser 1881). One of the first accounts of
adsorption was recorded in Talmud’s Book of Judges. In these writings Gideon
observed the absorption of water into wool, though it was not understood to be a
natural phenomenon. It wasn’t until the 18™ century that quantitative
measurements were carried out. Most of these studies involved the uptake of
vapors by clays and charcoal. During the early part of the 20" century, McBain
formally established the difference between adsorption and absorption (McBain
1909). This divided the field into porous and non-porous materials as it is
considered today. The field of adsorption branched into chromatography in 1903
when Tswett discovered that particular substances exhibited selective uptake

(Tswett 1990). The first quarter of the 20™ century signaled to beginning of
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attempts aimed at deriving a theory for adsorption phenomena. In 1930, Herbert
Freundlich popularized an empirical relationship for solution-based adsorption
(Freundlich 1930). This simple relationship, having no theoretical foundations is
defined as,

=kpm ()

m

where X is the mass of the adsorbate, m is the mass of the adsorbent, and p is
the equilibrium pressure of the adsorbate. The Freundlich equation fails to
accurately describe isotherms at high pressures where the adsorbate saturates
and forms bulk. One of the early theoretical descriptions of adsorption theory
stemmed from Michael Polanyi, who defined an adsorption potential (Polanyi
theory) as the differential molar work of adsorption (Polanyi 1914). The behavior
of adsorbed atoms/molecules are dependent upon the distance from the
adsorption potential. This theory forms the basis for volumetric adsorption
methods where thermodynamic equilibrium is defined by a chemical potential
change of zero as defined by the difference between adsorbed and bulk vapor
pressures. Dubinin later refined this adsorption potential as the negative work
performed by the system (Dubinin 1952). This development led to the formulation
of adsorption thermodynamics.

An early classification scheme for five types of van der Waals adsorption
isotherms was proposed by Brunauer et al. (Brunauer 1940) and later updated by
the International Union of Pure and Applied Chemistry — IUPAC (see Figure 1).

This arrangement should not be interpreted as an exhaustive list of what is
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Amount adsorbed

Relative pressure
Figure 1 — IUPAC classification for adsorption isotherms (IUPAC 1985)



possible in nature. It is important to recognize that some isotherms are not able
to be categorized by these five classes. It is also possible that a particular
adsorption system can exhibit behavior representative of multiple classes of
isotherms. The following sections will highlight representative behavior of these
five “classes” and further expand upon two of the more commonly observed
types.

Type | shown in Figure 1 is widely known as the Langmuir adsorption
isotherm and will be discussed in the following section. Isotherms with behavior
similar to type Il were labeled “BET isotherms” by Brunauer, Emmett, and Teller
who first described an approximated mathematical model to account for multiple-
layer (multilayer) condensation. The BET isotherm is an extension of the
Langmuir adsorption isotherm and will also be discussed in more detail later. The
isotherm measurements performed in this study are loosely categorized as type
I, but as will be shown later, the behavior observed is not exact. Type I
isotherms occur when the intermolecular forces between adsorbate molecules
are sufficiently great to overcome the interaction with the substrate. In this
situation, there is no layer condensation and the vapor pressure asymptotically
approaches the saturated vapor pressure. Isotherms comparable in shape to
types IV and V experience low pressure behavior similar to that of types Il and Il
but exhibit a considerable increase in vapor pressure until the saturated vapor
pressure is reached where the shape abruptly diverges convex to the abscissa.

This behavior is common in measurements made on/in porous materials. Types



IV and V also exhibit a hysteresis loop upon molecular desorption which can be

related to the pore size distribution through the Kelvin equation.

Langmuir Model of Monomolecular Adsorption

The Langmuir equation for monolayer adsorption is well known as one of
the earliest attempts at deriving a theoretical model for adsorption phenomena.
This kinetic-based approach derived by Irving Langmuir in 1918, assumes there
is a discrete number of binding sites on the surface of an adsorbent. The atoms
adsorbed on these discrete sites are immobile (i.e. localized model). At
equilibrium, the rate of evaporation must proportional to the rate of condensation

as,
k151 = kzPSO == kZP(S - Sl) (2)

where Si sites are occupied and So sites are unoccupied, k is the rate constant
for the adsorption process, and P is the pressure. Alternatively, this expression

can be expressed as,

UmbP
=awn O

where the site occupancies have been converted to volume adsorbed in one
monolayer and b represents the reduced rate constant. In the low-pressure
region of the Langmuir isotherm, the amount adsorbed is nearly linear with the
increase in pressure. At higher pressures, the amount adsorbed converges to the
volume in one monolayer. One of the significant deficiencies of this model is that

molecule-molecule (MM) interactions are neglected, when in fact intermolecular
9



forces can play a substantial role in adsorption behavior particularly near and
above monolayer coverages. Thus, the thermodynamics of adsorption calculated
using a statistical mechanical approach from this model only account for N
numbers of non-interacting molecules with sites of energy, Q which clearly finds
discrepancies with experiments. Since the Langmuir isotherm is incapable of
accounting for multiple condensed layers, later formulations described in the
following sections aimed to improve upon this elementary description by

accounting for both MM interactions and multilayer formation.

Multilayer Models

Following the results of Langmuir, in 1938, Brunauer, Emmett, and Teller
(BET) developed an isotherm equation based on a generalization of Langmuir’s
isotherm equation which accounts for multilayer adsorption (Brunauer 1938).
Using the assumption that the rate constants for condensation and evaporation
are independent of surface coverage, BET added kinetic terms for exchange

between two adjacent layers resulting in a new isotherm equation of the type,

_ UmCDp
V= oparenamy P

Where vy, is the volume of gas adsorbed in a monolayer, p is the equilibrium
vapor pressure, po is the saturated vapor pressure, and c is a constant. This
assumes that each multilayer can be treated individually as a Langmuir
monolayer. For the purpose of comparing to experimental adsorption isotherm

measurements, the BET isotherm equation is conveniently written,
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v(Po-p)  VmC + Um¢€ Do (5)

where a linear fit to p/po versus p/v(po-p) can be applied to determine the
monolayer volume and heat of adsorption. The BET equation still fails to account
for lateral MM interactions and assumes that the n>1 layers formed above the
monolayer are equivalent. Furthermore, the energy distribution from surface
binding sites is assumed to be perfectly homogenous which has been shown not
to be the case for many substrates. Brunauer et al. later introduced four
additional terms to the original BET equation to account for capillary
condensation and accuracy at higher relative pressures which became known as
the BDDT equation. While the BET equation cannot always reliably predict the
thermodynamics of adsorption, it is often used to determine specific surface
areas for the adsorption of nitrogen on the surface of relatively simple non-

porous substrates.

Statistical Mechanics

Following the development of the Langmuir and BET equations from
principles of kinetics, a statistical thermodynamic derivation was carried out by
Cassie where it was proposed that an entropy of mixing allowed a liquid
multilayer phase to condense below the saturation pressure (Cassie 1944).
Terrell Hill refined Cassie’s result stating the correct result was obtained with an
incorrect argument. He later provided the statistical mechanical derivation for

mobile adsorption and adsorption with a limited number of multilayers. In a ten-
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part series in the Journal of Chemical Physics, Hill provided derivations for
greater complexities addressing intermolecular forces, surface heterogeneities,
capillary condensation, and solution thermodynamics. The use of statistical
mechanics applied to adsorption phenomena has led to the development of
Monte Carlo (MC) and molecular dynamics (MD) techniques, which are exactly
solvable using statistical methods, though they are limited by the accuracy of the
intermolecular potentials used in the simulation. These “computer experiments”
have been used to validate approximations made in statistical mechanical theory.
The MC and MD techniques can also be directly compared to results from

experiments.

Integral Equations

The Langmuir and BET models for adsorption assume there is single site
occupancy, each of which have the same probability of adsorption. On real
surfaces there are multiple adsorption sites with different binding energies (e.g.
MgO). Heterogeneities on the substrate result in a variation of surface energies
which are not accounted for in previous models. Thus, Langmuir proposed that
distinguishable adsorption sites could be approximated by a sum of Langmuir
equations each normalized by the abundance of a particular site. This provided
the foundation for what are now known as integral equations. Zeldovich later
showed how the sum can be replaced by an integral if the number of dissimilar

sites is large (Zeldovich 1934).
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Surface Wetting

Of particular importance to the adsorption of liquids on solid surfaces is a
consideration of wetting phenomena. Surface wetting is somewhat coupled with
the absorbed surface structure as will be discussed later. Wetting is a
phenomenon typically associated with the interface between a liquid and a solid
where the extent of wetting is determined through a contact angle between the
liquid and the solid. There are three notable types of wetting: complete wetting,
incomplete wetting, and non-wetting (see Figure 2). In the complete wetting
scenario, the liquid spreads across the solid surface homogenously where the
resulting contact angle between the liquid and the solid is 0°. At the other
extremum, non-wetting is observed whenever the liquid forms a perfect spherical
droplet with a contact angle of 180° on the solid surface. The intermediate
phenomenon, incomplete wetting, is any variation in between the two extrema.
Incomplete wetting is most frequently encountered for the types of interactions

involved in this particular study.

Overlayer Structures

The epitaxial structure of an adsorbed solid phase also dictates the
mechanism of film growth with increasing coverage. There are two possibilities
that can arise important to the molecules in this study. First, a commensurate
structure exists when the lattice of the adsorbed phase is in registry with the
lattice of the substrate surface. This phase can exist as long as the symmetries

of the two phases align with an integer multiple. One way to label a
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Figure 2 — lllustration of the contact angle in wetting phenomena
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commensurate lattice is through Woods’ notation. This method offers a route
whereby the overlayer structure can be specified in terms of the substrate
surface structure. An example of this is shown in Figure 3. The multiplicity of the
basis vectors is defined in parentheses with any rotation angles following. If the
overlayer structure is a primitive lattice, the parentheses are sometimes
preceded by a “p.” For a centered overlayer structure, a “c” is used as a prefix.
An incommensurate structure is one where the lattice of the adsorbed
phase is out of registry with the substrate’s lattice. Both situations can exist for a
variety of reasons. It is clear that for adsorption to occur, the interaction between
the adsorbate molecules and substrate atoms (MS interaction), must exceed the
intermolecular forces between two adsorbate molecules (MM) at a given
chemical potential at constant temperature. In the commensurate phase, the MS
interaction is sufficiently large to direct the binding of adsorbate molecules. If the
substrate-induced structure of adsorbate molecules is similar to the bulk
molecular structure, the films tend to grow in discrete steps. In the
incommensurate case, the MS force is not sufficient to direct the adsorbed
phase. For this situation, mechanism of film growth depends on both the epitaxial
structure at the interface, the similarity to the bulk condensed phase structure, as

well as the coverage.

The Volumetric Adsorption Isotherm Experiment

For the adsorption isotherm measurements performed in the current

studies, each dosing step involved the introduction of an amount of gas
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Figure 3 — Example overlayer structures on cubic and hexagonal surface lattices
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(determined by the pressure and volume) into a known volume. This amount of
gas was subsequently allowed to expand into a sample cell held at a constant
temperature and volume. The equation for a single dosing sequence is

expressed as,

nadsi = Anenter cell; — Anheadspace (6)

ApiVdose _ (pfi_pfi_l)vheadspace

(7)

n L=
ads; RTroom temp RTiso

The term on the left side of this equation is straightforward and is equal to the
total number of moles entering the sample volume. The term on the right-hand
side is applied in order to subtract the number of moles in the vapor from the total
moles entering the cell. These measurements are performed in thermodynamic
equilibrium, meaning that at the endpoint of each dosing sequence, the
molecules in the vapor phase are in equilibrium with the molecules in the
adsorbed phase as determined by the pressure at a constant volume. Thus if the

chemical potential is defined as,
u=RTInP (8)

then it must hold true that at the completion of a dosing sequence,

Pa S
Ap = fags — Mvapor = RT In <—d> =0 (9

vapor

The dosing sequence is continued until the saturated vapor pressure of the
adsorbate at the sample temperature is reached. At this point the adsorbate

molecules no longer condense in layers on the surface of the substrate, but
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rather are in a phase that is nearly identical to a bulk three-dimensional vapor.
The results of these measurements are plotted as the total number of moles
adsorbed versus the equilibrium vapor pressure. The total number of moles can

be determined from a summation over consecutive doses expressed as,

N n . (Zli\’:lApi)Vdose . Pf;Vheadspace (10)
i=1 Tads RTyroom temp RTiso

In equation 10, the pressure term on the right-hand side has been summed over
sequences, but simply reduces to the equilibrium vapor pressure at the “nth”
dose. A more convenient way to express the abscissa is in terms of reduced
pressure (P/P,) where the equilibrium vapor pressure is normalized by the
saturated vapor pressure at the sample temperature. Alternatively, from a
thermodynamic standpoint, it is useful to express the reduced pressure in terms
of difference in chemical potential as shown above. An example of an adsorption
isotherm measurement for methane on graphite is illustrated in Figure 4.

While the temperature fluctuations were monitored using resistance or
diode thermometers mounted above and below the sample cell, the experimental
sample temperature was determined from the saturated vapor pressure, where

Antoine’s equation in the form,

logoP=A—— (11)

T+C

was used to convert the experimental vapor pressure to temperature. Antoine’s
equation is a specialized semi-empirical form of the Clausius-Clapeyron equation

where parameters are obtained from fits to experimental data. Antoine’s equation
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Figure 4 — Adsorption isotherm of methane on graphite at T = 78.3 K
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does not typically span the entire temperature range between the triple point and
critical temperatures but sets of data are available for narrow temperature ranges
with considerable accuracy. The parameters used in the described experiments

are presented in the materials and methods section.

Determination of Surface Coverage — The Point B Method

There have been numerous suggestions about the actual location of
monolayer completion, but none have withstood the test of time more than the
Point B method, developed by Emmett and Brunauer (Emmett 1937). This
approach utilizes the fact that the profiles of physical adsorption isotherm
measurements generally yield an approximate S-shape. At low temperatures, the
pressure of the system remains nearly zero as the molecules begin to form the
monolayer. Near monolayer completion, the isotherm diverges and becomes
concave with respect to the abscissa and remains nearly linear until bilayer
completion. An initial proposition for the location of monolayer completion
involved extrapolation of the linear portion between the first and section layering
features to the y-axis (point A method). This was later modified by using
intersection the linear region above the monolayer feature with a line fit through
low pressure data below monolayer completion. Comparison of this location on
the adsorption isotherm curve illustrated that the error was minimal when using
the point B method in comparison with the value determined from the BET
equation. While there multiple occurrences of deviations in surface area between

the point B method and BET method, the point B method has been used with
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success for previous measurements of rare gases and small organic molecules
on the surface of graphite and MgO(100). An example of applying this method to
the adsorption isotherm measurements is shown in

Figure 5. The information from the point B method can be used in order to
determine the surface area of the substrate as long as the solid structure is
known a priori. For methane on graphite, the adsorbed structure at 78.3 K is a
commensurate V3 x V3 lattice with an areal density of 0.0636 molecules/A2.
Thus, the graphite used in this study was determined to have a surface area of
34.02 m?/g. Most of the adsorption isotherm measurements in this study were
performed at temperatures well above the monolayer melting point. The number
of molecules in the monolayer can only reveal an average area occupied by a
molecule in the monolayer. The actual area projected on the surface by a

molecule can only be determined if the monolayer solid structure is known.

Determination of the Thermodynamics of Adsorption

Figure 4 is essentially a constant temperature phase diagram for the
chemical potential as a function of surface coverage. The thermodynamic values
associated with these layer condensations can be calculated using a method

developed by Larher where,

Pm) | _ Ym)~%eo) 1
In (p(oo)) == E(s(n) — s(oo)) (12)

Here, the logarithm of the ratio between the pressures of saturated vapor
pressure and the “nth” transition can be related to the molar enthalpy and
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entropy. In this approach, the locations of these, layering features are identified
by taking the numerical derivative of the raw data and fitting an appropriate peak
function. For most of these features, Gaussian and Lorentzian peak functions are
sufficiently accurate (see Figure 6). The numerical derivative is related to the

two-dimensional compressibility by,

Kop = g () (13)

 NakgTN2 \dp

where A is the surface area of the substrate, p is the equilibrium vapor pressure,
Na is Avagadro’s number, kg is Boltzmann’s constant, T is temperature, and N is
the number of moles adsorbed. The compressibility is one way to scale behavior
between films and bulk solids. In three dimensions, the compressibility
represents the change in volume with respect to a change in pressure, where the
inverse quantity is defined as the bulk modulus. In two dimensions, it is defined
as the change in molecular area with a change in spreading pressure. The
inverse Kzp (proportional to numerical derivative peak width) has also been
shown to reveal information about locations of layering critical temperatures and
other phase transitions. Thus, the heats of adsorption and differential enthalpies

and entropies can be calculated for each layer using the equations,
Quas = RA(n) (14)
AHgy = —R(Am) — Aw))  (15)

AStny = =R(Bny = Brw)) ~ (16)
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Figure 6 — Gaussian function fit to numerical derivative of isotherm
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where the A terms refer to the slope of a linear fit to the plot of In(p) versus 1/T
and the B parameter is the y-intercept. A general example of these types of plots

is shown in Figure 7.

Molecular Dynamics Theory

Introduction to Molecular Dynamics

Simulations of large atomic and molecular systems using ab initio
approaches are generally not feasible due to the mathematical complexity and
time required in performing calculations on many-body systems. Methods that
account for guantum mechanical behavior are typically limited to approximately
100 atoms. One approach that bypasses the need to consider quantum
mechanical properties involves using molecular dynamics (MD) methods, which
employs intermolecular force fields to describe interactions between large
numbers of atoms and molecules. Alder and Wainwright developed this method
in 1959 for hard-sphere systems (Alder 1959). In the MD approach, electronic
motions are somewhat ignored and the motions between nuclei determine the
overall energy of the system. Furthermore, in models containing large numbers
of atoms and/or molecules, thermodynamics, structure, and transport coefficients
can be evaluated using statistical averages and distribution functions. MD
simulations also approximate behavior of materials in the condensed phase more

accurately than ab initio approaches because the intermolecular potentials within
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the force field are well described and can be parameterized to fit experimental
data. However, since these force fields are approximations to the true
intermolecular potentials, there is generally a tradeoff between computational
efficiency and accuracy. Hence, it is imperative in MD simulations to choose a
force field with sufficient detail to accurately model the desired properties. The
simulations performed in this work utilized both the COMPASS (Sun 1998) and

Universal (Rappé 1992) force fields which are described later in more detail.

Equations of Motion

The molecular transport in classical MD simulations is calculated using

Newtonian mechanics where the equation,

av 9% i
Fi(®) =ma,() - —-=m55 (17

is continuously evaluated at each time step (user-defined), provided a set of
initial coordinates and velocities combined with the molecular force field for
describing the inter- and intra-molecular components of the total energy. The
method used to solve the equations of motion is called the finite-difference
method. In this approach the energy of the system is calculated at time t which a
set of coordinates and momenta. The equation is re-evaluated at time t+At where
the time step is small compared with the motion of interest. The method of
integration used to solve these equations is important in providing realistic and
accurate results. In the Materials Studio Forcite module, the Velocity Verlet

algorithm is implemented.
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While this approach allows one to explore the constant energy depiction,
many real experimental systems tend to be influenced by the environment (i.e.
heat transfer, external pressure, etc.). Therefore, these methods employ
statistical ensembles where the energy is no longer necessarily conserved where
structural and dynamical properties can be calculated using statistical
averages/fluctuations and distribution functions. The calculations in this study
were performed using the canonical ensemble where the number of molecules,
sample volume, and temperature are kept constant. When using the canonical
ensemble, thermodynamic temperature (isothermal) is maintained by applying a
thermostat. This is typically achieved by employing a series of “Nose-Hoover”

thermostats functionally described as,

ZiZj
|Ri—R;]

2 ¢

-~ 1
H = <1P|He|1y>+521i\’=12?/=1 i=12_Mi i=12_Qi

where Qi is a fictitious mass (Nose parameter) and ¢ is the thermostat degrees of
freedom. A modification to the Nose-Hoover thermostat has recently been made
and applied to the current study where an additional Langevin friction and noise
term (NHL thermostat) allows for quicker equilibration without the need to

decrease Q.. Thus the equation of motion for { appears as,

2
N PN kpT,
d¢ _ ~istamg TSTBTO 2ykpTo 14
= = . yg+ [Z2hyr (1)

where W is a Wiener process and y influences the strength of the stochastic

process (i.e. decay time). The first term scales { to zero while the final term
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increases ¢ where the average of Q{? is approximately the product of
Boltzmann’s constant and the defined temperature. It is clear that as y

approaches zero, the function reduces to that of the Nose-Hoover thermostat.

Central Force Fields

The COMPASS (Sun 1998) force field was used in this study to calculate
energies for alkanes on the surface of graphite and MgO(100). COMPASS is a
semi-empirical class Il force field where the interactions between atoms are
described by simple empirically-parameterized functions. Class Il force fields are
advantageous over class | force fields because they contain cross-terms which
account for the coupling of internal coordinates (e.g. angle bend causing
simultaneous change in bond length). The coefficients in this force field were
determined first using ab initio methods, then parameterized for different atom
types by making fits to experimental data. The total functional form of the

COMPASS force field is defined as,
Etotal = Eb + Ea + Etor + Einv + +Ecc + Eelecrostatic + Enon—bond (20)

The types of functions that represents these terms are provided in Table 2.
The most important functional contribution to the total energy for the
adsorption of alkanes on graphite and MgO is from non-bonding intermolecular
forces. The intermolecular forces in the above summation are represented by a
9-6 Lennard-Jones potential. It is important to note that the Universal force field

utilizes the 12-6 Lennard-Jones potential. Comparatively, the 12-6 potential tends
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Table 2 — Functional forms for terms in the COMPASS Forcefield total energy

Energy Term Functional Functional Representation
Type
: : K
Bond Stretching Harmonic 70 (R — Ry)?
. : K
Angle Bending Harmonic 70 (6 — 6y)?
1
Torsional Angle Dihedral Ez{Bj(l — djcos[n;$])}
! K
Inversion (out-of-plane) | Wilson Angle 70)(31,
Electrostatic Coulombic C %
. 9-6 Lennard- a\° 0\
Non-bonding Jones D, [2 (E) 3 (E) ]
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to be extreme in the repulsive component, while the 9-6 potential is known to be
too attractive at longer intermolecular distances. The Lennard-Jones potential is
discussed in greater detail below. While it is useful to compare the dynamics
among molecules with varying carbon backbone size, the differences in
functional descriptions make it difficult to draw conclusions about adsorption on
different substrates. However, the COMPASS force field is ideal for the
molecules in these studies because the original parameterization focused on
linear and cyclic alkanes in a condensed state.

Molecular dynamics calculations for the linear alkanes on hBN were
performed using the Universal force field (Rappe et al.). Unfortunately, very few
advanced force fields exist which have been parameterized for atomic
interactions with boron. Universal force field is a general force field designed to
describe interactions among all elements in the periodic table based on a set of
rules. Though the parameters used in the force field have not been corrected by
experimentation, Perim et al. have shown the usefulness of this force field when
modeling boron nitride nanotubes. The terms that contribute to the summation in
total energy are the same as for COMPASS with the exception that there is no
contribution from cross-coupling terms. However, the functional forms used to
describe these interactions differ from COMPASS as can be seen in Table 3.
Further MD simulations will be performed in the future as class Il force fields
containing boron become more prevalent with increasing studies on two-

dimensional materials.
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Table 3 — Functional forms for terms in the Universal Forcefield total energy

Functional ) _
Energy Term Functional Representation
Type
. _ Ko ,
Bond Stretching Harmonic > (R —Ry)
) Cosine K,
Angle Bending _ — (cos8 — cos6,)?
Harmonic 2
1
Torsional Angle Dihedral EZ{Bj(l — djcos[n;$])}
j
. 0 2
Xo * 0; m (cosy — cosy,)
Inversion (out-of-plane) Umbrella
Xo # 0; Ko(1 — cosy)
Electrostatic Coulombic C %

Non-bonding

12-6 Lennard-

Jones

o[ -]
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Lennard-Jones Potential

The n-alkanes interact with the surfaces of MgO, graphite, and hBN
primarily through weak intermolecular forces called van der Waals (vdW) forces.
These types of interactions are dictated by relative orientations of molecules.
However, the isotropic form of this intermolecular force is commonly modeled
using the Lennard-Jones (LJ) potential (Jones 1924). This model depends on the
distance between two neutral atoms and contains both a repulsive and attractive
term. The repulsive force arises from the overlap of electron orbitals at small
distances. The attractive term accounts for the attraction due to vdW forces. For
the 12-6 LJ potential, the repulsive term is represented by a r'2 term (where r is
the distance between two objects) and the attractive term is represented by an r®

term. The one-dimensional 12-6 LJ potential is written as,

v =4[0)"- ()] e

and can be viewed for two xenon atoms in Figure Figure 8. The force of the LJ
potential can be found from its negative differential with respect to position. The
radius at which the force equals zero defines the equilibrium distance separating
the two atoms. There are other numerical functions that have been shown to
accurately describe vdW forces including the Morse potential, Buckingham
potential, and even variations on the LJ potential (i.e. 12-10, 9-6, 10-4-3, etc.).
However, the 12-6 variation of the LJ potential is the most common and used to

describe non-bonding interactions in the Universal forcefield.
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Analysis of Trajectories

Radial Distribution Function, (RDF)

Radial distribution functions (RDF) were calculated for the monolayer
structures of butane through octane adsorbed on hBN as a function of
temperature. The information contained within the RDF is useful for interpreting
experimental diffraction measurements. While the RDF decays as 1/r?, the most
valuable information for the monolayer alkane structure is contained in the small r
region. Specifically, this region provides information about the parallel versus
perpendicular order for nearest neighbors in the molecular film. The RDF
provides the probability of finding an atom at radial distance, r, in a sphere with
infinitesimal thickness from a reference atom taken as the origin. The RDF can

be further expanded to account for different atom types as,
— _ 1 ,0Ng Ny
R(T) = XaXbPYab (1‘) - N(Zi:l i=1 6(7' -r; + rj)) (22)

where xa and X» are the mole fractions of atom a and b respectively. In this
equation, sums are taken over all atoms in the system and the delta functions are
the positions of atoms relative to a reference point, r. The RDF is a specialized
radial form of the atomic pair distribution function (Egami 2003) and can be

related to its counterpart by
R(r) = 4nr?p,g(r)  (23)

It is well understood that the pair distribution function is related to the total

scattering function via a Fourier transform. Mathematically, this is expressed as,
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S(Q) =1+ % [ G(r)sin(Qr)dr  (24)

where G(r) is the reduced pair distribution function. The total scattering function,
S(Q) is accessible from x-ray or neutron diffraction experiments which is
weighted by the atomic form factor or scattering lengths respectively.
Concentration Profile, C(z)
A concentration profile (i.e. density profile) is a measure of the number of
atoms along a vector direction per unit volume. In Materials Studio, the

concentration profile is defined as:
C(z) = relative[set]ga, = [set]sap/[setlpur  (25)

where the [set]siab is equal to the number of atoms in a slab normalized by the
volume of the slab and the [set]ouik iS equal to the total number of atoms in the

system divided by the total volume. This reduces a less complicated form,

C(Z) — number of atoms in slab - number Of slabs (26)

total number of atoms

The concentration profile is a structural quantity which can provide useful
information about the ordering of layers with respect to the distance from the
surface. Additionally, since this quantity can be averaged over a time sequence,
information about re-orientational dynamics is revealed.

Mean-Square Displacement (MSD)

The mean-squared displacement was calculated in order to study the

onset of translational dynamics as a function of temperature. Since the alkanes
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have several conformational degrees of freedom, the centers of mass were used

as the reference for the MSD calculations. The MSD was calculated as,
((ar2) = —Z|r() - (0)12  (27)

Using the Einstein relation, the self-diffusion coefficients were calculated from the

derivative of the long-time scale MSD,

D =2lim S (Iri () = (07 (28)

6t

Using this approach, care was taken to avoid inclusion of the initial non-linear
ballistic regime as well as ending frames (i.e. 500ps) where the statistics are
poor. The self-diffusion coefficient also has an Arrhenius-like relationship with
temperature. Thus, the natural logarithm of the diffusion coefficients was plotted
against 1/T, where the activation barrier was calculated from the slope.

Velocity Autocorrelation Function (VACF)

Green-Kubo relations offer a secondary approach for calculating the self-

diffusion coefficient. The velocity autocorrelation function is defined as,
Y(t) = ~ 2, (0i(t) - vilt, + nAL)  (29)

The integral of this correlation function at sufficiently long times provides the self-

diffusion coefficient expressed as,

D =3 J; (wi(0) - vi(e)de  (30)
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Additionally, since the VACF is a time dependent correlation function for self-
motions, the Fourier transform of this function provides a power spectrum, which
can be related to the vibrational spectrum obtained from experiment.

Rotational Autocorrelation Function (RAF)

The rotational autocorrelation function can provide information about
molecular configurational changes and their time dependence. Longer normal
alkanes are a class of molecules that exhibit configurational changes about their
torsional angles. These dynamical motions can be quantified using the rotational
autocorrelation function.

Dynamic Incoherent Structure Factor (DISF)

Using the program, MDANSE (Molecular Dynamics Analysis for Neutron
Scattering Experiments) (Goret 2016), a variety of space-time correlation
functions can be calculated which are related to quantities measurable in thermal
neutron scattering experiments. The dynamic incoherent structure factor
(Sinc(Q,w)) can be used to generate a neutron vibrational density of states from a
molecular dynamics trajectory. This quantity is related to the double differential

cross section (i.e. the measured quantity in inelastic neutron scattering) by,

d*c k
=N 'ES (Qw) (31)

In MDANSE, the DISF is obtained from the Fourier transform of the incoherent
intermediate scattering function which can be directly calculated from a molecular
dynamics trajectory. The incoherent intermediate scattering function is defined

as,
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F(Q,0) = 34 b2 inclexp[—iQ - Ra(0)] exp[i@ - Ra(D])  (32)

where b is the incoherent part of the total scattering length and R is the position
operator of nuclei species a. The intermediate scattering function is calculated on

a rectangular grid of equidistantly spaced points on time and Q axes.

Crystalline Substrates

Magnesium Oxide

Magnesium oxide (MgO) has a variety of industrial uses such as fuel
additives, fire retardants, ceramics/cements, among others. The electronics
industry has also taken an interest in a variety of MgO nanostructures which
exhibit semiconducting behavior when stimulated by photons. More importantly,
metal oxides are often used in heterogenous catalysis as a catalyst support for
metals (Xinghua 2010). For example, nickel-decorated aluminum oxide has been
used to convert furfural to pentane. Thus, MgO, a prototypical metal oxide, is a
potentially interesting substrate for investigating the adsorption of normal
alkanes.

MgO has a cubic (rock salt) crystalline structure (see Figure 9) with a
lattice constant of 4.212 A and is typically characterized as an electronic
insulator. The crystal is held together by a purely ionic bonding network between
Mg?* and O% ions (Zhang 2012). The (100) plane of MgO is the predominantly

exposed facet since cleavage can only be attained along this direction. The (110)
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Figure 9 — lllustration of an MgO unit cell. Magnesium atoms are represented by

green spheres and oxygen atoms by red spheres
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and (111) surfaces can be exposed using synthetic approaches (cutting and
polishing) but are relatively unstable compared to the (100) facet and tend to
reorient (Henrich 1976). The MgO(100) surface has 4-fold symmetry which
differs from the hexagonal structures of the other substrates used in this study.
The corrugation of the MgO surface potential is also greater than both graphite
and hBN since the interaction between magnesium and oxygen involves
Coulombic forces. The penta-coordinated oxygen atoms at the surface of MgO
react strongly with atmospheric moisture producing surface hydroxyls. The
presence of surface hydroxyls changes the reactivity (chemical and physical) and
smoothness of the (100) surface. Thus, MgO is hygroscopic and must be kept in
an inert/dry atmosphere to preserve surface quality. The MgO powders produced
for this study are advantageous over other materials because of their superior
elemental purity and surface homogeneity. Furthermore, the nanocube patrticle
size distribution is tunable with minimal dispersion. The simple crystalline
structure and ionic bonding in MgO make this material prototypical for

determining the influence of electrostatic forces in physical adsorption.

Graphite

Early physisorption measurements utilized graphitic substrates since
surface homogeneity and purity exceeded that of other materials available at the
time. Graphite is a solid made up of layered honeycomb-shaped carbon networks
with P6s/mmc space group symmetry and lattice parameters of a=b = 2.46 A

and c = 6.8 A (McKie 1986). Bernal refined the structure for one of the common
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Figure 10 — Crystalline structure of graphite with AB-stacking
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stacking sequences for a sample of graphite (AB-stacking), where the (n-1) layer
projects a carbon within the hole in the nth layer (see Figure 10) (Bernal 1924).
Bonding between adjacent carbons in the graphite layer is purely covalent where
each carbon contributes three sp2-hybrid orbitals. A lone electron contained
within the Pz -orbital which is partially delocalized about the surface plane. This
gives rise to graphite’s unique electronic properties which are similar to a
semiconductor with a narrow band gap. The purely covalent bonding between
adjacent carbons in graphite results in a shallow corrugation of the surface
potential when compared with the other substrates used in this study. Since
graphite interacts with alkane molecules primarily through van der Waals
intermolecular forces, it is an ideal substrate for studying fundamental physical

adsorption.

Hexagonal Boron Nitride

Hexagonal boron nitride (hBN) is isostructural with graphite having only a
two percent (larger) difference in lattice parameters (a=b = 2.51 A; ¢ = 6.69 A).
In comparison with the covalent bonding network between carbon atoms in
graphite, hBN exhibits a partial ionic character due to the difference in
electronegativity between boron and nitrogen atoms. Electron density is thus
higher in the vicinity of nitrogen resulting in a partial negative charge. This ionic
behavior is responsible for hBN’s insulating electrical properties with an indirect
band gap of 4.027 eV (Liu 2003). There is disagreement in the literature about

the true value of this band gap due to variations in the interplanar hBN structure.
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Figure 11 — Crystalline structure for the AA’-stacking sequence of hBN
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Figure 12 — Crystalline structure for the AB-stacking sequence of hBN
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Similar to graphite, hBN has multiple stacking sequences that are energetically
stable. The AA’ and AB sequences (See Figure 11 and Figure 12) are two of the
most stable structures of hBN; however a combination of these stacking
sequences is likely to be found in a sample of hBN powder. The hBN crystal with
AA’ stacking (Brager 1937) exhibits P63/mmc space group symmetry where each
plane is aligned perfectly along the c-direction. In the alternating sequence of
layers, boron atoms lay directly beneath nitrogen atoms (and vice versa)
resulting in an AA’ alternation. The structure of hBN with AB stacking
(Kurakevych 2007) has P3m1 space group symmetry and is more similar in
structure to graphite where adjacent layers project a nitrogen atom within the
hexagonal vacancy shown in Figure 12. In physical adsorption, this difference in
stacking structure should be negligible since the out-of-plane lattice vector is
nearly three times as large as the in-plane lattice vector and only weakly bound

by van der Waals intermolecular forces.

Properties of Normal Alkanes

The homologous series of n-alkanes is introduced to chemistry students
as a textbook example at an early stage. They are fundamentally some of the
most basic organic molecules exhibiting a simple zig-zag structure. In addition,
these molecules are known for alternations in physical properties (e.g. melting
point, density — see Figure 13) with increasing chain length resulting from odd

and even numbers of carbon atoms in the molecular backbone. However, even
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for small chain alkanes, the boiling points show a monotonic increase with
increasing chain length suggesting that the odd-even effect is minute in the liquid
and gas phases. The alkanes also represent an interesting class of condensed
phase materials where the intermolecular forces are weak. As a result, elusive
entropic contributions to the total free energy are more readily observable. The
structures, thermodynamics, and dynamics of bulk n-alkanes will be discussed in

more detail in the following sections.

Structures of n-Alkanes

The explanation for the odd-even alternation of properties is generally
attributed to the packing of alkanes in the solid phase. Boese et al. determined
the crystal structure for the n-alkanes propane through nonane (Boese 1999).
Propane and butane exhibit a monoclinic crystal structure with space group P21/n
while pentane displays an orthorhombic structure with Pbcn symmetry. From
hexane until nonane, the alkanes form an ordered triclinic crystal system with P-1
symmetry. For all the alkanes, the molecular planes of the alkanes organize in a
planar manner. The 2D-projected shape of an alkane with an even number of
carbons is approximated as a parallelogram as observed in Figure 14. Odd-
numbered alkanes have a trapezoidal shape in their 2D projection. In a single
layer of alkane molecules, the alkanes can align with a ribbon phase (Figure 14c)
or centered rectangular structure (Figure 14d). For odd-numbered alkanes in the
centered rectangular phase, the terminal groups interfere with a natural

geometric structure resulting in gaps. This odd-even effect tends to become
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subtler for longer alkanes because the ratio between chain groups and terminal
groups becomes more dramatic. For alkanes with nine or more carbon atoms in
the backbone, a glassy, rotator phase exists in between the isotropic liquid and
ordered solid phases (King Jr. 1993). This phase exhibits long range positional
order but lacks rotational order. The alkanes can be structurally tilted with respect
to their planar arrangements and have rotational motion about the long axis. This

is one of the terms that contributes to the subtle configurational entropy.

Thermodynamics of n-Alkanes

The thermodynamics of n-alkanes are known from calorimetric and
pressure-temperature measurements and have been abundantly available in the
literature for some time now. In 1962, Martin Broadhurst compiled a collection of
these studies in an attempt to understand the behavior of solid paraffins as a
function of increasing chain length (Broadhurst 1962). These measurements and
more recent work have been collected and are available from NIST. The
accuracy of previous thermodynamic results is pertinent to the success of our
adsorption work since sample temperature is often determined from the
saturated vapor pressure of the adsorbate. Further, the bulk enthalpies of
vaporization provide a good comparison for the heats of adsorption calculated at
saturation pressures. Thermodynamic properties associated with the solid state
have been shown to reflect the odd-even alternation (e.g. sublimation enthalpy,
solubility, and compressibility). As previously noted, the melting temperatures

exhibit the odd-even dependence, but is lost in the boiling temperatures.
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However, it will be discussed in one of the following sections how the liquid state
exhibits odd-even effects in their transport coefficients near the melting point.
These results suggest that there may be a subtle hint of the odd-even effect in

the bulk thermodynamics.

Conformational Properties of n-Alkanes

Alkanes with four or more carbon atoms in the molecular backbone
contain what is known as a dihedral angle (see Figure 15). For the longer
alkanes, these conformational motions contribute to a configurational entropy.
Volkenstein developed the rotational isomeric state model (Volkenstein 1959)
which was designed to compute configurational averages for large chain
molecules (i.e. polymers). Flory and Yoon later computed scattering functions
(Yoon 1978) for small angle neutron scattering measurements based on the
rotational isomeric state model for CisHs4 and CssH74. These measurements
were in strong agreement with small angle neutron scattering measurements
performed by Dettenmaier for alkanes in the liquid phase and in solution
(Dettenmaier 1978), thus further validating the rotational isomeric state model
applied to alkanes. The bulk alkanes have proven effective as a model for
studying much larger chain molecules such as colloids, lipids, membranes, and

polymers.
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Figure 15 — lllustration of the dihedral angle (¢) in an n-butane molecule. The
hydrogen atoms have been left off to emphasize the dihedral angle in the

molecular backbone
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Dynamics of n-Alkanes

Since the odd-even effect is typically associated with packing effects the
solid phase, the appearance of such a phenomenon was not thought to exist in
the liquid phase. However, Yang et al. have performed a series of quasi-elastic
neutron scattering (QENS) measurements which suggest the dynamic behavior
of n-alkanes is dependent on odd-even variations in carbon number (Yang 2016).
The QENS spectra were measured at temperatures ~3 K above the respective
melting points to ensure the dynamics were not influenced by the alternation in
melting temperatures. It was determined that the extracted translational
relaxation times and stretching exponents alternate as a function of chain length
where at the dynamics recorded differed by as much as a factor of 30 (octane vs.
nonane). This provides evidence that the odd-even alternation is not exclusively
caused by packing efficiencies in the solid phase but have a dependence on
dynamics as well.

The inelastic neutron scattering spectrum was recorded for bulk alkanes
by Hudson et al. (Braden 1999, Tomkinson 2002). These measurements
recorded the presence of longitudinal acoustic modes (i.e. accordion oscillations)
and tranverse acoustic modes. The homologous series of alkanes present an
excellent model system for comparing experimental vibrational spectra to
excitations calculated from density functional theory. These acoustic excitations
are likely hindered in the adsorbed phase and present a potentially interesting

study about how a surface potential influences the coherent molecular dynamics.
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CHAPTER TWO - MATERIALS AND METHODS
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Preparation of Adsorbate Solvents

Dehydration of Liquid Adsorbates

The solvents used as adsorbates in these adsorption isotherm studies were
obtained from commercial suppliers. In all cases, the purity was at least 99% or
above as determined by the supplier assays. For the liquid adsorbates (pentane
through decane), there was concern about the presence of water due to absorption
of moisture from the atmosphere. These solvents were dried using a method
outlined by Shriver and Drezdzon (Shriver 1986). The apparatus in Figure 16 was
assembled and subsequently evacuated to nearly 200 mTorr. The system was
backfilled with ultra-high purity argon gas to an atmosphere (~740 Torr). Fractional
distillation was performed over freshly cut sodium metal through a column
containing Dri-Rite which was then refluxed onto activated alumina micro sieves.
The dry solvent was sealed in the glass vessel and moved into a glove bag filled
with UHP argon. The solvent was transferred into a 50 mL stainless steel volume
and sealed with a membrane valve. The stainless-steel volume was then added to

a gas handling system for further purification.
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Figure 16 — Diagram for fractional distillation and reflux (Cook 2006)
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Freeze-Pump-Thaw Distillation

This procedure was designed to remove soluble gases present in the
atmosphere (e.g. N2, Oz, Ar, etc.) that dissolve into the adsorbates. For the
alkanes, methane through butane, this was the first step in purification process
since there was no possibility of absorbing moisture from the environment. In
freeze-pump-thaw distillation, the gaseous or liquid adsorbates were cooled to
liquid nitrogen temperatures and subsequently evacuated. The sample was
allowed to cool until just prior to melting in order to pump away any gases that
boil. The gases boiling off were monitored using an ionization gauge where
increases in the pressure prior to melting were attributed to impurity gases. This
procedure relies on the differences in melting temperature and vapor pressure
between the soluble atmospheric gases and the adsorbate sample. The freeze-
pump-thaw distillation process was performed multiple times until the only
increase in pressure measured from the ionization gauge was the melting of the

adsorbate.

Preparation of Powder Substrates

Synthesis and Preparation of MgO for Adsorption Isotherm Studies

Magnesium oxide was first synthesized using a metal vapor-synthesis
route and later prepared for adsorption isotherm studies. The recipe used for
synthesizing MgO was based on the method of Kunnmann and Larese first

developed at Brookhaven National Laboratory (Kunnmann-Larese 2001). This
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approach is advantageous over other methods for synthesizing metal oxides
because the resulting MgO powders are highly pure, with tune-able size
distribution, and almost exclusive exposure of the (100) surface. This method
also produces large quantities (nearly 20 grams) of material upon completion.
Figure 17 illustrates the general design for the vapor-phase synthesis of metal
oxides.

The setup for the synthesis of MgO was relatively simple in design. The
components were all enclosed within a three foot long quartz tube chimney. At
the base of the chimney was a graphite crucible supported by glass cylinders
through which argon gas flowed upward through the reaction chamber. The
graphite crucible was surrounded by an open ceramic crucible. The ceramic
crucible was surrounded by a thin glass cylinder. The coils for heating the carbon
encircled the outer glass cylinder. A ring suspended above the graphite crucible
was designed to introduce oxygen to the reaction.

Magnesium cubes (approximately 0.5 x 0.5 x 0.5 cm?®) were washed with
dilute hydrochloric acid in order to clean the surface of any oxide formation.
These cubes were then entrained within crushed graphite contained inside of a
graphite crucible. A Lepel radio frequency generator was used as an induction
furnace designed to resonate with the carbon material. A low flow of argon was
introduced to the reaction chamber initially to flush the system of oxygen. As the
induction furnace resonates with the carbon, heat is transferred to the

magnesium where it eventually reaches its boiling point. The magnesium vapors
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Figure 17 — Diagram for the metal oxide synthesis chamber (Kunnmann-Larese

2001)
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react with the carbon to form reactive magnesium carbide. At this point, oxygen
is introduced to the reaction chamber where the carbide reacts to form
magnesium oxide. The MgO powder was collected from the interior wall of the
guartz chimney while still warm and swiftly moved into an argon atmosphere to
prevent the formation of surface hydroxyl groups.

Prior to adsorption studies, the MgO powder was sealed in a quartz tube
and evacuated. These powders were kept under vacuum or in an inert
atmosphere at all times since the material is hygroscopic and reactive with
moisture. The powder material was heated in a Lindberg Blue tube furnace for
nearly 48 hours at 950 °C. The base pressure reached 107 Torr in about 12
hours. Upon completion, the clean MgO powders were transferred to an argon

glovebox where they were loaded into the copper sample cell.

Preparation of Graphite for Adsorption Isotherm Studies

A form of flexible graphite (GTB grade) was obtained from Union Carbide
Corp. This particular type of graphite is an exfoliated form of GRAPHOIL which is
used industrially for fluid sealing applications. An amount of GTB grade graphite
was transferred into a quartz tube, sealed, and subsequently evacuated. The
powder was heated at 700 °C overnight where a base pressure of 107 Torr was
achieved. Low energy electron diffraction (LEED) measurements have been
performed in the past to illustrate that molecules that are physically bound to the
surface of graphite are removed near 200 °C (Gay 1986). The heat-treated

powder was transferred into an argon glovebox for loading in a sample cell.
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Preparation of Boron Nitride for Adsorption Isotherm Studies

Hexagonal boron nitride (hBN) was obtained from Momentive
Performance Materials. The grade used was identified as AC6004. This type of
hBN exhibits a lower surface area (2 m?/g), and a larger mean particle size (12-
13 um). Preliminary studies performed by Migone et al. (Wolfson 1996) suggest
that hBN materials with small surface areas have fewer high energy binding sites
(and hence less surface heterogeneity) and smaller pore volume with sharper
adsorption features than those with a larger surface area. hBN powders which
have been left in open air for years have shown to exhibit less than 5% borate
contamination. While these materials are only weakly reactive in open air, it was
important to ensure the substrates were as homogenous as possible. Thus, the
surfaces of these powders were cleaned before use in adsorption experiments.
The procedure for cleaning these materials was influenced by the work of Migone
et al. (Shrestha 1994). Soluble borates (boric oxide and boric acid) are the two
most common impurities. Boric oxide (B203) reacts with atmospheric moisture to
produce boric acid (HsBO3s). The powder was initially washed in methanol and
stirred for nearly three hours in order to convert the boric acid into trimethyl
borate. The methanol was filtered from the hBN powder using a fine grade filter
and the precipitate collected. The hBN powder dried in an oven for approximately
four hours at 150 °C. The material was then transferred into a large quartz tube,
sealed, evacuated, and heated to 900 °C in a Lindberg Blue tube furnace for 24

hours where a base pressure of 107 Torr was achieved. The purified hBN was
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transferred to an argon glovebox where it was loaded into the OFHC copper

sample cell.

High-Resolution Volumetric Adsorption Isotherm Apparatus

Description of Adsorption Apparatus

Unlike many other volumetric adsorption experiments which utilize
commercial equipment, these experiments were performed on a custom-built
adsorption system which was designed based on the model of Mursic and
Larese (Mursic 1996) at Brookhaven National Laboratory. The general construct
for this adsorption apparatus is shown in Figure 18. This multi-component system
consists of five main parts: (1) a gas handling manifold with calibrated volumes
separated by Swagelok B-4HK bellows sealed valves, (2) closed cycle helium
cryostat refrigerator, (3) capacitance manometers, (4) high-vacuum turbo pump,
and (5) a National Instruments LabView program designed to automate the
operation of pneumatic actuators.

A few of the bellows valves on the gas handling manifold (V1, V2, V3, V4
in Figure 18) are automated by replacing the caps with pneumatic actuators. The
opening and closing of these valves is then controlled by the LabView program.
This allows for the automation of a series of doses in an adsorption experiment.

The closed-cycle helium cryostat (Air Products or Cold Edge) when used
with a temperature controller (Neocera LTC-21 or CryoCon 32B) is designed to

control the temperature of the sample cell, which is mounted on the second stage
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Figure 18 — Schematic for the design of a custom-built volumetric adsorption

isotherm apparatus. The components shown in the diagram are listed to the right.
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of the cold-finger (H in Figure 18). These cryostats have a temperature range of
approximately 10 — 298 K with regulation of temperature fluctuations less than
2.5 mK.

The pressure transducers used were MKS Baratron capacitance
manometers. These Baratrons have a full-scale pressure (in Torr) specified by
the model. Figure 18 illustrates 1, 10, and 100 Torr manometers used in these
experiments. The resolution of these manometers is 10 times the full-scale
value, though this value is limited on the 1 Torr Baratron where fluctuations in
pressure due to temperature tend to exceed the resolution.

An Agilent TPS Compact high vacuum pump (not shown in Figure 18) was
used to evacuate the gas handling manifold and the sample cell prior to the
adsorption isotherm experiments. The base pressure achieved within the
adsorption apparatus was nearly 10~ Torr before an experiment was started. The
pressure of the manifold was monitored using a Bayard-Alpert ionization gauge.

The LabView software converted analog data from the Baratron
manometers and temperature controller through an analog to digital converter.
The in-house designed program contained multiple sub-programs. These
programs included the ability to manually control pneumatic actuators, a
pressure-temperature plot for leak checking, an interface for remotely operating
the temperature controller, and a program designed to automate adsorption and

subsequent desorption experiments.
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In the typical adsorption experiment, valve two (V2) is briefly opened (with
flow moderated by a proportional valve) and closed to allow an excess of
adsorbate gas into the calibrated volume, contained in the volume within V1, V2,
V3, and V4. Valve three (V3) is opened and the pressure of the gas in the
calibrated volume is slowly reduced to a pre-specified dosing pressure. When the
specified pressure is reached, V3 closes and V1 opens, expanding a known
number of moles of gas into the sample cell at a given temperature. The decay in
pressure resulting from the interaction of the adsorbate with the sample is
recorded as a function of time. When the change in pressure is reduced to a
defined threshold, V1 is closed and the process is repeated until the saturated
vapor pressure of the adsorbate is reached at the sample temperature. The data
is recorded as the sum over the changes in pressure from consecutive doses
versus the equilibrium vapor pressure.

The sample temperature of each measurement was determined using
semi-empirically determined coefficients for Antoine’s equation. The coefficients
used for the temperature range of the current set of measurements were

obtained from NIST and the Landolt-Bornstein databases as shown in Table 4.

Calibration of the Gas-Handling Manifold Volume

A calibration of the volume contained within the gas handling manifold is
essential for performing accurate adsorption isotherm measurements. The
volume of a glass bulb containing a ¥4 inch Kovar opening was calibrated using

the mass of ultra-pure distilled water. In this procedure, the glass bulb was
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Table 4 — Coefficients used for the conversion of saturated vapor pressure to

temperature using Antoine’s equation

Temperature Range

Alkane Ref: A B (K) C (K)
(K)
Meth . 58 - 89 6.31972 451.64 -4.66
ethane
92 - 118 5.7687 395.744 -6.469
Eth . 90 — 133 6.0567 687.3 -14.46
ane
133 -198 5.95405 663.72 -16.469
85.5 -167 6.6956 1030.7 -7.79
n-Propane 2P
166.02 — 231.41 4.01158 834.26 -22.763
138 — 196 6.0127 961.7 -32.14
n-Butane 2
196 - 298 5.93266 935.773 -34.361
143 - 219 6.6895 1339.4 -19.03
n-Pentane 2
219 - 328 5.97786 1064.84 -41.138
n-Hexane 2 182 - 247 6.895378 1549.94 -19.15
185 -274 6.75691 1599.5 -29.95
n-Heptane 2
274 - 385 6.02023 1263.91 -56.718
n-Octane & 217 - 294 6.56398 1606.62 -42.89
n-Nonane 2 219.7 - 315 9.2671 3131.8 29.7
n-Decane 243.49 — 310.59 0.21021 440.616 -156.896

4(Landolt-Bornstein)

b(NIST)
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cleaned with soap and water, followed by successive rinses with methanol and
then acetone. The bulb was dried in an oven at 200 °C for two hours. The bulb
was then filled with ultra-pure distilled water and ultra-sonicated (degassed) for
one hour. The glass volume was filled with water past the neck where roughly a
hemisphere of water protruded from the opening. This amount was accounted for
by adding the volume of a hemisphere using the outer diameter of the Kovar
tubing to determine the radius. The temperature of the sonication bath was
assumed to be in thermal equilibrium with the water contained within the glass
bulb and measured with a mercury thermometer. Upon completion of the
degassing step, the exterior of the bulb was quickly dried using Kim-Wipes and
the mass obtained using a top-loading balance. The density used to convert
mass of water to volume was corrected based on the temperature of the water as
determined by the sonication bath. Multiple trials of this procedure were
performed, and the relative error was determined to be less than 0.6 percent.
Using the calibrated glass bulb, gas expansions were performed on the isotherm

station in order to determine the volume of the gas-handling manifold.

Sample Cell for Helium Cryostat

Figure 19 shows one of the sample cells used in the closed-cycle helium
cryostats designed in-house (Larese 2018). An aluminum ring was mounted in
between the expander component of the cryostat and the vacuum jacket. Valve
one (V1) was mounted on the outside of the aluminum ring and connected to the

sample cell through a 1/16” o.d. capillary tube. The transfer line is designed to be

66



i i Temperature sensor #2

Indium gasket seal

OFHC Sample Cell

Temperature sensor #1

1/16" o.d. capillary
transfer line

Aluminum mounting ring
(o-ring vacuum seal)

Figure 19 — lllustration of a sample cell mounted on the second stage of a

closed-cycle helium cryostat
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small so that the The sample cell and lid were made of OFHC and sealed with an
indium gasket. The sample cell is mounted on the second stage of the helium
cryostat. Two temperature sensors were used to monitor and control
temperature. The first sensor was a calibrated Lakeshore Si-410DT silicon diode
thermometer mounted at the tip of the cold finger. The second sensor, typically a
platinum resistance or Cernox thermometer which was used to control the

sample temperature, was mounted on the lid of the sample cell.

Sample Cell for Water Bath

For measurements above 250 K, a custom sample cell was designed and
constructed for use in a constant temperature water bath (Larese 2018). The
design of this sample cell was necessary because many of the liquid alkanes
tend to capillary condense in the helium cryostat sample cell transfer line
described above. Additionally, the operation of these cryostats above 250 K is an
inefficient process since resistance heaters are constantly operating near
maximum power to control ~240 K above the base temperature of the cold-finger.
A Thermo Neslab RTE 10 water bath was used to control the temperature for
measurements exceeding 250 K. The design of the sample cell used in this setup
is shown in Figure 20. A stainless-steel vacuum jacket enclosed the transfer line
(either 1/8” or 1/16”outer diameter stainless-steel tube) in order to minimize heat
transfer with the water bath. An OFHC sample cell was mounted at the bottom of
the vacuum jacket and placed in the center of the water bath volume in order to

minimize temperature fluctuations from the atmosphere. A pre-calibrated
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Figure 20 — Sample cell designed for volumetric adsorption isotherm

measurements within a constant-temperature water bath. The figure on the left

is the sample cell used in the heptane measurements with a description of the

components on the right.
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platinum resistance thermometer was placed next to the sample cell in the bath
to observe the fluctuations in 50/50 ethylene glycol/water mixture. The
temperature of the bath at 250 K was maintained within 7.4mK. The temperature
of the sample was ultimately calculated using empirically determined parameters
for Antoine’s equation to convert the saturated vapor pressure at a given set
point to temperature. Variations in pressure over a two-hour period for a
condensed sample of heptane were used to measure the fluctuations in sample
temperature. At 250 K, the temperature fluctuations inside the sample cell were

held within 6.2mK.

Molecular Dynamics Calculations

Construction of the Substrates

The coordinates for a unit cell of MgO, graphite, and hBN were obtained
from literature values of refined x-ray diffraction data (Wyckoff 1963, McKie 1986,
Kurakevych 2007). Supercells were constructed by replicating the unit cells in the
a, b, and c directions. The crystal was cleaved in the z-axis (c vector direction)
such that the substrate thickness was the equivalent of two unit cells. The
surfaces of each of the three substrates were constructed having approximately
the same surface area. An 80 A vacuum slab was constructed along the ¢
direction on both faces of the substrate. Periodic boundary conditions were
implemented such that a molecule leaving the sample space in a particular

direction would re-enter the space at the symmetrically opposite boundary. This
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feature was important in eliminating behavior resulting from the interaction of
molecules at the edges of the crystals. In the experimental systems, adsorption
features resulting from edge effects are minute and, in most cases behavior is
not measurable. The coordinates of the crystal substrates were also frozen in
space since the predominant dynamics result from the adsorbate molecules and

physisorbed molecules tend not to perturb the substrate.

Dynamics Calculations

Molecular dynamics calculations were performed with the Accelrys’
Materials Studio suite using the Forcite package (Accelrys Forcite). The
dynamics were performed using the Canonical ensemble (constant NVT) with the
Nose Hoover Langevin thermostat with a decay time of 2.5 ps. Periodic boundary
conditions were implemented to conserve the number of molecules in the
calculation. The calculations were performed for a total of 50 — 200 ps with 1 fs
time steps (500-2000 steps) where fluctuations were minimized in energy and
temperature after approximately 5 ps. The output of trajectory frames was
modified between every 5 — 100 steps depending on the relaxation time of the
dynamics of interest. Non-bonding energies were truncated at a cutoff distance of
15.5 A. The inter- and intramolecular contributions to the total energy were

calculated using the COMPASS and Universal force fields.
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Trajectory Analysis

The molecular trajectories resulting from dynamics runs between 50 -250
ps were used to calculate structural and dynamical quantities useful for
interpreting molecular behavior in condensed phases. These quantities are also
valuable for interpreting and guiding future experimental measurements. Table 5
below highlights the functions relevant to adsorption of alkanes on surfaces.
Details regarding how these quantities were obtained are presented in the

molecular dynamics background.
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Table 5 — Useful quantities calculated from MD trajectories

Quantity/Function \ Program used to Calculate

Structural

Radial Distribution Function (RDF) Materials Studio Forcite

Concentration Profile (C(2)) Materials Studio Forcite

2-Dimensional Lineshape Program 2DIM (in-house built)
Dynamical

Mean Square Displacement (MSD) Materials Studio Forcite

Velocity Autocorrelation Function (VACF) Materials Studio Forcite

Dynamic Incoherent Scattering Function (DISF) MDANSE

Rotational Autocorrelation Function (RACF) Materials Studio Forcite

Angular Correlation Function (ACF) MDANSE
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CHAPTER THREE — THERMODYNAMIC AND MODELING STUDY
OF N-OCTANE, N-NONANE, AND N-DECANE FILMS ON
MGO(100)
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D.; Larese, J.Z. J. Phys. Chem. C. 2016, 120, 18631-18641. Copyright 2015
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My contributions to this paper include: 1) volumetric adsorption
measurements and analysis for both nonane and decane on MgO and 2)
performed and analyzed molecular dynamics simulations for all three molecules

on MgO.

Abstract

The thermodynamic properties of n-octane, n-nonane and n-decane
adsorbed on the MgO(100) surface were investigated using high-resolution,
volumetric adsorption isotherms in the temperature ranges of 225-295 K, 245-
280 K and 250-310 K respectively. Two distinct molecular layers were observed
in all isotherms. The heat, differential enthalpy, differential entropy, and isosteric
heat of adsorption were determined. The temperature dependence of the two-
dimensional compressibility was used to identify that two phase transitions occur
for the first and second layers, respectively. The average area per molecule
137+5 A2,128+5 A2 and 202+5 A2 for octane, nonane and decane respectively,
suggesting that the carbon backbone is preferentially oriented parallel to the
MgO(100) surface. A substantial set of molecular dynamics (MD) temperature

and coverage runs for all three molecules using the COMPASS force field were
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used to calculate both the minimum energy configurations for individual
molecules and near completed layers on the MgO(100) surface. These
calculations support the thermodynamic evidence of the carbon backbone
oriented parallel to the surface and additionally suggest a preferential alignment
of the molecule along the <11> and <10> directions in the surface (100) plane.
The MD simulations were used to evaluate the distribution of the molecules
perpendicular to the MgO(100) surface as a function of temperature and nominal
surface coverage. Evidence is also recorded that suggests that the interface
broadens, the orientational order decreases and liquid-like layers appear as the
temperature is increased. As observed earlier with the behavior of heptane on
MgO(100) an entropic contribution to the free energy is apparent as a result of
the odd number of carbon atoms in the nonane backbone. The near surface layer
of all three molecules appears to remain orientational ordered (i.e. noticeably
more planar) and stabilized (i.e. more solid like) at substantially higher
temperatures when the second and third layers are observed to be liquid-like.
This observation is consistent with earlier experimental observation of rare gases
and alkanes on graphite that indicate that the near surface layer melts at

temperatures above the bulk melting temperature.

Introduction

Nanomaterials, especially those composed of metal oxides are currently of
significant interest in materials science and engineering due to their widespread

use in heterogeneous catalysis, optoelectronics, separation and purification, and
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energy conversion/storage. Furthermore, understanding and controlling the
behavior of molecules adsorbed on the surfaces of these nanoparticles has
important applications in such areas as lubrication, adhesion, and corrosion.
Developments in the automation of scientific instrumentation has improved our
ability to characterize the thermodynamic and microscopic properties of these
adsorbed systems over a wide range of temperatures and pressures (Mursic
1996). Further, the ability to synthesize MgO nanocubes with high purity, narrow
particle size distribution, and almost exclusive exposure of the (100) surface
makes this material suitable for high-accuracy experimental surface studies
(Kunnmann-Larese 2001). Additionally, since an important assumption in
modeling fundamental interfacial interactions is surface homogeneity, the
experimental materials scale well to our computational models. These advanced
experimental studies lead to refinement of models for describing molecule-
surface interactions and more accurate theoretical descriptions of the potential
energy surfaces which dictate the physico-chemical properties. We describe
below the findings of our thermodynamic and companion modeling studies of the
interaction of normal octane, nonane, and decane with the (100) surface of MgO.
Magnesium oxide (MgO) serves as a prototypical system to study the adsorption
properties of this class of materials because of its simple ionic rock-salt structure.
These experiments are a subset of our ongoing investigation of the first ten
members of the normal alkanes and serve as the foundation for future neutron

and x-ray investigations of the microscopic structure and dynamics of alkane
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adsorption on MgO(100) surfaces. The work described here is part of a much
larger effort to investigate the phase transitions, adsorption, and wetting
properties of normal alkanes with MgO (100) surfaces as a function of chain
length (Freitag 2000, Arnold 2005, Felty 2008, Arnold 2006, Cook 2015, Yaron
2006, Fernandez-Canoto 2014).

From the technological perspective, the n-alkanes discussed below are
important components in automobile (octane) ((B.P. 2010, Biello 2007, ASTM
D4814) and aviation fuels (kerosene, i.e. nonane and decane) (ASTM D910).
From an economic standpoint, the octane rating dictates whether or not a fuel
can be used with high compression (high-performance) piston engines. Hence,
there is a need for methods that improve the separation efficiency and selectivity
of these molecules as well as understanding the interactions of nonane and
decane with metal oxide surfaces for improvements in hydro-conversion
(isomerization) catalysts (Kinger 2001, Welters 1995) on a large scale. From the
fundamental point of view, adsorbed monolayer films of these molecules exhibit
two-dimensional odd-even behavior similar to the homologous series of alkanes
in three-dimensions. This phenomenon has been investigated using molecular
dynamics simulations to illustrate the structure and dynamics of the adsorbed

systems as a function of carbon number, temperature, and coverage.
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Experimental

The thermodynamic properties of these surface interactions were
examined experimentally using a series of high-resolution volumetric adsorption
isotherms. From these measurements, we determined the heats of adsorption,
differential enthalpies, and differential entropies for all three molecules adsorbed
on MgO(100). Potential phase transitions were identified using peak widths of the
numerical derivatives obtained from the raw data as a function of temperature.
The experimental results in addition to the structure and dynamics were modeled
with classical molecular dynamics. Using the Forcite module contained within the
Materials Studio software available from Accelrys Software, Inc., (Accelrys
Forcite) the minimum energy configurations were computed for isolated
molecules as well as stable structures in a two-dimensional solid monolayer
phase. Additionally, we have modeled the mobilities of multilayer systems to
provide information about phase transitions and the layer growth of the larger
alkanes. Molecular distributions calculated from the simulation trajectories
illustrated properties such as the dynamics of the molecules in the nearest layer

and intra- and interlayer mobility in the adsorbed multilayers.

Volumetric Adsorption Isotherms

The method for synthesizing, handling, and characterizing the MgO
samples is described elsewhere (Kunnmann-Larese 2001, Freitag 2000).

Nanocubes of uniform size distribution (200 nm edge length) with almost
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exclusive exposure of the (100) face were produced using a patented synthetic
route for metal oxides then heat-treated (950 °C) under high-vacuum (< 107
Torr). For the octane measurements MgO powders were loaded into an indium
sealed OFHC copper cell under argon to prevent hydroxylation of the surface
from atmospheric moisture. The cell was then mounted on the second stage of a
closed-cycle helium cryostat (APD Cryogenics). The temperature was regulated
using a silicon diode sensor and secondary platinum resistance thermometer
with a CryoCon 32B temperature controller for regulation of 2.5 mK. The nonane
and decane measurements on MgO were performed with thin walled quartz
tubes used as the sample cell. The quartz cells were subsequently placed in a
Thermo RTE-10 recirculating water bath with temperature control of 10 mK read
from a Pt thermometer. This procedure was employed for nonane and decane to
eliminate the possibility of capillary condensation of the adsorbate that had been
observed in the closed-cycle cryostat system. The automated adsorption
apparatus (Mursic 1996) consists of a low pressure gas-handling system
equipped with a turbo-molecular pump and capacitance manometers (MKS
baratron). The distinct advantage of these measurements over others is the
ability to maintain high-resolution at low temperatures and pressures.
Furthermore, it should be emphasized that the measurements were performed
under thermodynamic equilibrium conditions hence the chemical potential of the
adsorbed/2D phase is equal to that of the 3D vapor phase. The MgO samples

were monitored for degradation and regularly replaced with equal amounts of
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material from the same synthesis batch; after approximately 2-3 isotherms the
samples showed minor degradation and were replaced. MgO substrate integrity
was established using methane isotherms at 77 K. As in the past, we use the
number and uniformity of the steps in the methane isotherm to determine the
surface quality and homogeneity of the nanocubes. The alkanes were obtained
from Acros Organics (purity >99%). Before use, they were dehydrated with
sodium metal distillation, filtered through Dri-Rite (primarily silica used as a
desiccant), and condensed over micro sieves. The alkanes were then further
purified using a series of freeze-pump-thaw distillation cycles to remove any
trace of soluble gaseous impurities. Approximately 25 isotherms were performed
for each alkane spanning a temperature range of approximately 230-290 K for
octane, 245-280 K for nonane, and 250-310 K for decane. The sample
temperature of an individual isotherm was determined using published semi-
empirical Antoine parameters for the saturated vapor pressures (SVP) from NIST
(NIST). The temperature range of the measurements for each system was
dictated by two factors; the ambient room conditions and the pressure resolution
of the capacitance manometers which ultimately was the determining factor for

the extent of the low pressure (low temperature) region.

Molecular Dynamics

Modeling studies were performed using classical molecular dynamics

(MD) with the Forcite Dynamics module contained in Material Studio. In this type
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of simulation, a predetermined number of molecules are given a random set of
initial trajectories and allowed to interact with each other based on a semi-
empirical central forcefield, COMPASS (Sun 1998) The terms of the COMPASS
forcefield that contribute to the total non-bonding energy of interaction are

described as,
Enon-bond = Ebond + Eangle + Etorsion + Einversion + Evaw + Eelectrostatic + Ecoupling  (33)

During the simulation, Newton’s equations of motion are iteratively solved
for each atom per time step (user defined) for the duration of the total simulation
time. A 16 x 16 x 2 (a x b x ¢c) MgO supercell with lattice dimensionsof a=b =
67.38 A, c = 8.424 A was constructed with periodic boundary conditions (in order
to eliminate edge effects). The top and bottom of the simulated crystal were
cleaved such that two equivalent (100) faces were exposed. Thus, the total
available surface area from both surfaces of the MgO(100) plane was then found
to be 9080 A2. The volume above and below the MgO surface was defined as
vacuum space with 40 A of headspace on each side available to the adsorbate
molecules. This connected box was constructed in order to conserve the total
number of molecules in the simulation. Hence, molecules in the 3D vapor phase
whose trajectories would have caused them to leave upper (lower) head space
region would appear in the lower (upper) head space region, though the size of
the vacuum slab was chosen to minimize the probability of molecules moving to
the adjacent surface. MD simulations were performed using the canonical
ensemble (constant NVT) using the Nose-Hoover-Langevin (NHL) (Leimkuhler
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2010) thermostat with a decay constant of 2.5 fs to regulate the temperature. The
MgO substrate used in the MD simulations was built using the Accelrys Materials
Studio crystal builder and then geometrically optimized (energetically relaxed)
using the Smart algorithm, a hybrid of the steepest descent, quasi-Newton, and
adapted basis Newton-Raphson (ABNR) minimizers. Before introducing the
adsorbate molecules, the positions of the atoms that made up the MgO substrate
were constrained to (frozen at) the geometrically optimized position for the
duration of the MD simulations. Initially the adsorbate molecules were randomly
added to the simulation volume until the desired effective surface coverage was
obtained. The combined molecule/substrate system was subsequently heated to
1.5-2.5 times the bulk triple point. This step was performed to ensure the
molecules were randomly located on the surface and the initial molecular
configurations remained structurally unbiased. The MD simulations were
performed for time intervals between 50-250 ps with 1.0 fs time steps. The
fluctuations in energy and temperature were examined at the conclusion of every
MD run. As a general observation, the system achieved equilibrium in both
energy and temperature within the first 5 ps. The MD simulations were performed
starting at temperature of 320 K (octane), 350 K (nonane), and 350 K (decane).
Additional simulations were systematically run in decreasing temperature
increments of 10-20 K. The resulting trajectories from the simulations were then
used to calculate concentration profiles (C(z)) as a function of distance normal to

the surface, mean square displacements, and velocity autocorrelation functions
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to describe the dynamics of the molecules. In order to interpret the signals from
the concentration profiles, single molecules were geometrically optimized and
subsequently the internal modes were frozen. The isolated molecule was then
placed on the surface and a concentration profile collected for each of the

molecular orientations relative to the surface.

Results and Discussion

Thermodynamics

The monolayer capacities for all three molecules were determined using
the Point B method (Emmett 1937) and the area per molecule (APM) were
determined using a methane adsorption measurement as the fiducial. The APMs
projected on the surface of MgO(100) for octane, nonane, and decane adsorbed
on MgO were determined to be 137+9.7 A2, 128+5 A2, and 202+5 A2
respectively. Representative adsorption isotherms and their numerical derivatives
for these alkanes on MgO are shown in Figure 21, Figure 22, and Figure 23.

Several common features are worth noting about the adsorption behavior.

First, evidence of two distinct layering "steps" with a third significantly less
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Figure 21 — Representative isotherm (circles) for octane on MgO(100) at 262.1 K

in addition to the numerical derivative (red solid line) of the moles adsorbed with

respect to equilibration pressure.
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Figure 22 — Representative isotherms (circles) for nonane on MgO(100) at low
temperature, 254 K (red), and high temperature, 275 K (blue), with their

respective numerical derivatives (solid lines).
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Figure 23 — Representative isotherms (circles) for decane on MgO(100) at low

temperature, 260 K (blue), and high temperature, 290 K (red), with their

respective numerical derivatives (solid lines).
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pronounced step at the lowest temperatures for all three molecules were
recorded. Second, the numerical derivatives of isotherms exhibit peaks that are
sharp (narrow and tall) at low temperatures; as the temperature rises these
peaks slowly decrease (increase) in height (width) until beyond a certain
temperature. The numerical derivatives can be formally tied to the isothermal
compressibility (Dash 1975) and as the peaks broaden they correspond to an
increase in the mobility especially in the z-direction. The changes in interlayer
mobility and associated loss of layer definition/sharpness and broadening of the
film interface is illustrated later using still frames from the MD simulations. The
numerical derivative data for each "layer" were fitted using Gaussians and the
associated peak positions were then plotted as a function of inverse temperature.
Using a variant of the Clausius-Clapeyron equation, the slope (A(n)) and
y-intercept (B(n)) can be used to obtain differential enthalpies and entropies
relative to the bulk values as in previous studies (Freitag 2000, Arnold 2005,
Felty 2008, Arnold 2006, Cook 2015, Yaron 2006, Fernandez-Canoto 2014).The
heats of adsorption were calculated from the product of the slope and gas
constant (R is 8.314 J K1 molt). This approach was first suggested by Larher

(Larher 1976) and is summarized in equations 34-36.
AH™M = —R(A(”) - A(OO)) (34)
AS™ = —R(B™ — B(*))  (35)

Q" = RAM (36)

ads
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The tabulated quantities obtained from linear fits to these Clausius-
Clapeyron data are presented in even properties observed in bulk alkanes.

Table 6. Qads incrementally increases as a function of carbon number
because obviously the number of atoms binding to the surface increases with the
increase in alkane chain length. In the limit of zero temperature and coverage the
heat of adsorption is simply equal to the binding energy (Dash 1975). The Qads
values calculated for octane (Figure 24), nonane (Figure 25), and decane (Figure
26) fall in line with previous measurements for alkanes on MgO and continue to
show an increase in Qads With increasing carbon number as illustrated in Figure
27.

The differential enthalpies and entropies exhibit a similar increase in value
for octane through decane as well. It is less straightforward to describe how
these quantities respond to the change in carbon number. What is apparent is
that with an increase in the number of carbons in the molecular chain, there are
additional contributions to the total free energy of the adsorbed film. In an earlier
publication, Fernandez-Cafioto and Larese (Fernandez-Canoto 2014) pointed out
that for odd members of the normal alkane series one needs to recognize that
when the plane of the adsorbed molecule is normal to the surface plane there are
two different orientations the molecule can assume (relative to the surface). One
consequence of this additional term in the free energy is responsible for the odd-

even properties observed in bulk alkanes.
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Table 6 — Thermodynamic values from volumetric adsorption isotherm data for

octane, nonane, and decane on MgO

Alkane | n A B™ Qads™ (kJ/mol) AH®™ (kJ/mol) AS™ (J/K'mol)
1| 5384.9+67.6 21.74 £ 0.27 44.77 £ 0.58 -1.10 £ 0.02 27.88 + 0.34
Octane | 2| 5308.6 + 22.9 24.76 + 0.09 44.14 £ 0.20 -0.47 £ 0.01 2.82 + 0.02
0 5252.6 + 3.0 25.09 + 0.02 43.67 £0.03 - -
1 6137.8 + 92 18.077 £ 0.34 51.03 +0.76 -1.2796 + 0.04 30.0984 + 0.47
Nonane | 2 6075 + 46 21.514 +0.18 50.51 + 0.38 -0.7574 £ 0.01 1.5215 £ 0.02
il 5983.9+74 21.697 +0.28 49.75 £ 0.62 - -
1| 6810.1 £70.16 18.88 £ 0.25 56.62 + 0.58 -3.4428 £ 0.04 24.1701 £ 0.31
Decane | 2 6506 + 77.5 21.675+0.28 54.09 + 0.64 -0.9146 + 0.01 0.9312 + 0.01
il 6396 + 74.7 21.787 £ 0.27 53.18 + 0.62 - -
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Figure 24 — Clausius—Clapeyron plot for octane on MgO. First layer (red circles),
second layer (blue squares), and bulk (green triangles) data are available over

the temperature ranges studied.
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Figure 25 — Clausius—Clapeyron plot for nonane on MgO. First layer (red circles),
second layer (blue squares), and bulk (green triangles) data are available over

the temperature ranges studied.
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Figure 26 — Clausius—Clapeyron plot for decane on MgO. First layer (red circles),
second layer (blue squares), and bulk (green triangles) data are available over

the temperature ranges studied.
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Figure 27 — Heats of adsorption for the homologous series of alkanes from
methane to decane on MgO(100). The heats for the first layers are represented by

red circles, and the second layers are represented by blue squares.

even properties observed in bulk alkanes.
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Table 6 shows that the entropy of adsorption is observed to alternate with
increasing chain length; most likely a consequence of the odd-even
conformational effect in two-dimensions. Note, we are not referring to
intramolecular conformational changes, i.e. intrachain backbone flexibility.
Although such intramolecular effects are readily observed in our MD simulations
for longer alkanes, i.e. where carbon number exceeds C20, we have not
recorded evidence in our MD simulations for alkanes C10 and shorter. It is
important to keep in mind the increasing importance of the intrachain
conformational contribution to entropy as the number of internal degrees of
freedom for larger normal alkanes (see Figure 28). This behavior becomes more
important and relevant for systems with large fully-saturated carbon chains such
as lipid bilayers where the carbon number is in the range of 14-18 (Bruch 2007).
Much can be said about the behavior of the phases of the layers from a
careful evaluation of the shape of the isotherms and their corresponding
numerical derivatives. Monolayer and submonolayer physisorbed films have
been observed to exhibit melting transitions at 70% of the bulk triple point (Bruch
1997). Using this estimate as a guide, the studies discussed here have all been
performed well above the "nominal" monolayer melting temperature suggesting
that measurements at coverages below monolayer completion, the film is
primarily in a liquid-like phase. Estimates from numerous monolayer studies also
indicate that the two-dimensional critical temperature falls in the range of 0.3-0.5

times the bulk critical point. Hence our lower coverage measurements are in the
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Figure 28 — Contribution to the total free energy from torsional motions (torsions
about the dihedral angles) in the linear alkanes on MgO simulated using the
COMPASS central force field. The torsional energies were obtained at

temperatures of ~0.2 times the bulk triple point for each molecule.
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neighborhood of the two-dimensional critical temperatures. We remind the reader
that for the majority of our investigation it is reasonable to expect some type of
liquid-liquid or 2D-liquid to hypercritical fluid phase transition may appear in the
first layer within the temperature range presented here as can be seen in Figure
29, Figure 30, and Figure 31. We have previously used (Arnold 2006, Yaron
2006) the dramatic changes in the temperature dependent width of the numerical
derivative to identify potential phase transitions. Similar increases in the width of
the numerical derivative of the second layer feature has also been observed and
presented in Figure 29, Figure 30, and Figure 31.

We now direct our attention to a discussion of the microscopic behavior
that takes place at higher surface coverage. These comments below apply to all
three of the alkane films we report in this paper. For example, when the film
thickness is increased to two or more nominal layers and the temperature is such
that the molecules that occupy the second layer are translationally mobile (i.e.
liquid-like) it is worth discussing the influence these upper layers have on the
physical status of the near surface layer. Although the more distant liquid-like
layers are not as strongly attracted to the surface as the near surface layer the
attraction to the surface is still greater than the molecule-molecule interaction.
This added interaction acts as an effective pressure on the molecules closest to
the surface restricting their spatial distribution and mobility; effectively stabilizing
a solid-like near surface monolayer. This behavior was first described by Larese

and Zhang for the behavior of multilayer argon on graphite (Larese 1995) and
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Figure 29 — Half-width at half-maximum (HWHM) for the fitted Gaussian function
plotted against temperature for octane on MgO. Note the abrupt change in slope
at 268.8 K for the first layer (red circles) and 271.9 K for the second layer (blue

squares).
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Figure 30 — Half-width at half-maximum (HWHM) for the fitted Gaussian
functional plotted against temperature for nonane on MgO. Note the abrupt
change in slope at 261.7 K for the first layer (red circles) and 265.6 K for the

second layer (blue squares).
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Figure 31 — Half-width at half-maximum (HWHM) for the fitted Gaussian
functional plotted against temperature for decane on MgO. Note the abrupt
change in slope at 279.8 K for the first layer (red circles) and 280.1 K for the

second layer (blue squares).
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more recently by Arnold et al. (Castro 1998) for the n-alkanes adsorbed on
graphite. It is remarkable that for these multilayer films on graphite it was found
that this solid-like near surface layer can coexist with the liquid-like upper layer(s)
at temperatures 1.2 times the bulk melting point. Using these earlier studies as a
guide, we note that the melting transition of a near surface layer solid in the
multilayer regime for the octane, nonane, decane films on MgO would take place
near the highest temperatures we investigated. The MD simulations described
below appear to be consistent with this behavior. Neutron/x-ray diffraction as well
as inelastic neutron scattering measurements are planned to explore whether
such a stabilization of the near surface film takes place for alkane adsorption on

MgO.

Molecular Dynamics

As noted above, MD simulations using central forcefields have been
performed to add a microscopic perspective to the thermodynamic investigations.
In principle, such MD simulations can be used to explore any point in the phase
diagram where experimental adsorption isotherms can be measured. However, a
one to one correspondence between the experimental parameters of density,
temperature and chemical potential and those in the simulation is not
guaranteed. Hence, we performed simulations over a broader range of
temperatures and at surface coverages that spanned those examined in the
isotherm measurements to be sure we would get a representative picture of the

microscopic behavior of each system. Analysis of the MD simulations included:
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the molecular trajectories, the concentration profiles, C(z), normal to the MgO
surface, the mean square displacements (MSD), and structural arrangement (i.e.
the orientational ordering). In general, the information extracted from the MD
simulations for such quantities as C(z) and the molecular mobility as a function of
coverage and temperature are key ingredients for developing detailed knowledge
about the alkane film growth. Additional insight concerning the dynamical
behavior within the films can be obtained from the lateral concentration profiles.
While there may be some uncertainties related to the proper choice of interaction
potentials we have found that using central forcefields in the MD simulations for
describing the interaction of hydrocarbons with MgO in previous studies have
been generally reliable. Comparisons of the MD simulations with companion
measurements using microscopic probes such as neutrons or x-rays help
strengthen the reliability of the modeling results. In general, the simulations serve
as a guide to better understand the microscopic trends within a given
coverage/temperature regime. In the discussion that follows some comments
related to the evolution of the film’s growth properties as a function of the film
thickness are presented. For example, the stratification of the layers tends to
decrease/broaden and molecules within the film could potentially appear to be
oriented with the molecular axis perpendicular to the surface. This we know to
not be the case for previous modeling studies and certainly expect the same for

these systems.
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To simplify our initial understanding of the orientational states, the energies of
isolated molecule stable structures were calculated in order to provide
information about the additional odd/even microstates available to the quasi-two-
dimensional adsorbed systems (Figure 32). The method used to explore the
surface potential is provided in previous work (Yaron 2006). The resulting
energies are provided in Table 7. We note that this represents the fundamental
interaction of the isolated molecule with the surface. It is the gradual change in
this interaction caused by greater molecule-molecule interactions from increasing
coverage that is the basis for the behavior observed in two- and three-layer
systems.

This method has been used in previous studies (Arnold 2006, Yaron 2006)
and shows a narrowing between the difference in energies of the perpendicular
states (for odd n-alkanes) on the surface with an increase in carbon number in
the molecule. From the heptane on MgO data by Ferndndez-Cafioto and Larese
there is a difference of 7 percent between the two orientations. The gap closes
as the ratio of carbons in the two odd/even perpendicular states approaches
unity. For decane on MgO this difference is reduced to below 5 percent.
Ultimately, we might expect the orientational contribution to entropy to become
less significant in larger alkanes and move toward a system dominated by
configurational entropy with an increasing number of internal degrees of freedom.
From preliminary simulations for higher n-alkanes such as icosane on MgO(100)

the dilute submonolayer system exhibits "worm-like" dynamics where the
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Figure 32 — lllustrations of the lowest energy single-molecule configurations for
nonane on the surface of MgO (100). A and B correspond to the parallel and
perpendicular orientations with the molecular plane (all carbons) in contact with
the surface in the <10> and <11> directions, respectively. Further, C and D relate
to the next highest energy configurations with the molecular plane perpendicular
to the surface (five carbons in contact with the surface). Finally as illustrated in
Table 7, the lowest energy, yet stable configuration is when the molecular plane
is perpendicular to the surface with only four carbons in contact with the surface

(not pictured).
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Table 7 — Calculated binding energies for parallel and perpendicular molecular
plane configurations relative to the MgO(100) surface with molecular axis

orientations in the (10) and (11) directions

Adsorbate Carbons in Contact Surface Non-bonding
Orientation Energy (kJ/mol)
Octane C8 — parallel <11> -169.730
<10> -166.90
C4 — perpendicular <11> -161.08
<10> -156.81
Nonane C9 — parallel <11> -188.36
<10> -186.52
C5 — odd perpendicular <11> -180.72
<10> -178.04
C4 — even perpendicular <11> -175.42
<10> -175.75
Octane C10 — parallel <11> -210.67
<10> -206.88
C5 — perpendicular <11> -200.11
<10> -196.95
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adsorbate tends to ignore the surface potential and molecule-molecule
interactions dominate.

We now focus our attention on the more complicated system at higher
coverages where molecule-molecule interactions play a crucial role. In order to
obtain a more complete microscopic understanding of the alkane film growth and
layering behavior we concentrated our MD simulations at film thicknesses of
nominally one, two, and three layers thick. To completely understand the
contributions to the overall concentration profiles, single isolated molecules with
frozen internal modes were placed on the surface of MgO(100) in the
orientational configurations discussed by Fernandez-Cafoto and Larese. For the
sake of clarity, the orientations will be labeled, "parallel” for a configuration where
the molecular plane of the alkane lies parallel to the MgO(100) surface and
likewise, "perpendicular” when the molecular plane is perpendicular to the
surface. Further, for alkanes with an odd number of carbons, the "perpendicular”
orientation is broken down into odd and even perpendicular orientations since
there are two inequivalent states. An example of the description for the
orientations and decomposition of the total concentration profiles is provided in

Figure 33 and Figure 34. Figure 35 A(B) displays the temperature
dependence of the concentration profiles, C(z), for nonane(decane) films on MgO
at approximately 0.7 times monolayer coverage between 40 and 280 K.

Comparison of Figure 35 A(B) with
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Figure 33 and Figure 34 clearly illustrates that the molecules adsorb with

the molecular plane parallel to the MgO(100) surface
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Figure 33 — Carbon atom concentration profiles as a function of the distance from
the MgO(100) surface, C(z), for nonane on MgO. The three sets of peaks
correspond to surface orientations of alkanes on MgO first discussed by

Fernandez-Caroto and Larese shown on the right side of the figure.
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Figure 34 — Hydrogen atom concentration profiles as a function of the distance
from the MgO(100) surface, C(z), for nonane on MgO. The three sets of peaks
correspond to surface orientations of odd-numbered alkanes on MgO first

discussed by Fernandez-Canoto and Larese shown on the right side of the figure.
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Figure 35 — lllustration of the concentration profiles, C(z), as a function of
temperature for nonane (A) and decane (B) on MgO at near 0.7 times nominal
monolayer coverage. The temperatures shown are as follows: 40 K (red), 100 K

(blue), 160 K (green), 220 K (black), and 280 K (purple).
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and that no molecules are promoted to a second layer. Figure 36 (Figure 37) and
Figure 38 (Figure 39) show full concentration profiles, C(z) and snapshots of the
sideview of the molecular distribution of nonane(decane) molecules calculated
from the MD trajectories for adsorbed nonane(decane) at several different
temperatures. A discussion of these figures provides valuable insight regarding
the spatial distribution of the molecules perpendicular to the MgO(100) plane.
Figure 36 (Figure 37) and Figure 38 (Figure 39) shows the temperature
dependence of C(z) for a two (three) layer film from 40 K to 280 K along with
companion sideview snapshots at 40 K and 280 K. Comparison of these two sets
of figures clearly illustrates the increased roughness (and spatial extent) of the
adsorbed film interface as the nominal thickness grows from two to three layers.
Several additional comments should first be made about the bilayer film. First,
C(z) exhibits a three peak structure centered around 3.3 A at all temperatures. It
is followed by a broader second peak centered near 7.3 A at 220 K that moves to
7.7 A at 310 K. The essentially temperature independent, three-peaked structure
indicates a significant degree of orientational order of the first layer molecules
relative to the MgO surface from 220 K-310 K. Second, the location and breath of
the second peak illustrates the increase in spatial distribution of carbon atoms
beyond the near surface region as well as an increase in mean perpendicular
distance of the center of mass for those molecules as temperature increases.

Third, the molecular snapshots shown at the right of Figure 18 at the lowest and
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Figure 36 — (A) Representative selection of bilayer-coverage concentration
profiles in the z direction, C(z), for nonane molecules on MgO(100). Inset:
behavior of the layer nearest to the surface. The temperature profiles pictured
are as follows with the temperature shown as a fraction of the bulk triple point in
parentheses and color scheme in brackets: 40 K (0.18) [red], 100 K (0.46) [blue],
160 K (0.73) [green], 220 K (1.00) [black], and 280 K (1.28) [purple]. (B) (T =40
K) and (C) (T = 280 K): snapshots of bilayer coverage nonane on MgO(100) with
molecules in the nearest layer (dark blue) and bilayer (light blue) highlighted to

show interlayer mobility as a function of temperature.
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Figure 37 — (A) Representative selection of trilayer-coverage concentration
profiles in the z direction, C(z), for nonane molecules on MgO(100). The inset
highlights the behavior of the layer nearest to the surface. The temperature
profiles pictured are as follows with the temperature shown as a fraction of the
bulk triple point in parentheses and color scheme in brackets: 40 K (0.18) [red],
100 K (0.46) [blue], 160 K (0.73) [green], 220 K (1.00) [black], and 280 K (1.28)
[purple]. (B) (T =40 K) and (C) (T = 280 K): snapshots of trilayer coverage
nonane on MgO(100) with molecules in the nearest layer (dark blue), bilayer
(royal blue), and trilayer/bulk (light blue) highlighted to show interlayer mobility as

a function of temperature.

112



SO
o B B B B0 B 50, B 50 B i B
S0 B0 e B0 50 B B e B B B
S0 e B e B0 0 B 50, B 0 B
sy 's’s’s s s’y s’y s s

C(2)

Distance from Surface (A)

Figure 38 — (A) Representative selection of bilayer-coverage concentration
profiles in the z-direction, C(z), for decane molecules on MgO(100). The inset
highlights the behavior of the layer nearest to the surface. The temperature
profiles pictured are as follows with the temperature shown as a fraction of the
bulk triple point in parentheses and color scheme in brackets: 40 K (0.16) [red],
100 K (0.41) [blue], 160 K (0.66) [green], 220 K (0.90) [black], and 280 K (1.15)
[purple]. (B) (T =40 K) and (C) (T = 280 K): snapshots of bilayer coverage
nonane on MgO(100) with molecules in the nearest layer (dark blue) and bilayer

(light blue) highlighted to show interlayer mobility as a function of temperature.
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Figure 39 — (A) Representative selection of trilayer-coverage concentration
profiles in the z direction, C(z), for decane molecules on MgO(100). The inset
highlights the behavior of the layer nearest to the surface. The temperature
profiles pictured are as follows with the temperature shown as a fraction of the
bulk triple point in parentheses and color scheme in brackets: 40 K (0.16) [red],
100 K (0.41) [blue], 160 K (0.66) [green], 220 K (0.90) [black], and 280 K (1.15)
[purple]. (B) (T =40 K) and (C) (T = 280 K): snapshots of trilayer coverage
nonane on MgO(100) with molecules in the nearest layer (dark blue), bilayer
(royal blue), and trilayer/bulk (light blue) highlighted to show interlayer mobility as

a function of temperature
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highest temperature underscore this variation in molecular orientation (axial
tilting) and interface roughness.

Beyond the bilayer thickness there is no evidence of layer-by-layer or
stratified layer growth. Instead, with increasing coverage and temperature, the
corrugation of the film becomes more rough. In the three layer case we see in
Figure 39 how the film growth evolves. First, the essentially temperature
independent triplet structure (near surface 1st layer) is still observed and the
position of central peak is fixed at 3.3 A. Second, we still observe the second
broad peak (bilayer regime) that is now centered near 7.6 A at 220 K and 8 A at
310 K. Third, we now observe that an additional broad peak (trilayer regime)
appears near 11.6 A (at 220 K) that moves to 12 A (at 310 K). Fourth, the breath
of the COM distribution (or the mean perpendicular distance from the surface) or
layer roughness can be gauged using the full width at half maximum of the layer
associated peaks in C(z). We find that the FWHM remains constant at 2.4 A for
the 1st layer; increases to 2.9-3.4 A for the bilayer peak and increases further to
3.2 - 3.6 A for the third layer as the temperature rises from 220 K to 310 K.
Furthermore, the significant intensity of C(z) at z >12 A, underscores the fact that
the spatial extent of the film as a function of increased temperature and film
thickness has increased. The snapshots in the right panel of Figure 39 illustrate
that the molecular axes are more randomly distributed (tilted) perpendicular to
the surface plane, i.e. they exhibit a less planar, more 3D-like behavior beyond

the ordered near surface layer. Examination of the molecular trajectories within
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the MD simulations shows an increased interlayer mobility as a function of
temperature. This behavior is also observed experimentally where the functional
form of the isotherms exhibit an exponential increase to the saturated vapor
pressure after the appearance of the second layer feature. At the lowest
temperatures there is a weak indication that a third layer may be starting to form.
From the concentration profiles in Figure 39, it is clear that the distribution of the
molecular centers of mass in the z-direction appears to change as a function of
coverage. Furthermore, in the first layer the molecules appear to be
orientationally ordered about the long-axis of the molecule as illustrated by the
three peak structure of C(z) in Figure 39. In higher layers (>1) this distribution
becomes smoothed and it is clear the molecules are no longer constrained

rotationally by the interaction with the attractive surface potential.

Conclusion

Using a combination of thermodynamics and molecular modeling methods
the adsorption properties and microscopic behavior of the normal alkanes
octane, nonane and decane adsorbed on MgO(100) surfaces have been
investigated. The high-resolution adsorption traces initially exhibit a more
stepwise increase that corresponds to approximately two discrete layers over
most the temperature range studied. At the lowest temperatures investigated
weak evidence of a possible third layer appears. As the film thickness exceeds

two nominal layers the volumetric adsorption exhibits an asymptotic approach
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towards saturation (which suggests limited layer growth and a broadening of the
film interface). Clausius-Clapeyron analysis of the adsorption data reveals a
steady increase in the heat of adsorption Qads, while the differential entropy, dS,
increases from octane (even) to nonane (odd) then decreases for decane (even).
Energy minimization studies and molecular dynamics (MD) simulations were
used to gain insight into the microscopic molecular behavior at the gas solid
interface. Single molecule energy minimization studies revealed that in all cases
single molecules adsorb with the molecular plane parallel to the MgO(100)
surface. Alkanes with odd numbers of carbons in the backbone exhibit adsorption
energy differences when the molecular plane is oriented perpendicular to the
MgO(100) surface leading to an important entropic contribution when condensed
single and multilayer films are formed. The MD simulations performed for all
three molecules as a function of film thickness and temperature revealed that the
spatial distribution C(z) of the molecules perpendicular to the MgO(100) surface
was spatially more diffuse as the film thickness and temperature increased.
Likewise the orientational (rotational) order and molecular mobility increased as
the temperature and film thickness increased. Remarkably, for films two and
three nominal layers thick, the molecular layer closest to the surface remained
orientationally and spatially more ordered due to the stabilization effects of the
upper (more liquid like) layers even to temperatures well above where the films
that occupied the higher layers were both translationally and rotationally more

mobile. Using snapshots from the MD simulations of the film of the microscopic
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status of the multilayer films clearly shows evidence of a well ordered near
surface layer and a roughening of the film profile as the temperature and film
thickness increase. These results are in agreement with the existence of near
surface first layer solid observed and reported for multilayer atomic and alkane
films on the graphite basal plane. Structural and dynamical investigations using
x-ray diffraction and inelastic and quasielastic neutron scattering methods are

planned to verify these observations.
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Abstract

High-resolution volumetric adsorption isotherm measurements were
performed for the n-alkanes, methane through octane, on hexagonal boron
nitride (hBN) in the vicinity of their bulk triple point temperatures. The shapes of
the adsorption isotherm curves for these alkanes allows one to separate these
molecules into sub-groups based on their geometries. The spherical molecules
(methane) form six layers over a broad range of temperatures. The cigar-like
molecules (ethane and propane) exhibit three layers where the first two steps are
relatively steep. The larger alkanes (butane through octane) are more worm-like
and show three transitions, but with shallower steps suggesting a less-ordered
layering mechanism. The thermodynamics of adsorption were calculated using a
variation of the Clausius-Clapeyron equation. The alkanes exhibit a relatively
linear trend in heat of adsorption with increasing chain length. Molecular
dynamics simulations were performed to provide microscopic information about
the adsorption of these alkanes on hBN. Concentration profiles (C(z)) calculated
normal to the surface plane support the conclusion that there is less stratification
in discrete layers with increasing chain length. Fluid-like multilayers also were
observed to stabilize the layer nearest to the surface near and above the bulk

triple point.
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Introduction

Two-dimensional (2D) materials have recently drawn a considerable
amount of technological and scientific interest because of their unique properties.
This attention is enhanced by the fact that atomic/molecular deposition, chemical
functionalization and doping can lead to precise control of their physico-chemical
and optoelectronic properties. Although graphene is the most recognizable
member of these 2D materials, hexagonal boron nitride (hBN) has been shown to
exhibit unique electronic properties. hBN is a wide band gap (5.955 eV)
semiconductor that is both chemically and thermally stable. Recent studies
suggest that optical properties of hBN are determined by phonon assisted
transitions (Cassabois 2015). Other members of the nitride-based 2D family
include GaN and CazN, which both exhibit crystalline structures (wurzite) and
electronic properties different from those of hBN (Jacoby 2017). Successful
engineering of these interesting 2D material's electronic properties requires a
robust, molecular level understanding of the surface properties including the
potential energy surfaces. Molecular adsorption is one way to effectively
characterize the physical properties of a class of these materials providing
thermodynamic (macroscopic) information such as binding energies, differential
enthalpies/entropies, and locations of potential phase transitions. By combining
the thermodynamic data with those obtainable from microscopic measurements
such as neutron or x-ray scattering, a comprehensive understanding of 2D

materials is possible. The adsorption properties of the n-alkanes (methane

121



through octane) on the surface of hBN using high-resolution volumetric isotherms
are described below. Molecular dynamics simulations of all eight alkanes were
performed in tandem with these thermodynamic measurements. The results
reported here will serve as the basis for future neutron/x-ray scattering
measurements aimed at examining the monolayer structures and microscopic
dynamics of these alkanes on hBN.

Soon after the discovery of graphene (Novoselev 2004) it was quickly
recognized that there were numerous materials that could be produced in single
layers. hBN was one such material identified as an ideal layered material to
investigate because of its structural similarity to the graphite basal plane. hBN is
iso-structural and exhibits only a two percent (larger) difference in the inter-planar
lattice constant. Beyond the fundamental scientific benefits of studying molecular
adsorption on hBN, it is widely used in industry as a lubricant (Deepika 2014) and
as a lubricant additive (Kimuraa 1999) (frequently referred to as white graphite),
as a catalyst (Grant 2016, Nash 2016) and as machinable high-temperature
ceramic (Saint-Gobain) NASA has also investigated the use of hBN in radiation
shielding because of its stability under the ultra-high vacuum and temperatures in
space as well as the large boron-10 isotope neutron absorption cross section
(Thibeault 2012). A better understanding of various substrate-catalyzed
hydrogenation reactions of paraffins can be achieved by examining the interfacial
behavior of alkanes on hBN. For example, BN has recently shown promise as a

metal-free catalyst for hydrocarbon conversion reactions (Grant 2016) and as a
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catalyst support for the hydrogenation of olefins (Nash 2016). Hence as a result
of this investigation the information needed to improve the current semi-empirical
force fields used for describing interactions with hBN as well as the efficiency of
industrially important catalytic processes and the selectivity in hydrocarbon
separations now exist.

Extensive literature exists on atomic and molecular adsorption on the
surface of graphite. A subset of this work has focused on the interaction of
alkanes on the basal plane of graphite using heat capacity and diffraction
measurements (Ferreira 1984, Bienfait 1990, Bomchil 1980, Kim 1984, Gay,
1986, Regnier 1981, Zhang 1990, Lee 1997, Alkhafaji 1996, Castro 1999, Krim
1985, Clarke 1999, Arnold 2002). In contrast, studies of adsorption on hBN are
less substantial. Nearly four decades ago, Bockel et al. (Bockel 1979) published
a limited set of adsorption isotherms of methane on hBN between 77 and 90 K.
Based upon these measurements, they proposed a 2D critical temperature of
~77 K. Several years later, Tessier and Larher (TL) (Tessier 1982) extended the
adsorption studies of Bockel et al. to lower temperatures and to include
deuterated-methane on hBN. Based on these new measurements, TL suggested
a refined 2D critical temperature of ~74 K. The adsorption measurements
described here take advantage of newly developed synthetic methods that now
produce hBN with improved surface homogeneity/quality and technological
advances (e.g. pressure transducers of better stability and resolution,

temperature regulation, and a computer-automated apparatus). Thus, the current
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study aims to improve upon the accuracy of previously determined
thermodynamic values and extend the fundamental knowledge of multilayer
formation of methane film growth on hBN. Migone et al. have reported adsorption
thermodynamics of argon and krypton on hBN (Alkhafaji 1991, Alkhafaji 1992,
Migone 1993, Li 1996, Diama 1999) in order to make a comparison to their
behavior on graphite and further, to improve the understanding of re-entrant
layering in adsorption. Morishige et al. have performed complementary structural
measurements for rare gases and nitrogen on hBN where it was discovered that
Kr forms an incommensurate lattice prior to melting unlike that observed for Ar
and Kr on hBN (Morishige 1996). Arnold and coworkers have performed
multilayer scanning calorimetry (Arnold 2012) (hexane-hexadecane) and
monolayer x-ray diffraction (Arnold 2014) structural studies of various alkanes
adsorbed on hBN. As noted above, a portion of the work described here is an
experimental investigation of the thermodynamics of n-alkanes on the surface of
hBN using high-resolution volumetric adsorption isotherms. It complements a
recently completed comprehensive thermodynamic and structural study of the n-
alkanes on the surface of MgO(100). Thus, the current results allow one to
examine how the adsorption behavior changes with a substrate of different
chemical composition and surface symmetry. In the current study we have
performed a series of volumetric adsorption isotherm measurements over a wide
range of temperatures combined with molecular dynamics modeling to accurately

describe the alkane-substrate interaction. Differential thermodynamics of
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adsorption have been calculated from the isotherm measurements. The
molecular dynamics calculations reveal microscopic phenomena important for

interpreting future structural and dynamical measurements.

Experimental

Volumetric Adsorption Isotherms

The hBN used in the adsorption study was AC6004 grade produced by
Momentive Performance Materials, Inc. (Momentive). Previous measurements
have shown that there is an inverse relationship between specific surface area
and substrate quality (Wolfson 1996). Thus, AC6004 hBN was chosen because
of its large particle size (12-13 ym) rather than its surface area (2 m?/g). Before
use, the known soluble surface impurities (primarily boric oxide and boric acid)
were removed from the hBN powder. The hBN sample was prepared in the
following way: a slurry of hBN was stirred in methanol for approximately two
hours, then vacuum filtered using a fine-grade filter funnel and subsequently
dried in an oven at 160 °C for approximately four hours. The dried powder was
transferred to a quartz tube and then heated in vacuo to 900 °C until a base
pressure of 1077 Torr was achieved (~24 hours). The heat-treated hBN was
transferred in an argon-filled glove box into an OFHC copper cell (methane-
hexane) and then sealed with an indium wire gasket before being mounted on

the second stage of an Air Products closed-cycle helium cryostat. In order to
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avoid the possibility of capillary condensation with the longer alkanes (hexane-
octane), the heat-treated hBN was sealed in a small quartz tube which was
placed in a Thermo Neslab RTE water bath with temperature control of £5 mK.
As in the past, the isotherm measurements were performed using custom-built
Lab-View based automated control system which is described elsewhere (Mursic
1996). The sample temperature of the cryostat-based measurements was
regulated with a CryoCon model 32B temperature controller to £2.5 mK using a
silicon diode thermometer; a separate platinum resistance thermometer mounted
on the top of the Cu sample cell lid monitored the sample temperature. The
temperature of the water bath-based measurements was monitored with a
platinum resistance thermometer. The vapor pressures were recorded using 1,
10, and 100 torr MKS capacitance manometers. The temperature ranges over
which the measurements were made are provided in Table 8. Details regarding
how the adsorbates were obtained and their purities are also contained in Table
8. The liquid alkane samples were distilled over freshly cut sodium metal, passed
through a Dri-Rite filled distillation column, and subsequently refluxed over
activated alumina microsieves to remove any moisture from the atmosphere. The

distilled liquids were transferred into a stainless-steel container in an argon
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Table 8 — Temperature ranges over which the adsorption measurements were

carried out for the series of n-alkanes. The experimental temperature ranges

attainable were determined by the vapor pressures of the bulk phases.

Temperature 3D, . Number of i
Alkane Range (K) T/ | Measurements | Vendor (Purity)
Air Gas
Methane 60-90 0.66-0.99 43 (99.99%)
Nat. Spec.
Ethane 92-149 1.01-1.64 26 Gases (99%)
Nat. Spec.
n-Propane | 121-186 | 1.42-2.19 45 Gases (99%)
Nat. Spec.
n-Butane 164-222 1.22-1.65 27 Gases (99.5%)
Fisher Scientific
n-Pentane 187-231 1.30-1.61 39 (>99%)
Acros Organics
n-Hexane 186-279 1.05-1.57 93 (299%)
Acros Organics
n-Heptane 203-284 1.11-1.56 42 (>99%)
Acros Organics
n-Octane 232-294 1.07-1.36 76 (=99%)
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atmosphere and then purified using a freeze-pump-thaw (FPT) distillation

sequence with liquid nitrogen to remove soluble gases.

Molecular Dynamics

In order to obtain complementary microscopic information about the
adsorption properties, a series of molecular dynamics (MD) simulations were
performed using Accelrys' Materials Studio Forcite (Accelrys) package. All eight
of the alkanes on hBN over a broad temperature range were modeled using the
canonical ensmeble (i.e. constant NVT) and periodic boundary conditions in
order to eliminate edge effects. The Nose-Hoover Langevin thermostat
(Leimkuhler 2010) was used with a 1.0 ps decay constant which results in a
temperature regulation under ten percent of the setpoint value. The Universal
force field (UFF) developed by Rappe et al. (Rappé 1992) was employed to
describe interactions between atoms. The UFF includes contributions to the total
energy as a sum of bond stretch, bond angle, dihedral angle, inversion,
electrostatic, and van der Waals terms. Currently this is the only parameterized
force field that includes interactions for boron with nitrogen, carbon, and
hydrogen atoms. The UFF has been used effectively by Perim et al. in previous
studies to describe the energetics of boron nitride nanoscrolls (Perim 2013).

The lattice parameters (a = b = 2.49824 A, ¢ = 6.6357 A) for the hBN unit
cell were obtained from published x-ray diffraction data of Kurakevych et al
(Kurakevych 2007). A 29 x 29 x 2 supercell (surface area = 4589 A?) with AB-

stacking was constructed from the initial unit cell and then the atom positions of
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the hBN substrate were held fixed throughout the MD simulations. We followed a
procedure here that has been described elsewhere for alkane films on MgO
(Strange 2016, Fernandez-Canoto 2014). Films one, two, and three equivalent
monolayers thick were investigated by initially locating a uniform number of
molecules randomly in each layer within the simulation box. Then, in order to
eliminate any bias from the choice of initial configuration, MD simulations were
first performed at sufficiently high temperatures such that the inter- and intra-
layer traffic was observed, and the molecules exhibited both rotational and
translational mobility (i.e. diffusion). After these preliminary high temperature MD
runs were completed, subsequent calculations were performed in decreasing
steps of 10-20 K until the rotational and translational motions were restricted (i.e.
solid-like structure). Concentration profiles (C(z)) were calculated from the
trajectories of each of the temperature runs. The MD simulations were performed
for a total of 50 ps with 1.0 fs time steps. In order to ensure our simulations were
performed long enough for the system to reach thermodynamic equilibrium, we
monitored the temperature and total energy (both bonded and unbonded)
fluctuations of each run as a function of run time and observed that the system
equilibrium was reached (defined by energy and temperature) in approximately 5
pS.

Prior to performing the MD simulations, energy minimization calculations
were performed for single alkane molecules on hBN to gain insight into the

effects of the hBN substrate on the molecular orientation at the interface. In
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particular we examined the difference in energy between parallel and
perpendicular configurations of the molecular plane. The optimum orientation and
location of an isolated molecular was determined by using the Accelrys Smart
algorithm. The threshold for energy convergence was set at < 2 x 10~ kcal/mol.
Energies were calculated for each molecular configuration (parallel and
perpendicular orientations) by initially locating the molecules over all the high-
symmetry hBN surface sites (i.e. a top, hole, bridge) and then repeating the
minimization process by rotating the initial molecular axis orientation by 15
degree increments until a representative sample of the surface symmetry was
obtained. Naturally, using a single molecule energy minimization route is not
suitable for structural determination, but the MD simulations described in the next
section provide some insight into the effects of molecule-molecule interactions on
the behavior of condensed states. Future calculations aim to enhance current
understanding of lattice defects (domain walls, gauche conformers, and
molecular plane configuration) and their effect on the formation and melting of

the solid structure.

Results and Discussion

Thermodynamics

A set of volumetric adsorption isotherm measurements were performed for
each of the n-alkanes (methane through octane) on hBN over the temperature

ranges summarized in Table 8. As alluded to in the previous section, the
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minimum experimental temperatures are limited by the low vapor pressures of
the alkane adsorbates. The n-alkanes in this series can be organized by their
molecular geometries into three groups: quasi-spherical, cigar-, and rod-like.
Methane is the only member of this series that resembles a quasi-sphere. Ethane
and propane can be classified as having cigar geometries. The longer molecular
axes of butane through octane exhibit rod-like geometries. This classification of
the alkanes by their geometries is reflected in the general shapes of the
adsorption curves. Three adsorption isotherms representative of the geometric
groups are shown in Figure 40, Figure 41, and Figure 42. Methane on hBN is the
only system where the monolayer solid phase is measurable. It has been found
that the monolayer melting temperature for atomic and simple molecular films on
graphite takes place at ~0.7 times the bulk triple point temperature. For the other
molecules in the study (ethane-octane), the experimental temperature range is
above 70% of the bulk triple point (i.e. the suggested monolayer melting
temperature). In this range of alkanes, two layers are easily resolved in the
adsorption measurements. Only at the lowest experimental temperatures does a
subtle third layer appear. It should be noted that the observed adsorption
behavior for smaller alkanes (i.e. ethane and propane) is qualitatively different
than that for the larger molecules, even though the measured temperatures are
nominally within the same fractional range of their bulk triple points. The
adsorption behavior of longer alkanes has been examined previously by Larese

and coworkers for octane, nonane, and decane on MgO (Strange 2016). As the
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Figure 40 — Representative set of adsorption isotherm data for methane on hBN

at 80.88 K (T/Twip = 0.89). The raw isotherm data for moles adsorbed (left y-axis)

versus reduced equilibrium vapor pressure is provided in red with a line

interpolated from point to point. The numerical derivative (right y-axis) of the raw

data shown as dN/dP versus reduced equilibrium vapor pressure is provided in

blue. The numerical derivative was used to locate the center of the stepwise

transitions.
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Figure 41 — Representative set of adsorption isotherm data for propane on hBN
at 130.38 K (T/Twip = 1.53). The raw isotherm data for moles adsorbed (left y-
axis) versus reduced equilibrium vapor pressure is provided in red with a line
interpolated from point to point. The numerical derivative (right y-axis) of the raw
data shown as dN/dP versus reduced equilibrium vapor pressure is provided in
blue. The numerical derivative was used to locate the center of the stepwise

transitions.
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Figure 42 — Representative set of adsorption isotherm data for octane on hBN at

251.07 K (T/Twip = 1.16). The raw isotherm data for moles adsorbed (left y-axis)

versus reduced equilibrium vapor pressure is provided in red with a line

interpolated from point to point. The numerical derivative (right y-axis) of the raw

data shown as dN/dP versus reduced equilibrium vapor pressure is provided in

blue. The numerical derivative was used to locate the center of the stepwise

transitions.
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length of the carbon backbone increases, the molecule-molecule (MM)
interaction tends to grow increasingly more important relative to the molecule-
substrate interaction (MS). In a similar fashion to the n-alkane adsorption of
MgO, the number of observable steps in the adsorption isotherms decreases as
the molecular length increases (see Figure 40, Figure 41, and Figure 42).

The areas per molecule (APM) were also calculated using a methane
isotherm as a fiducial as described in previous studies (Cook 2015). At 77 K,
methane forms a V3 x V3 solid monolayer structure on graphite. Bockel et al.
determined that the structures of methane on graphite and hBN should be
identical by making a comparison of the monolayer concentrations. For ethane -
octane, the APMs are averaged values since the monolayers exist in fluid

phases. The APMs for the alkanes are listed in Table 9 below.

Methane on hBN Adsorption Isotherms

A subset of the methane on hBN isotherms between 77 K and 90 K is
shown in Figure 43a. The stepwise shape of the isotherm suggests that growth
behavior is similar to that observed previously for rare gases on hBN (Alkhafaji
1992, Migone 1993, Grillet 1980, Dupont-Pavlovsky 1985) and methane on
graphite (Bienfait 1990). This is not too surprising given the quasi-spherical
geometry of methane and the structural similarity of hBN to graphite. Five
layering transitions are clearly visible over much of the temperature range
measured with a sixth layer discernible near 74 K. Two sub-steps can readily be

identified in the monolayer regime: the first of these features (see Figure 43a)
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Table 9 — APMs for the alkanes adsorbed on hBN in the temperature range of
this study. The temperature at which the APM was obtained in addition to the

temperature reduced by the bulk triple point are provided for reference.

Alkane Temperature (K) T/Trip3P APM (A2/molecule)
Methane 77 0.85 16.33

Ethane 112.65 1.24 21.74
n-Propane 137.16 1.61 28.42
n-Butane 162.24 1.21 39.08
n-Pentane 186.40 1.30 36.90
n-Hexane 202.18 1.14 48.76
n-Heptane 206.21 1.13 62.43
n-Octane 242.21 1.12 76.45
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Figure 43 — (a.) Set of adsorption isotherms measured between 77 and 90 K for

methane on hBN. Four steps correspond with layer formation over the entire

range. A fifth step appears for T~77 K. (b.) illustrates the substep immediately

following monolayer formation which corresponds nicely to a phase transition

observed previously for the methane on graphite system (Bockel 1979).
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corresponds to a 2D vapor to a 2D liquid phase; the second feature (see Figure
43b) has been attributed to the 2D liquid to 2D commensurate solid transition.
Clear evidence of a third sub-step appears midway between the monolayer and
the onset of the second layer formation (see Figure 44). While this feature has
not been observed in earlier work, this sub-step corresponds to the solid
commensurate - solid incommensurate phase transition similar to that observed
for methane on graphite. Naturally, the more pronounced adsorption steps visible
in Figure 43a correspond to additional discrete layer condensation. The
thermodynamic values associated with these transitions were calculated based
on the equations procedure introduced by Larher (Larher 1971). The details of
how we employed this procedure have been described in our previous work
(Strange 2016, Freitag 2000, Arnold 2005, Felty 2008, Arnold 2006, Cook 2015,
Yaron 2006, Fernandez-Canoto 2014). The differential entropy and enthalpy and
the heat of adsorption derived from the current study are given in Table 10. The
thermodynamic values for the fifth and sixth layer formations are omitted
because the steps are only visible over a narrow temperature range.

The thermodynamic results reported here agree reasonably well with
those of TL. It is notable that the experimental results presented here cover a
broader temperature range and employ a significantly larger number of data
points than TL. We find that the "A" parameters for both the 2D gas to 2D liquid
(i.e. G(2D) to L(2D)) and the L(2D) to CS(2D) (i.e. commensurate solid) are less

than ten percent smaller than the TL values. However, the "B" parameters for
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Figure 44 — Plot of moles adsorbed versus chemical potential for methane on
hBN over the temperature range 77-88 K. The inset highlights the second
substep located in between the monolayer and bilayer risers. This feature likely
corresponds with the commensurate solid to incommensurate solid phase

transition identified in the methane on graphite system.
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Table 10 — Thermodynamic values for n-alkanes methane through octane on

hBN calculated from volumetric adsorption isotherm measurements

Alkane (n) A (kJ/mol) B (J/mol K) Q (kd/mol) AH (kJ/mol) AS (J/mol K)

1 1424.70.39 14.136£0.0052 | 11.8450£0.0032 -1.9846:0.0105 | 28.6667+0.1478

SS1 | 2064.5£0.42 24.248£0.0051 | 17.1642+0.0035 -7.3038:0.0106 | -55.404520.1476

SS2 | 1157.2£0.029 | 15.445:0.00039 | 9.6210+0.0002 0.2394£0.0100 | 17.7836x0.1414

Methane |2 1189.5£0.0018 | 16.816+0.00003 | 9.8895:0.00002 -0.0291£0.0100 | 6.3852+0.1434

3 1176.1£0.0033 | 17.241£0.00005 | 9.7781+0.00003 0.08230.0100 | 2.8517+0.1413

4 1172.8£0.004 | 17.328£0.00006 | 9.7507+0.00003 0.10970.0100 | 2.1284:0.1413
w 1186%1.2 17.584£0.017 | 9.8604:0.0100

1 2463.7£0.43 15.984£0.003 | 20.4832+0.0036 -3.2582+0.0106 | 18.3656+0.4995

Ehane | 2 2078.6£0.023 | 17.752:0.0002 | 17.2813%0.0002 -0.0565:0.010 | 3.6665:0.4988

3 2058.0:0.023 | 17.975£0.0002 | 17.1177+0.0002 0.1073:0.010 | 1.8125+0.4988
© 2071.8+1.2 18.193%0.06 17.22490.0010

1 3156.40.29 16.576£0.0016 | 26.2423+0.0024 -4.2709:0.0218 | 14.7241%0.1420

n- 2 2667.5:0.025 | 17.837£0.00017 | 22.1776£0.0002 -0.2062+0.0216 | 4.24010.1413

Propane 3 2596.6:0.021 | 17.895:0.00014 | 21.5881+0.0002 0.3833:0.0216 | 3.7579:0.1413
© 2642.7+2.6 18.347£0.017 | 21.9714%0.0216

1 3903.9+1.9 16.97%0.009 32.4570+0.01580 -5.6668:0.0920 | 14.8987+0.5044

n- 2 3419.5:0.15 19.195£0.0087 | 28.4297+0.0012 -1.6395:0.0910 | -3.6000+0.5041

Butane 3154.2t1.4 18.14+0.009 26.2240+0.0116 0.56620.0914 | 5.1713+0.5044
o 3222.3t10.9 18.762%0.06 26.7902+0.0906

1 4595.1+50 17.29+0.24 38.2037+0.4157 -7.062720.4164 | 15.05672.000

n- 2 3841.1£25 18.851%0.12 31.9349:0.2079 -0.7940£0.2092 | 2.0785£1.0044

Pentane = 3546.5£99 17.865:0.52 29.4856+0.8231 1.6553+0.8234 | 10.2761%4.3248
o 3745.6+2.8 19.101:0.014 | 31.1409+0.0233

1 5276.855 17.57620.23 43.8713:0.4573 -7.0860£0.4719 | 21.2090+1.9894

n- 2 4605.4+18 20.211%0.085 | 38.28930.1497 -1.5040£0.1896 | -0.6984+0.8947

Hexane 73 4873.7+105 22.185:0.53 40.5199+0.8730 -3.734620.8807 | -17.1102+4.4404
o 4424.5+14 20.127+0.066 | 36.78530.1164

1 5551.388 16.50520.34 46.1535:0.7316 -6.0784:0.7359 | 29.8805+2.8453

n- 2 5030.9+26 20.256+0.54 41.82690.2162 -1.7518:0.2301 | -1.3053+4.5013

Heptane = 4995.5+113 20.685:0.54 41.5326+0.9394 -1.4574%0.9428 | -4.8720+4.5013
o 4820.2+9.5 20.099£0.039 | 40.0751£0.0790

1 6295.8+102 17.269:0.38 52.3433+0.8480 -8.1560:0.8503 | 26.9956+3.1685

octane | 2 554946 20.6570.17 46.13440.3824 -1.9480£0.3874 | -1.17223+1.4338
© 5314.77.4 20.516:0.029 | 44.1864:0.0615
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both transitions are approximately 25 percent greater than those of TL. We can
determine the 2D triple point by making an extrapolation of the linear fit for the
L(2D) - CS(2D) transition to the coexistence line for G(2D) - L(2D) (see Figure
45). Based on this extrapolation, we find the value of 64.22 K for the two-
dimensional triple point. Both the TL and our triple point determination require
extrapolations from the same coexistence curves, however, the current
investigation employs a greater number of data points near the transition from
which the linear fits were constructed as seen in Figure 45. Critical layering
temperatures for methane on hBN are presented and discussed in a following

section.

Ethane — Octane on hBN Adsorption Isotherms

Given the similarities in structure between graphite and hBN, the results of
previous structural and dynamical measurements for n-alkanes on graphite can
serve as a useful guide for predicting the phases observed in the current set of
adsorption experiments on boron nitride. The alkanes ethane through octane are
grouped together because in these systems, the temperature ranges of our
studies fall in a region where the monolayer phases that form are 2D liquids, in
contrast with the monolayer solid formation observed for methane on hBN at
lower temperatures. It is important to point out that while this group of
hydrocarbons exhibits similar monolayer liquid phase behavior, the adsorption
character differs significantly with increasing coverage. For example, the

adsorption curves of ethane and propane on hBN increase smoothly toward
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Figure 45 — Clausius-Clapeyron plot for methane adsorbed on hBN in the

temperature range 60 - 90 K.
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monolayer completion upon which they exhibit an abrupt, stepwise increase as
the second layer begins to form (see Figure 41). In contrast, the adsorption
curves for the longer alkanes butane through octane on hBN exhibit the same
smooth increase toward monolayer completion but exhibit a more gradual bilayer
riser (see Figure 42). Only at the lowest temperatures investigated do the
adsorption curves for butane through octane exhibit a feature indicative of trilayer
formation. The behavior of the numerical derivatives of the isotherm traces can
be used to probe the microscopic status of the adsorbed layer. For example, the
sharp, narrow derivative peaks associated with bilayer condensation of ethane
and propane clearly suggests that the film is more stratified compared to the
layering behavior observed for the longer alkanes on hBN (compare Figure 41
and Figure 42). Additional insight can be gained by considering earlier
thermodynamic studies of ethane and propane films on graphite. It has been
suggested that ethane exhibits an ordered liquid phase on graphite up to 95 K.
Migone et al. suggest that monolayer propane films have thermodynamic
signatures consistent with an ordered fluid phase. Thus, it is quite possible that
the abrupt stepwise increase in adsorption curves upon bilayer formation
observed here for ethane and propane signals the formation of an ordered
(second layer) fluid. There is no indication from previous work for butane through
octane on graphite that an ordered fluid phase appears upon monolayer melting.
Additional insight into the microscopic behavior for these multilayer adsorption

systems can be obtained using MD simulations. The results of our MD

143



investigations will be discussed in the next section. In addition, these
thermodynamic results when combined with diffraction studies of the alkane films
performed in the same temperature ranges examined here could be quite
valuable for elucidating the microscopic behavior.

The thermodynamic values for ethane through octane on hBN calculated
from the adsorption isotherm measurements are summarized in Table 10. To our
knowledge, no other thermodynamic values have been published for the
adsorption n-alkanes on hBN, however, we can compare these values to a few
results for alkanes on the basal plane of graphite. Gay, Suzanne, and Wang
(GSW) performed a series of low energy electron diffraction measurements for
ethane on graphite from 64 - 144 K. Based upon their LEED measurements, it is
highly likely that our set of data for ethane on hBN exhibits monolayer and
multilayer liquid phases. The results of GSW indicate that monolayer ethane on
graphite binds 16% stronger than on hBN. This is consistent with our recent
results for the adsorption of pentane and hexane on graphite (Larese 2018).
However, the alkanes on hBN exhibit stronger binding in comparison with
adsorption on MgO(100). It is clear from the comparison of adsorption of alkanes
on graphite with hBN and MgO(100) that the presence of an electrostatic
potential does not lead to a stronger MS interaction. This fact is not too surprising
given the small magnitude of the static polarizability for n-alkanes (Williams
2004). The trend in heat of adsorption appears fairly linear over the range of

alkanes measured (Figure 46). The second layer and bulk heats of adsorption

144



+Qst Layer 1

+Qst Layer 2

+QSt Bulk
+

40 | AHVap Bulk

50 |

i
30 .
2
~—
7
C 20 | .
10 | .

1 2 3 4 5 6 7 8

Number of Carbons
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show a slight alternation with increasing numbers of carbons suggesting
evidence of an odd-even effect. Surprisingly this odd-even behavior is not
observed in the monolayers. It is also apparent that the general shape of the
trend follows that of heats of adsorption for bulk alkanes in the literature, though
the monolayers require increasingly greater amounts of energy to move a
molecule away from the surface than their bulk counterpart.

Critical temperatures associated with layer condensation for the alkanes
on hBN were determined by applying a method used previously by Hess and
Nham (Nham 1988). This approach is based on the procedure developed by
Larher (Larher 1979) where a plot of the inverse slope of the riser from
adsorption measurements versus temperature was used to determine the critical
exponent for argon on cadmium chloride. Chan et al. (Kim 1984) have shown
that above the critical temperature the two-dimensional compressibility, Kt can

be described using,
-1 T-T.\Y
Kr~ < (T_c) (37)

The two-dimensional compressibility has been shown to be related to the width of

the adsorption step by,

Appgwam = (aATrS = (i) K:'  (38)
T

au

The widths of the adsorption steps were evaluated by fitting a Gaussian function

to the numerical derivative of the data, plotted as moles adsorbed (n) versus
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difference in chemical potential (Au). Thus, if y is assumed to be equal to 7/4
based on the universality class of the two-dimensional Ising model it can be

shown that,

Augwamy =TM(T - T)/T]Y  (39)

The critical temperatures can be extracted from adsorption measurements
by observing the behavior of Auf,{;HM versus temperature. Above the triple point,
equation 39 should yield a linear relationship between step width and
temperature. The intersection of the linear fit in the high temperature regime with
a fit to the low temperature data yields an approximate location for the layer
critical temperatures. The locations for the critical phase transitions (provided in
Table 11) can be determined more precisely using heat capacity measurements
which have been shown to be less sensitive to surface heterogeneity and
impurities. An example of this approach is applied in Figure 47. Larher and
Gilquin have determined the critical temperatures for rare gas adsorption on the
basal plane of graphite and made comparisons to the adsorption on lamellar
halides. They determined that the reduced critical values (T¢2P/T¢3P) for a system
with relatively small corrugations in the surface potential (i.e. Ar on graphite) are
near 0.4. Reduced critical values determined from rare gases on lamellar halides
were determined to be as great as 0.55. We find values in the range of 0.39 to
0.46, which suggests the alkanes exhibit a relatively smooth liquid-vapor

equilibrium on the surface of hBN.
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Table 11 — Experimentally determined critical temperatures for layer

condensation of methane through heptane on hBN. Results for octane are

absent because the range of temperatures for the adsorption measurements

exceeded the predicted critical temperature.

Alkane Layer 1 (K) L1 Tc2P/T3P Layer 2 (K) | Layer 3(K) | Layer 4 (K)
Methane 75.64 0.3969 78.28 - -

Ethane 129.02 0.4226 127.50 116.22 -
n-Propane 155.54 0.4205 148.97 145.99 -
n-Butane 193.19 0.4546 179.23 - -
n-Pentane 214.01 0.4555 199.29 - -
n-Hexane 222.16 0.4377 197.88 - -
n-Heptane 236.43 0.4378 - - -
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Figure 47 — Plot of the half-width at half-maximum (HWHM) to the (4/7)th power
for monolayer methane on hBN. The intersection of the two linear fits reveals the
critical temperature for the first layer of methane on hBN. The fits for the

remaining alkanes can be found in the Appendix.
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Minimum Energy Configurations

The first step in the characterization of the interaction of the alkanes on
hBN involves calculating the minimum energy configuration for a single molecule.
The purpose is to obtain information on how the molecule-surface (MS)
interaction evolves as a function of the chain length and those effects on the
molecules configuration as a function of the binding energy. Although the isolated
molecule study doesn't take into account the MM contribution to the overall
binding energy it nonetheless provides valuable insight into the preferred
adsorption sites and lowest energy molecular orientations of the alkane on the
hBN surface. Figure 48 highlights the adsorbed structures of molecular
configurations with the lowest energies for the alkanes adsorbed on hBN with
corresponding total energies provided in Table 12. For all the n-alkanes
measured in this study, the most stable configuration is when both the molecular
plane and backbone are parallel to the surface, i.e. where there are the greatest
number of contact points between the alkane and substrate. The six-fold
symmetry of the honeycomb-shaped surface results in three equivalent sub-
lattices differing by 120 degrees. The preferred orientation of the long axis is
along the <10> direction or either of the two symmetry equivalent directions.
Careful inspection of Figure 48 shows that the carbon and hydrogen atoms tend
to share the position above the hexagonal lattice hole. This particular adsorption
site represents a region where the electrostatic potential results from the

contribution of the partially negative nitrogen and partially positive boron. When

150



Parallel Perpendicular, odd Perpendicular, even

Ethane

Propane

Butane

Pentane

Hexane

Heptane

Octane

Figure 48 — Minimum energy configurations calculated for n-alkanes on hBN
using the Universal Forcefield. The first column represents the minimum energy
configurations for an alkane with the molecular plane parallel to the surface of
hBN. The second and third columns represent the minimum energy structure for
an alkane with the molecular plane perpendicular to the surface with odd and

even numbers of carbons closest to the surface respectively
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Table 12 — Calculated energy values for minimum energy configurations of single

molecules on the surface of hBN

Alkane Surface Parallel Energy | Perpendicular —odd | Perpendicular — even
Orientation (kcal/mol) Energy (kcal/mol) Energy (kcal/mol

Ethane <10> N/A -7.9947140 N/A
n-Propane <10> -10.254057 -8.4596360 -9.7693720
n-Butane <10> -12.726140 N/A -11.100066
n-Pentane <10> -15.266144 -14.020718 -12.213764
n-Hexane <10> -17.795932 -15.314118 N/A
n-Heptane <10> -20.348575 -18.332241 -16.534104
n-Octane <10> -22.883222 N/A -19.620060
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an alkane resides in this arrangement, the molecule is slightly compressed
similar to an accordion and undergoes a carbon-carbon bond angle decrease of
two-percent when compared with the isolated ground-state molecule. This
perturbation of the alkane geometry accounts for a seven percent difference
between the energy from non-bonded interactions and the total energy.

There are different aspects that the presence of orientational states can
introduce in film growth. While the above single molecule calculations suggest
weaker binding for the perpendicular states, in a 2D film the perpendicular
orientation allows for a greater packing fraction by reducing the area projected on
the surface and simultaneously increasing the number of contact points between
adjacent alkanes. This feature could play a significant role in layer growth
especially during the onset of bilayer formation. Furthermore, work by Larese et
al. has suggested that melting of hydrocarbons (i.e. the onset to translational
diffusion) involves the reduction of the area projected on the surface by
molecular reorientation.

The results of the present study indicate that the difference in energies
between the molecules plane oriented parallel and perpendicular to the hBN
surface gradually increase from propane through octane. Additionally, for alkanes
where the perpendicular state has both an odd and even configuration, the
relative difference in energies between these orientations remains constant with
increasing carbon number. This should not be too surprising because the

interaction is additive and there is always a difference of one carbon between the
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binding energies of these two states. As the chain length increases, this constant
difference in energy becomes a smaller fraction of the total energy, thereby
reducing the surface contribution to the odd-even effect for longer alkanes. This
particular series of n-alkanes is ideal for illustrating this behavior because
published results for bulk alkanes show that as the chain length becomes
significantly great, the odd-even effect becomes increasingly more important and

the molecular interaction is defined by an average along the carbon backbone.

Molecular Dynamics Simulations

The results of previous studies have suggested interesting behavior when
the molecule-surface interaction is greater than the molecule-molecule
interaction. It is important to note that the melting temperature of monolayer
hydrocarbon films physisorbed on most substrates is lower than that of the bulk
material. This idea is perhaps not too surprising given the reduced coordination
of molecules in the 2D phase. However, when the coverage is increased well
beyond the monolayer regime, the melting temperature of the solid layer closest
to the surface has been found to increase substantially, in certain cases above
the bulk. In fact (Arnold 2012), when layers are added, the near surface layer can
be stabilized to temperatures nearly 1.25 times the bulk triple point temperature!
The results of our MD simulations concur with these experimental observations.
The molecular trajectories generated by the MD simulations have been shown in
the past to accurately represent the microscopic behavior of alkanes adsorbed

on substrates (Strange 2016, Fernandez-Canoto 2014). The results discussed
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below are representative of the behavior for the three types of adsorbate
geometry discussed previously (i.e. quasi-spherical, cigar, and rod-like).

In this portion of the investigation, concentration profiles (C(z))
perpendicular to the substrate plane (ab plane) were generated to examine the
molecular distribution within the adsorbed film. Particular attention was given to
the behavior of fluid-like multilayers on the layer nearest to the substrate. The
molecular concentrations can be separated into their atomic components (i.e.
individual C and H distributions). To facilitate the calculation of C(z), the volume
of the simulation box in the c-direction is divided into 5000 equivalent slabs/bins.
C(z) for a particular atom in one of these bins can be determined from the atomic
fraction (atoms in bin/total atoms) multiplied times the total volume (total number
of bins). When averaged over the total simulation time, the C(z) becomes a
probability density function where the probability of finding atom i at position z is
determined by the surface normal vector. The basal plane of hBN was chosen as
the zero reference. Figure 49, Figure 50, and Figure 51 show C(z) corresponding
with the isotherms shown above (i.e. methane, propane, and octane on hBN;
Figure 40, Figure 41, and Figure 42 respectively). The C(z) for ethane on hBN is
shown in Figure 52 because it reveals interesting re-orientation behavior.
Coverages of the C(z) were limited to three layers since adsorption
measurements indicated the formation of only two or three layers for alkanes

greater than ethane.
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Figure 49 — Molecular concentration profiles calculated from MD trajectories for
nominal trilayer coverage methane on hBN. The temperature range is as follows:
1 K (red), 30 K (blue), 60 K (green), 90 K (black), 140 K (magenta), and 200 K
(purple). The temperature reduced by the 3D bulk triple point temperature is

provided for reference to other systems.
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Figure 50 — Molecular concentration profiles calculated from MD trajectories for
nominal trilayer coverage propane on hBN. The temperature range is as follows:
10 K (red), 30 K (blue), 60 K (green), 90 K (black), 140 K (magenta), and 200 K
(purple). The reduced temperature scaled to the bulk triple point is provided for

reference to other systems
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Figure 51 — A. Molecular C(z) calculated for nominal trilayer coverage octane on
hBN. The temperature range is as follows: 40 K (red), 100 K (blue), 160 K
(green), 220 K (black), and 280 K (magenta). The temperatures reduced by the
3D bulk triple point temperature is provided for reference to other systems. The
interlayer motions of octane molecules are illustrated at (b.) 40 K and (c.) 280 K.
In these figures, the molecules in each layer were highlighted at the beginning of

the simulation and the final frames are provided in (b.) and (c.).
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Figure 52 — Molecular concentration profiles calculated from MD trajectories for
nominal trilayer coverage ethane on hBN. The temperature range is as follows:
40 K (red), 100 K (blue), 160 K (green), 220 K (black), and 280 K (magenta). The
reduced temperature scaled to the bulk triple point is provided for reference to

other systems.
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The C(z) are a valuable tool for investigating multilayer behaviors of these
systems in numerous ways. The locations of the hydrogen atoms reveal
information about rotational/re-orientational motion since they reside on the
exterior of the molecule (i.e. behave similar to a lever arm). Next, the locations of
the carbon atoms (which form the molecular backbone of n-alkanes) serve as an
accurate indicator for the molecular centers of mass. Examination of the average
position and breadth of the carbon peaks is a valuable avenue for identifying the
degree of film stratification as well as quantifying the relative populations of
orientational states (e.g. parallel vs. perpendicular) and can reveal the presence
of chain defects (gauche conformers). By combining the C(z) data with the mean-
square displacement (MSD) and the pair distribution function (PDF) analysis in a
future publication, a more comprehensive understanding of the microscopic
behavior of alkane adsorption on hBN is attainable.

Methane

The C(z) for trilayer coverage methane on hBN are provided in Figure
Figure 49. Figure 53a and Figure 53b illustrate the individual atomic
concentration profiles of methane for carbon and hydrogen atoms. The mean
centers of mass for methane appear to remain constant in the first layer over the
entire temperature range studied as indicated in Figure 53a. The average
distribution of methane is wider (i.e. much less confined) in the multilayers where
the carbon peaks exhibit significant broadening with an increase in temperature.

The hydrogen atom distributions in Figure 53b suggest that the
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Figure 53 — Atomic concentration profiles for (a.) carbon and (b.) hydrogen
calculated from MD trajectories for nominal trilayer coverage methane on hBN.
The temperature range is as follows: 1 K (red), 30 K (blue), 60 K (green), 90 K
(black), 140 K (magenta), and 200 K (purple). The reduced temperature scaled to

the bulk triple point is provided for reference to other systems.
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predominant structure of methane molecules in the layer nearest to the surface is
one where the molecule has Cav point-group symmetry with respect to the
surface. The shouldering peak at ~4.1 A illustrates that only a small population of
methane molecules exhibit an orientation with C2v symmetry. Additionally, the
increase in the baseline near 3.75 A indicates onset of rotational motion in the
layer nearest the surface at low temperatures (~30 K). It is worth noting that
these hydrogen peaks remain resolved even at high temperatures suggesting re-
orientational motions between Csv and Cav oriented methane molecules. The
rotational abilities of the molecules in the layer nearest to the surface support the
conclusion that greater molecular size enhances the stabilization effect.
However, interlayer translation for methane molecules in the first layer remains
restricted even at the highest temperatures. The observed behavior of methane
molecules in the multilayers is drastically different than that of molecules in the
first layer. For most of the temperatures studied, the multilayer molecules have
nearly free rotation as indicated by the smooth peaks representing the second
and third layers, though interlayer traffic between the second and third layers isn't
observed until approximately 1.5 times the bulk triple point.

Ethane

The C(z) for trilayer coverage ethane on hBN reveals interesting behavior
as well. In the layer closest to the surface, most of the ethane molecules lay with
their carbon-carbon bond roughly parallel to the surface. There are only a few

ethane molecules were the molecular axis is oriented perpendicular. As the
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temperature of the system is increased, the population of ethane molecules
orthogonal to the surface becomes greater as identified by the peak at ~5.2 A
such that the area projected on the surface is reduced and the total energy is
minimized. This supports experimental measurements for ethane on graphite that
suggest there are multiple solid phases prior to melting (Gay 1986). Additionally,
Larese and coworkers (Larese 1988(2)) observed this behavior for ethylene on
graphite. This is intriguing since the first layer is confined by both the substrate
and multilayers. Similar to that observed for methane, the multilayer ethane
molecules exhibit nearly free rotation and strong interlayer motions at higher
temperatures.

Propane

The C(z) for trilayer coverage propane on hBN is shown in Figure 50. This
molecular system is unigue since the molecules in the layer nearest to the
surface appear frustrated between parallel and perpendicular states (see Figure
54). Typically, the perpendicular state in the first layer is restricted by the
presence of multilayers. The perpendicular states show up in the C(z) at 4.1 and
5.0 A and are observable even at the highest temperatures simulated.
Translational motion between the second and third layers is prominent even at
the lowest temperatures simulated. The widths of the multilayer peaks also
indicate nearly free rotation at temperatures near the bulk triple point. Though it
is weak, propane on hBN is the first system in this series of alkanes to exhibit

behavior that suggests fluid multilayers stabilize the layer nearest to the surface.
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Octane

Figure 51a shows the C(z) for octane on hBN at a coverage of nominally
three layers thick. The first layer is highly stratified in comparison with the second
and third layers. The distribution in between these layers also reveals that there
is essentially no interlayer traffic from the first layer to the multilayers. Between
the second and third layers, the distribution is non-zero even at the lowest
temperatures. Increased peak widths in the multilayers relative to the layer
nearest to the surface indicates that the octane molecules have the ability to
reorient. Thus, the multilayers exhibit behavior more similar to bulk octane. It is
also interesting that the octane multilayers retain partial molecular order even at
the highest temperatures. In the smaller alkanes, the multilayers lose order at
lower temperatures.

The C(z) for layers nearest to the surface in octane on hBN are provided
in Figure 55. At monolayer coverages, the C(z) reveal that octane possesses a
measurable quantity of alkanes in the perpendicular state as identified by the
peak at 5.0 A and the increased intensity in the peak near 2.8 A which
correspond to the position of hydrogen atoms in a perpendicular orientation
relative to the surface. Comparatively, when the coverage is near three layers,
the perpendicular states appear to be minimized by the presence of multilayers
(see Figure 55 b). At both coverages, it is clear that the potential from the
substrate hinders the possibility of rotational/re-orientational motions as the

individual contributions to the C(z) from carbon and hydrogen atoms remain
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Figure 55 — Molecular C(z) for the layer nearest to the surface for monolayer (a.)
and trilayer (b.) coverage octane on hBN. The temperature range is as follows:
40 K (red), 100 K (blue), 160 K (green), 220 K (black), and 280 K (magenta). The
reduced temperature scaled to the bulk triple point is provided for reference to

other systems.
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resolved even at higher temperatures. The depths of the wells in between the
peaks also suggest that the motions of octane molecules are more restricted and
hence stabilized by the effective pressure from fluid multilayers. When this
feature is compared with the C(z) from smaller alkanes, it is apparent that the
increase in molecular size/length enhances the stabilization of the layer nearest

to the surface.

Conclusion

Adsorption properties for the normal alkanes methane through octane on
hexagonal boron nitride were examined using volumetric adsorption isotherm
measurements in the vicinity and above their bulk triple points. Methane was the
only molecule which formed a solid in the adsorbed phase as determined from
earlier diffraction studies. In addition, the adsorption isotherm for methane
exhibited five steps over much of experimental temperature range corresponding
with the formation of discrete adsorbed layers. Ethane and propane displayed
three distinct stepwise features, while for the remaining alkanes, a third layer was
measured, but much more subtle in appearance. The APMs for each of the
alkanes were calculated using a methane isotherm as a fiducial. A near linear
increase in APM was observed as expected. The thermodynamics of adsorption
were calculated using a variation of the Clausius-Clapeyron equation. The
calculated heats of adsorption as a function of alkane chain length increase

linearly. However, the second and third layers exhibit an odd-even oscillatory
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behavior not observed in the first layer. Additionally, the trend in the heat of
adsorption for the first layer is similar to that observed in the bulk enthalpy of
vaporization with an anomaly at heptane. The critical phase transitions for each
of the layers were located using a plot of the change in inverse compressibility
with increasing temperature. Molecular dynamics simulations were also
performed in order to provide microscopic details about the layering behavior
with increasing chain length. It was shown how smaller alkanes can exhibit
rotational motions in the layers nearest to the surface even at coverages of three
equivalent monolayers. The larger alkanes display much less layer stratification
at higher coverages compared with smaller alkanes. However, as a result of the
enhanced attraction to the substrate for larger alkanes, these multilayers tend to
stabilize the layer nearest to the surface to temperatures near 25 percent above
the bulk triple point. Future scattering experiments aim to provide additional
microscopic insight into this phenomenon. Structural and dynamical quantities
obtained from the MD simulations have been calculated and will be presented in

a future publication.
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Abstract

The thermodynamics of adsorption were obtained for n-pentane and n-
hexane adsorbed on the basal plane of graphite in the temperature ranges 190-
235 K and 230-280 K respectively using high-resolution volumetric adsorption
isotherms. These molecules exhibit a vdW interaction with the surface of graphite
and yield and overall greater binding than on boron nitride and MgO(100). The
areas per molecule calculated for the fluid monolayer phases were determined to
be 52.03 and 61.35 A2 for pentane and hexane respectively. These values are in
agreement with previous diffraction measurements performed for the monolayer
solid. MD calculations were performed in order to provide additional microscopic
insight. The MD simulations revealed that the stabilization of the layer nearest to
the surface by fluid multilayer takes place, however, it is less effective than

observed for adsorption on boron nitride and MgO.

170



Introduction

Surface adsorption is important in a variety of industrial and technological
processes. As a result, there is a growing need for advancing the current
understanding of fundamental interactions that govern these types of processes.
One approach utilizes volumetric adsorption isotherm measurements in order to
determine the thermodynamic quantities of a film-substrate interaction. The
results of these measurements provide a useful guide for complimentary atomic-
scale investigations using neutron/x-ray scattering and diffraction techniques.
Using this multi-faceted approach, a comprehensive understanding of roles
played by both the adsorbate and adsorbent in physisorption can be obtained.
The current study focuses on the interaction between the normal-alkanes
pentane and hexane on the basal plane of graphite (0001). A series of adsorption
isotherm measurements have been performed over a temperature range of 30 K,
where the differential thermodynamics were calculated for each layer. Classical
molecular dynamics (MD) simulations were performed to enhance our
understanding of the multilayer growth mechanism observed in the adsorption
isotherms.

Graphite is an ideal material to use as a substrate in this study because of
its simple layered hexagonal structure and bonding network combined with its
prominence in the electronics industry (Park 2012). Graphite has also drawn
interest from industry since it has been shown to be useful as a catalyst support

(Coq 1995, Otsuka 2004) Graphite in its natural form is defined as a semi-metal
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due to aromaticity resulting from delocalized pi-bonding. However, graphite's
electrical properties and surface reactivity can be easily tuned by surface
functionalization. Many of the approaches used in functionalizing graphite rely on
a fundamental understanding of the surface and how it reacts with a variety of
small molecules. The n-alkanes pentane and hexane are two simple chain
molecules where characterizing their interaction with graphite could be useful.
Fundamentally, pentane and hexane are the smallest molecules in the
homologous series of linear alkanes to exhibit observable conformational
changes. From an industrial perspective, pentane and hexane represent two of
the most commonly used solvents in synthesis with production exceeding 1
million pounds in the United States alone. These two alkanes are also commonly
used as fuels and fuel additives. Independently, pentane is used as a blowing
agent in forming polymer foams. Hexane is commonly found in textile solvents,
furniture varnishes, and adhesives. Furthermore, ring-opening reactions which
can be catalyzed on a support are important reactions in industry.

Previous experiments involving pentane and hexane adsorbed on graphite
include results from calorimetry (Castro 1998), ellipsometry (Krutchen 2005),
neutron diffraction (Castro 1998, Krutchen 2005, Arnold 2002) and molecular
dynamics (Wexler 2009, Hansen 1993). It was found that a solid monolayer of
pentane melts at approximately the same temperature as its bulk phase. This
was in contrast with behavior observed for other alkanes on graphite, where the

monolayer melting temperature exceeded the bulk melting temperature. The
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structure of the solid monolayer was determined to be centered rectangular
which is consistent with the other odd-numbered members of the homologous
series. However, the hexane monolayer solid was determined to exhibit a
herringbone rectangular structure which is characteristic of the even-numbered
linear alkanes. The MD and ellipsometry measurements revealed that the solid
monolayer melts by reducing the areal density by re-orienting and decreasing the
area projected on the surface. The current set of results in this study aim to
complement previous measurements by providing a set of high-resolution
thermodynamic data outside the temperature ranges previously investigated.
Additionally, the results from this investigation can used to determine the
influence of the substrate on the adsorption behavior. Larese et al. have
performed a comprehensive study of pentane on MgO(100) using volumetric
adsorption isotherm measurements combined with neutron diffraction and
molecular dynamics simulations. Adsorption measurements for pentane and
hexane on hexagonal boron nitride have also recently been completed and
provide a unique opportunity to compare two substrates with similar structure
(and symmetry), but with different chemical composition.

The work described below is centered on the interaction of n-pentane and
hexane with graphite using high-resolution volumetric adsorption isotherms
combined with molecular dynamics simulations. Isotherm measurements were
performed for pentane and hexane over the temperature ranges 190-235 K and

230-280 K respectively. The differential thermodynamics were calculated in these
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temperature ranges using a variation of the Clausius-Clapeyron equation.
Isosteric heats of adsorption were calculated for both alkanes near the lowest
temperatures measured. Potential phase transitions were identified using the
height of the layering transitions (proportional to inverse compressibility) as a
function of temperature. Classical molecular dynamics simulations were
calculated over a broad range of temperatures in order to provide additional
information about the dynamics and the multilayer growth. Our hope is that these
measurements will be used to enhance fundamental understanding of small
molecules on surfaces. The values from the thermodynamics also aim to
improve/validate current semi-empirical molecular force fields for modeling these

types of systems.

Experimental

Exfoliated graphite obtained from Union Carbide (GTB grade) was used in
these experiments. This form of GRAFOIL is a standard industrial grade
produced for fluid-sealing applications. The material was prepared for adsorption
measurements by sealing a quantity of graphite within a quartz tube which was
subsequently evacuated and heated at 700 °C until a base pressure of 107 Torr
was achieved (generally overnight). The treated graphite was transferred to an
OFHC Cu sample cell in an argon atmosphere. The sample cell was then loaded
onto the second stage of a closed cycle helium cryostat. The temperature of the

cryostat was maintained to £2.5 mK using a CryoCon model 32B temperature
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controller. n-pentane and n-hexane were obtained from Fisher Scientific and
Acros Organics respectively with greater than 99% purity for both solvents.

The adsorption measurements were performed on an "in-house"
constructed isotherm system based on the Mursic and Larese design (Mursic
1996). Each dosing sequence was controlled using a LabView-based program
for automating the operation of pneumatic switches. Equilibrium vapor pressures
were recorded using 1 and 100 Torr MKS Baratrons (capacitance manometers).
Hexane measurements above approximately 160 K were performed in a Pyrex
tube contained within a modified water bath with temperature regulation of
+10mK. Actual experimental temperatures were determined using empirical data
for Antoine's equation applied to the saturated vapor pressures of each run.
Methane adsorption was performed before and after a series of alkane
measurements to ensure the graphite sample quality was maintained throughout
the experiment.

MD simulations were performed using Accelrys' Materials Studio Forcite
package (Accelrys Forcite). A graphite unit cell was imported from refined
structural measurements (McKie 1986) and subsequently frozen in space (i.e. all
carbon atoms in graphite constrained). A 22 x 22 x 2 (a x b x ¢) supercell was
constructed from the unit cell. The surface was cleaved in the c-direction with an
80 A vacuum slab above and below the substrate. Periodic boundary conditions
were implemented to eliminate behavior resulting from edge effects. Thus, a

molecule leaving the cell in the c-direction would re-appear in the vacuum slab
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on the opposite side of the substrate. Nominal coverages of one, two, and three
equivalents of a monolayer were initially loaded onto the surface. Bias from the
starting positions of the adsorbate molecules was minimized by performing a
dynamics calculation at a temperature were all molecules were rotationally and
translationally mobile. Dynamics calculations were performed for 50 psina 1l fs
time step (frame output every 100 steps for a total of 501 trajectories). MD
calculations were performed in decreasing 10-20 K increments. The
intermolecular forces between molecules and the substrate were described by
the COMPASS (Sun 1998) semi-empirical force field. The calculations were
performed using the NVT ensemble with the Nosé Hoover Langevin thermostat
(Leimkuhler 2010) to regulate the temperature below ten percent the absolute

value.

Results and Discussion

Adsorption Isotherm Measurements

A set of more than 30 adsorption isotherm measurements were performed
for both pentane and hexane on the surface of graphite. The results of previous
calorimetry and neutron diffraction measurements (Castro 1998, Krutchen 2005)
suggest that the monolayer is an isotropic fluid phase in this temperature regime.
A representative selection of the isotherms measured for pentane and hexane

adsorbed on graphite is provided in Figure 56 and Figure 57. In both systems,
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Figure 56 — Plot of moles adsorbed versus reduced vapor pressure (P/Po =
equilibrium vapor pressure/saturated vapor pressure) for pentane adsorbed on

graphite in the temperature range, T = 191-231 K.
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Figure 57 — Plot of moles adsorbed versus reduced vapor pressure (P/Po =
equilibrium vapor pressure/saturated vapor pressure) for hexane adsorbed on

graphite in the temperature range, T = 231-244 K.
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the formation of the monolayer is accompanied by a relatively steep increase in
amount adsorbed as a function of chemical potential. Between the completion of
the monolayer and onset of bilayer formation, the system exhibits an abrupt
increase in chemical potential while relatively few molecules are introduced to the
adsorbed phase. The bilayer that follows appears as a smooth riser with less
definition as compared to the monolayer. The intensity and breadth of the
numerical derivatives indicate that the behavior of these two layers is inherently
different. The MD simulations discussed below reveal the cause of this
difference. For both pentane and hexane, a third layer appears for both alkanes
only at the lowest of adsorption measurement temperatures. In Figure 56 and
Figure 57, the third layer is identified by the subtle increase in molecules
adsorbed near P/Po= 0.8.

The averaged areas per molecule (APM) for pentane and hexane on
graphite were determined to be 52.03 and 61.35 A2 respectively. A methane
adsorption measurement at 77 K was taken in order to calculate the surface area
of the sample. From the results of Larese and coworkers (Larese 1988), the areal
density of methane on graphite at 77 K is 0.0636 molecules A2. The number of
molecules in the monolayer was evaluated using the Point B method and can be
seen in Figure 58 and Figure 59. Since the monolayer phase in these
experiments was a two-dimensional liquid, the quoted APMs are only the mean
values. Compared to the solid structures determined from neutron diffraction

data, the liquid APM is approximately 41% larger for pentane and 35% larger for

179



710° : .

»
T=176.29K
610° |} -
T 510° } .
8 ] .
§ 410° L e 4.7248 10 moles |
< N =2.845310" molecules
g 310°} e .
0
= 210°}F §
110° F .
0 | | | |
0 0.01 0.02 0.03 0.04

Figure 58 — Plot of moles adsorbed versus equilibrium vapor pressure in the
monolayer regime for pentane adsorbed on graphite at 176 K. The number of

moles in one monolayer was determined using the Point B method.
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moles in one monolayer was determined using the Point B method.
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hexane on graphite. APMs were previously determined in the same temperature
regime for pentane and hexane on MgO(100) (Yaron 2006, Cook 2015). In
comparison, pentane on graphite appears to be less dense than its liquid phase
on MgO(100), while hexane on graphite is more dense than observed on
MgO(100).

The thermodynamics of adsorption were calculated using a variation on
the Clausius-Clapeyron equations developed by Larher (Larher 1971). In this
formalism, the numerical derivative from the raw isotherm plot is used to identify
the location of adsorption layers in terms of equilibrium vapor pressure. The
natural logarithm of these locale is plotted versus inverse temperature and the
standard form of the Clausius-Clapeyron equation is used. Clausius-Clapeyron
plots for pentane and hexane on graphite are shown below in Figure 60 and
Figure 61. The thermodynamic values determined from these figures are
contained in Table 13. In comparison with the thermodynamic values obtained for
these alkanes on MgO(100) using the same method, the overall interaction of
pentane and hexane with graphite is stronger than on MgO(100) as illustrated by
the greater heats of adsorption.

Since the widths from the numerical derivatives of the raw data are
proportional to the inverse 2D compressibilities, phase transitions can often be
identified by observing abrupt changes or discontinuities in the full width at half
maximum. However, for pentane and hexane on graphite, the locations of critical

phase transitions are at temperatures lower than can be presently measurements
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Figure 60 — Clausius-Clapeyron plot for n-pentane adsorbed on the surface of
graphite. The individual layers are represented by red circles (1st layer), blue

squares (2nd layer), and green triangles (3rd layer).
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Figure 61 — Clausius-Clapeyron plot for n-hexane adsorbed on the surface of
graphite. The individual layers are represented by red circles (1st layer), blue

squares (2nd layer), and green triangles (3rd layer).
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Table 13 — Thermodynamic values for n-pentane and n-hexane on graphite

calculated from the Clausius-Clapeyron equation

Alkane AM® BM Q™45 (kI/mol) AH®™ (kJ/mol) AS™ (J/mol K)

4914.9+67 16.497+0.31 40.8625+0.5570 -9.9677+0.5768 20.4691+2.5827

Pentane 3874.3+22 18.76+0.10 32.2109+0.1829 -1.3161+0.2363 1.6545+0.8314
3716+18 18.959+0.02 30.8948+0.1497 - -

5708.7+68 17.067+0.26 47.4621+0.5654 -13.1902+0.5688 16.2040+£2.1750

Hexane 4632.7+98 | 18.834+0.40 38.5163+0.8148 -4.2443+0.8172 1.5131+3.3343
4122.2+7.5 | 19.016+0.03 34.272+0.0624 - -
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using volumetric methods due to small equilibrium pressures. Locating these
types of transitions was possible for adsorption of these alkanes on MgO(100)
and hexagonal boron nitride because the binding energies were lower, resulting
in higher overall equilibrium vapor pressures for the same temperature ranges

used in this experiment.

Molecular Dynamics Simulations

The minimum energy structures/orientations for single molecules were
calculated for both pentane and hexane on graphite in order to provide a
fundamental understanding about how the alkane interacts with the graphite
surface. The most stable orientations are provided in Figure 62 with
corresponding energies shown in Table 14. For both molecules, the most stable
configuration is one where the long molecular axis is parallel to the surface.
Additionally, the plane of the molecule lies parallel to the surface where the
optimal number of carbons are nearest to the surface. As previously observed for
large alkanes on MgO(100), (Fernandez-Canoto 2014, Strange 2016) there are
molecular orientations where the plane of the molecule is perpendicular to the
surface. Normal alkanes with an odd number of carbons (e.g. pentane) have two
inequivalent perpendicular "states" where the orientation with the most carbons
nearest to the surface exhibits a stronger binding energy. It has been suggested
that this behavior may contribute to the well-known "odd-even" effect observed
for bulk alkanes in the two-dimensional adsorbed state. It is possible that the

perpendicular states are important in the melting mechanism where the molecule
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Figure 62 — Minimum energy configurations for pentane and hexane adsorbed on

the basal plane of graphite

Table 14 — Calculated energy values for minimum energy configurations of single

molecules on the surface of graphite

. . Surface Energy
Alkane Surface Configuration Orientation (kcal/mol)
Parallel <10> -21.6157

Pentane Perpendicular — odd <10> -20.8002
Perpendicular - even -19.9503

Hexane Pa_rallel <10> -26.6307
Perpendicular - odd <10> -25.2031
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could re-orient to reduce its area projected on the surface. An interesting
comparison could be made by determining the relative population of
perpendicular states and their ability to re-orient on surfaces with different
chemical composition and symmetry.

C(z) at a coverage of approximately three layers for pentane and hexane
adsorbed on graphite are shown in Figure 63 and Figure 64 respectively. These
distributions are qualitatively similar to those observed in previous work for
octane, nonane, decane on MgO(100) (Strange 2016). The layer nearest to the
surface remains relatively well ordered and stratified as identified by the set of
peaks centered at 3.0 A. Interlayer traffic between the first and second layers is
mostly restricted as shown by the deep well near 6.0 A. The second and third
layers are rotationally and translationally mobile since the representative carbon
and hydrogen peaks cannot be resolved except for at the lowest temperature.

As previously noted the adsorption measurements and single molecule
calculations for pentane and hexane on graphite suggest that alkanes bind the
strongest to graphite in comparison with MgO(100) and hexagonal boron nitride
substrates. Surprisingly, both pentane and hexane exhibit only a weak
stabilization of the layer nearest to the surface by the fluid multilayers. Figs.
Figure 65 and Figure 66 demonstrate how the rotational and translational order
with respect to distance from the surface in the first layer evolves with an
increase in temperature. The left-most C(z) represents the first layer at

monolayer coverage while the figures on the right are for coverages of nominally
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Figure 64 — C(z) for trilayer hexane on graphite.
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Figure 66 — C(z) for monolayer hexane on graphite compared to trilayer coverage
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three layers thick. The C(z) peak widths at both monolayer and trilayer coverages
are relatively similar. For alkanes on MgO(100) and boron nitride, C(z) at trilayer
coverages exhibited narrower peaks over a greater temperature range when
compared to monolayer coverages. Additionally, for pentane and hexane on
graphite, it appears as though there is an appreciable distribution of atoms
between the first and second layers at trilayer coverage. These observations
provide a question regarding the origin of the first layer stabilization by fluid
multilayers. For both alkanes, the height of the peak near 2.8 A indicates that
there are alkane molecules in the perpendicular orientation with respect to the
surface. It may be important to note that the population of perpendicular

orientations is slightly greater for pentane than for hexane on graphite.

Conclusion

High-resolution volumetric adsorption isotherm measurements were
performed for n-pentane n-hexane on graphite in order to determine the
thermodynamics of adsorption. These measurements revealed that pentane and
hexane molecules interact stronger on graphite compared to MgO(100) and hBN.
The averaged areas per molecule in the liquid phase were observed to be nearly
30 percent larger than observed for the monolayer solid. MD simulations were
used to provide additional microscopic insight about the layering behavior of the
alkanes on graphite. Compared with previous calculations performed for alkanes

on MgO, adsorption on graphite seemingly has a lesser stabilization of the layer
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nearest to the surface. Future structural and dynamical measurements aim to

provide supporting evidence for this phenomenon.
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CHAPTER SIX = INELASTIC NEUTRON SCATTERING STUDY OF
ETHANOL ADSORBED ON TRANSITION PHASE ALUMINAS
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Abstract

A combination of temperature programmed desorption (TPD) and inelastic
neutron scattering (INS) measurements were performed in order to investigate
the surface-catalyzed reaction of ethanol on the surface of transition phase
aluminas. The TPD measurements provided preliminary information about the
optimal temperatures for the formation of the ethylene product. The surface
reaction and subsequent desorption on y-alumina proceeds at lower
temperatures than for 6-alumina. However, the 8-phase results in minimal
formation of a diethyl ether byproduct. Inelastic neutron scattering measurements
revealed the presence of surface-bound ethanol and other reaction
intermediates. The surface species were identified by comparison to previous

spectroscopic measurements.

Introduction

Adsorption plays a key role in many technologically important processes
including lubrication, gas separations, and catalysis. In particular, heterogenous
catalysis often relies on solid substrates that either act as a catalyst or catalyst
support. In order for a heterogenous catalyst to be effective, a reactant molecule
must first adsorb to the substrate. In some cases, the adsorbed molecule must

diffuse along the surface to a catalytically active site followed by a chemical
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reaction. Upon completion of the reaction, the product can then potentially diffuse
across the surface and finally end the process with desorption. While this cycle is
simple to describe in an elementary way, the underlying phenomena that occur in
each step are much more complex. Investigating the stages of catalysis using
surface sensitive measurements can provide a more complete understanding of
how the reactant molecules interact with the substrate before, during, and after
the chemical reaction. This can be achieved using a combination of volumetric
adsorption isotherms, temperature programmed desorption (TPD), and
spectroscopic methods. In the current study, we have employed inelastic neutron
scattering (INS) as a sensitive probe for investigating the dehydration reaction of
ethanol on the surface of transition phase aluminas.

Alumina (Al203) has been widely used as a catalyst and catalyst support
for a large number of organic reactions for a number of years (Pines 1960,
Peterson 2014). The alumina powders used in these industrial processes are
often derived from minerals present in the aluminum ore, Bauxite. Some of the
more common minerals used to produce alumina are Gibbsite, Boehmite, and
Bayerite. These minerals are essentially hydroxylated aluminas that transition
through a variety metastable phases upon thermal treatment before ultimately
rearranging to form the highly stable corundum phase (a-alumina). Figure 67
illustrates some of the intermediary transition aluminas that can be derived from

the aforementioned minerals. The structures of the transition aluminas are
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Figure 67 — Calcination sequence for a variety of aluminum oxide hydroxide

starting materials from Wefers and Misra (Wefers 1987)
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strongly dependent on the impurities and defects of the starting minerals. As a
result, there is disagreement in the literature about the bulk and surface
structures of the transition aluminas.

In an effort to better understand the transition alumina structures and their
relationship with catalytic efficiency, new studies have been performed aimed at
determining the identity and quantity of reactive surface sites on transition
aluminas. Reports by Peden et al. (Kwak 2011) suggest that Lewis and Brgnsted
acid sites on the alumina surface contribute to the catalytic dehydration of
alcohols. Unsaturated penta-coordinated Al** atoms on the (100) surface of
alumina were identified as the Lewis acid sites while hydroxyl groups function as
the corresponding Brgnsted acid.

The use of INS in catalysis has only recently attracted considerable
attention for studying these types of surface-mediated reactions. This approach
is advantageous over other spectroscopic technigues due to its sensitivity to
hydrogen atom motions (in particular, hydroxyl/methyl vibrations and torsions).
The inelastic incoherent scattering cross section for hydrogen in the thermal
neutron energy range is an order of magnitude higher than any other element
(Sears 1992). Thus, INS provides a unique and sensitive probe for studying the
reactants, intermediates, and products in a surface-catalyzed reaction. The
results of INS experiments can also be accurately modeled with molecular

dynamics and density functional theory.
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Experimental

The mineral boehmite was obtained in powdered form from BASF (BASF
G-250 catalyst substrate). All the alumina samples used in these studies were
derived from the same starting boehmite batch. Specifically, the transition
aluminas (y, 8) and the final corundum phase (a) were calcined using a Lindberg
Blue top loading furnace in open air. The temperature programs for the
calcination of Boehmite to the transition aluminas are provided in Table 15. The
resulting alumina materials were thoroughly characterized using x-ray diffraction
(XRD), solid state NMR (SS-NMR), thermogravimetric analysis with differential
scanning calorimetry (TGA-DSC), and adsorption isotherm techniques. Our
characterization of the alumina powders was guided by the work of Peden et al.
(Kwak 2008, Kwak 2009, Kwak 2011). The combined results of these
measurements verified the identity and nature of the alumina powders used in
the subsequent temperature programmed desorption (TPD) and inelastic neutron
scattering (INS) experiments. A brief summary of these characterization steps is
given below.

X-ray Diffraction

XRD measurements were performed on a Panalytical Empyrean power
diffractometer with a Cu-ka source and rotating sample stage. All XRD patterns
were obtained in open air at room temperature. The resulting patterns for the y-
and 6-phases in comparison to the starting boehmite material are provided in

Figure 68. The structures of the various transition aluminas were determined
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Table 15 — Calcination temperatures and times for conversion of boehmite into

the transition aluminas. Note: In each case, the starting material is boehmite

Alumina Phase Calcination Time
Temperature (°C) (hrs)
Boehmite N/A N/A
y-Alumina 600 8
y-Alumina with
additional penta- 600, 8,
coordinated Al3* 800, 2,
- 600, 2,
sites
B-Alumina 1050 8
a-Alumina 1200 )
b M\\/M
T-ALO, /‘JMLN
NOOHpﬂwMAWMMJw kwﬂvh

20 30 40 50 60 70 80
20 (deg.)

Figure 68 — XRD patterns for Boehmite in addition to y- and 8-alumina phases

1

o

calcined from the raw material
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using the Rietveld refinement using GSAS (Larson 2000) and were found to be in

agreement with values reported in the literature.

Solid State NMR

27Al solid state magic angle spinning (SS MAS) NMR experiments were
performed on a Varian INOVA 400 MHz NMR. The NMR spectra are shown in
Figure 69, Figure 70, and Figure 71 below. Figure 69 illustrates the change in
aluminum coordination as a function of temperature. The octa-coordinated
aluminum signal identified near O ppm is present in all the alumina phases. The
structural reorganization that accompanies the y-phase formation is
demonstrated by the blue spectrum at 600 °C. The peak in the spectrum
appearing near 60 ppm indicates the formation of tetrahedrally coordinated
aluminum sites. The y- and 8-alumina NMR spectra can be viewed with greater
detail in Figure 70 and Figure 71. As the temperature of these phases is
increased near 800 °C, a third peak becomes apparent at 25 ppm corresponding
to increased numbers of penta-coordinated aluminum sites which appear at the
(100) surfaces of y- and 8-alumina.

TGA-DSC

TGA-DSC measurements were performed using a Netzsch Jupiter STA-
449 instrument. The TGA recorded the percent mass lost during the calcination
process and the DSC reveals the completion of the phase transitions. For all the
TGA-DSC measurements, a linear temperature ramp was employed until the
calcination temperature was reached. At this point, the temperature was fixed in
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Figure 69 — Solid State NMR for the thermal treatment of the Boehmite starting

material as a function of temperature.
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Figure 70 — (a) Solid State NMR for the thermal treatment of y-alumina as a
function of temperature. (b.) Peak area of penta-coordinated aluminum sites with

increasing temperature.
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order to observe the time dependence of mass loss and phase completion. The
calcination scheme for y-alumina containing additional penta-coordinated Al3*
exhibited multiple temperature ramps. The boundaries of the temperature ramps
are indicated by vertical dashes in Figure 72, Figure 73, and Figure 74. During
the transformation to y-alumina, about 13% of the initial mass was lost (see
Figure 72). This decrease in mass likely resulted from a loss of hydroxylation and
other physisorbed gases during the formation of the y-phase. An exothermic
turnover in the DSC trace can be observed just before the calcination
temperature is reached indicating a crystalline phase transition. The formation of
additional penta-coordinated aluminum sites noted above in the NMR spectra
can be observed in Figure 73. Upon calcination at 600 °C, the TGA-DSC mimics
that observed for y-alumina. However, the DSC exhibits a second exothermic
feature suggesting a new phase forms when heated to 800 °C. This new phase is
similar in bulk crystal structure to y-alumina with greater numbers of penta-
coordinated aluminum surface sites similar to 8-alumina. These findings offer
further support to our above NMR results. The y-alumina sample was used as
the starting material for the calcination to the 8-phase, hence the smaller
decrease in percent mass. This thermal treatment can be viewed in Figure 74.
Upon completion of the B8-alumina phase, the powder loses nearly 20% of its
starting Boehmite mass. Another exothermic feature in the DSC indicates the

formation of the 8-alumina phase.
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Figure 72 — TGA-DSC for the calcination of Boehmite to y-alumina. The red trace
(left axis) represents the percent mass loss from the starting material. The

corresponding DSC is shown in blue (right axis).

206



Temperature (°C)

2
| |
o O o
CDo ‘ . O o
. , o )
O j j O : O
o 115
" 95 o 8
% 1 Q
% - 3
c 90 ]
S \ =
(&] ) 3
o ; Q
[l 3 3 ~
85 o
0 200 400 600 800 1000
Time (min)

Figure 73 — TGA-DSC for the calcination of Boehmite to y-alumina with additional
penta-coordinated aluminum sites. The red trace (left axis) represents the
percent mass loss from the starting material. The corresponding DSC is shown in

blue (right axis).
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Figure 74 — TGA-DSC for the calcination of Boehmite to 8-alumina. The red trace
(left axis) represents the percent mass loss from the starting material. The

corresponding DSC is shown in blue (right axis).
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Adsorption Isotherm Measurements

Volumetric adsorption measurements were performed on the transition
alumina samples using an in-house design and developed adsorption apparatus
described elsewhere (Mursic 1996). Methane adsorption isotherms at 77 K were
used as a standard to determine the surface quality and relative surface areas of
the alumina powders. Figure 75 illustrates the methane adsorption in the
monolayer regime for each of the alumina phases. The Point-B method (Emmett
1937) was used to determine the number of molecules in an adsorbed
monolayer, the relative decrease in adsorption capacity was plotted as a function
of calcination temperature (see Figure 76). 190-proof ethanol was purchased
from Fischer Scientific and azeotropically distilled to remove any water content.
The purified ethanol was subsequently further distilled using a freeze-pump-thaw
distillation cycle to remove any remaining soluble gases from the liquid. The
absence of impurities in the ethanol was verified using the gas chromatography
prior to use in adsorption measurements. Ethanol adsorption was performed at
room temperature and allowed to continue until just before reaching the
saturated vapor pressure. Once again, the Point-B method was used to
determine the relative adsorption capacity for adsorption of ethanol on the
aluminas at room temperature. New alumina samples were prepared after each
adsorption measurement because slow adsorption kinetics suggested a chemical
reaction occurs at the temperature where these adsorption measurements were

performed.

209



—e—Boehmite —‘—y-A|203 (penta) +a-AI203

—=—y-AlO  ——0-AlO
2 3 2 3

400 !

350

300

250

200

150

100

50

Volume Adsorbed (arb. units)

0 0.5 1 1.5 2
Pf (Torr)

Figure 75 — Adsorption isotherms of methane on the surface of the aluminas at

77 K. Monolayer coverages were identified by the Point B method, i.e. the

intersection between a linear fit to data in the low-pressure region (vertical) and a

linear fit to data in the high-pressure region (horizontal)
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Figure 76 — Decrease in alumina surface area with increasing thermal treatment
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Temperature Programmed Desorption (TPD)

The transition aluminas with monolayer coverage ethanol adsorbed were
examined using a modified approach to standard temperature programmed
desorption (TPD) methods. The setup for TPD included a temperature calibrated
top-loading furnace, custom-built gas-handling manifold, Stanford Research
Systems residual gas analyzer mass spectrometer (RGA), and an HP 5890 gas
chromatogram with a thermal conductivity detector. The column used in the GC
was a 2m long, 2.2 mm inner diameter stainless steel column packed with
Hayesep T porous polymers. Additional parameters for the GC are provided in
Table 16. In these measurements, the vapor phase of the ethanol on alumina
system was sampled at discrete temperatures between room temperature and
300 °C in 25-degree increments. Throughout the entire TPD measurement, less
than 1% of the total ethanol molecules initially adsorbed were removed and
sampled. This feature was by design in order to maintain a fixed coverage-
dependent chemical potential. At each temperature, a ten-minute waiting period
was employed to ensure thermal equilibrium.

Inelastic Neutron Experiments

Three identical aluminum sample cans (i.d. = 9.7mm; wall thickness =
0.5mm) were prepared with approximately 2.3 grams of 8-alumina in an inert
atmosphere. The samples were mounted on a sample stick similar to those
described by Koehler and Larese (Koehler 2000) and subsequently evacuated.

The first sample can was used as a background sample, while the remaining two

212



Table 16 — Relevant parameters for GC-TCD temperature programmed desorption

Gas Chromatography Value
Parameters

Stationary Phase L=2m,1.D.=2.2 mm
column packed with
Hayesep T porous
polymers

Mobile Phase UHP Helium

Mobile Phase flow rate 0.529

(mL/sec)

Inlet Head Pressure (kPa) 58

Reference Gas flow rate 2.53

(mL/sec)

Initial Oven Temperature (°C) 140

Initial Oven Hold Time (min) 1.5

Temperature Ramp Rate 40

(°C/min)

Final Oven Temperature (°C) 250

Final Oven Hold Time (min) 5

Detector Temperature (°C) 175
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were loaded with monolayer coverage ethanol. One of the ethanol-dosed
samples was heat treated to 300 °C in a top loading furnace. INS measurements
were performed on VISION (Seeger 2009) at the Spallation Neutron Source
(ORNL). The samples were measured near 5 K for approximately 4 hours. The
signal from the background 8-alumina sample was subtracted from the ethanol
and heat-treated ethanol samples in order to isolate the signal from the
adsorbate and vapor phase molecules. The details of obtaining these types of

difference spectra are provided elsewhere (Larese 2008).

Results and Discussion

Temperature Programmed Desorption (TPD)

TPD measurements were performed for monolayer coverage ethanol
adsorbed on the transition aluminas. The results of these measurements served
as a guide for determining the optimal temperatures for initiating a chemical
reaction at the surface for later INS measurements. It should be noted that the
purpose of these measurements was to examine the identity and relative
abundance of reactant and product molecules in the vapor phase rather than
determine the desorption quantity as a function of temperature in standard TPD
measurements. Our measurement technique results in a constant surface
coverage throughout the entire measurement by sampling less than 1% the total

molecules initially adsorbed on the surface. Figure 77a illustrates the gas
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Figure 77 — (a) TPD of monolayer ethanol on the surface of y-alumina as a function
of temperature. (b) Numerically integrated areas obtained from the TPD peaks as
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chromatogram as a function of increasing sample temperature. A significant
signal from unreacted ethanol desorbing from the surface is visible until 225 °C.
At this point, ethyl ether appears to form until the onset of ethylene formation at
250 °C. The results of these measurements agree with those made previously by
Peden et al. for ethanol on y-alumina.

In Figure 78, the TPD for ethanol on the surface of y-alumina containing
additional penta-coordinated Al** sites suggests that the formation of ethyl ether
and ethylene mimics the behavior observed previously for regular y-alumina.
However, in the low temperature regime, the ethanol signal is drastically reduced
in comparison. In fact, on the y-alumina with additional penta-coordination, the
ethanol signal gradually increases until a plateau near 175 °C. This indicates that
there are more sites on this material with a greater overall binding energy in
comparison with the regular y-alumina material. This is expected since the penta-
coordinated aluminum sites are known to be active Lewis acid sites in the
hydration reaction.

The TPD for monolayer ethanol on 6-alumina is shown in Figure 79. From
the integrated areas in Fig 79(b), the surface of 8-alumina exhibits the strongest
binding and the narrowest temperature range for ethyl ether formation.
Additionally, ethylene doesn’t form until 275 °C where the concentration abruptly
increases. These shifts in temperature suggest that the surface sites and
reactivities are different for 8-alumina as compared to the y-aluminas. From the

results of the TPD measurements, it was determined that 300 °C was a
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sufficiently high temperature for initiating a surface reaction of ethanol on 6-

alumina.

Inelastic Neutron Scattering (INS)

The INS spectrum recorded for 8-alumina represents the first presentation
to our knowledge of a comprehensive and high-resolution spectrum that includes
all excitations (i.e. no selection rules) between 0 and 4000 cm™*. The bulk and
surface structures of 8-alumina are not well characterized in the literature and
additional modeling studies are required before making absolute conclusions
about the vibrational spectrum. As a result, the peaks in the 6-alumina INS
spectrum were identified by comparison to previous IR and Raman studies (see
Figure 80 and Figure 81).

Since the surface of the 6-alumina is modified during chemisorption, the
signal of the background could not be effectively subtracted to isolate the
adsorbate signal. The spectrum from the monolayer adsorbed ethanol was
compared with the background alumina signal in Figures 80-83. In the range of
0-120 cm™, there is one substantial difference accompanied by a few additional
minor peaks. After the adsorption of ethanol, a strong signal at 93 cmis
observed. This feature is likely a downshifted hydroxyl torsional mode associated
with a chemisorbed ethoxide molecule. Hydroxyl torsions in bulk ethanol are
reported in the literature around 200 cm* with frequency shifting of 30 cm* for

the deuterated variety (Barnes 1970).
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Figure 81 illustrates ethanol adsorbed on 8-alumina the spectral range of
150-1000 cm. In this range there are three notable peaks which propagate in
the vicinity of the bulk trans ethanol hydroxyl torsion fundamental. These peaks
likely represent ethyl and hydroxyl torsional modes (Barnes 1970) from ethanol
chemically bound to the alumina surface. Complex alumina lattice modes from
coupled Al-Os and Al-Os centers can be seen between 400 and 750 cm™!
(Saniger 1995).

At higher energies (1000-2000 cm?), the vibrational modes of chemically
bound intermediates appear. The bands labeled a-c in Figure 82 correspond to
C-O and C-C stretching modes in an ethoxide group bound to the surface. Peak
d is attributed to a scissoring bend from the hydroxyl group in ethanol. Near 1500
cm, deformations of CH and CHz: in ethyl groups are observed. Peaks e and f
come from OCO symmetric and asymmetric stretches respectively. Finally, the
peak at 1630 is attributed to an HOH bend in H20 and hints at the formation of
adsorbed water from the dehydration reaction.

The highest spectral region (2000-4000 cm?) recorded is more complex
due to the overlap between surface hydroxyl modes from the alumina surface
and hydroxyl modes from chemisorbed ethanol. However, upon adsorption of
ethanol, considerable increases in signal were readily identified and differentiated
from the alumina hydroxyls. Literature suggests that surface hydroxyls of 6-
alumina can be observed in the frequency range from 3000-3600 cm™ which is

apparent in our measurement. Near 3430 cm?, a strong band appears that
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DeCanio has suggested to occur from OH stretches in physisorbed ethanol. The
appearance of the previously reported peaks in the monolayer ethanol sample
confirm that the ethanol reacts with the alumina surface in a variety of ways
including both physical and chemical interactions.

The sample containing monolayer ethanol on alumina which was heat
treated at 300 °C for 1 hour exhibited several notable changes when compared
with the non-heat-treated sample (see Figure 84 and Figure 85). First, the strong
band near 93 cm-1 corresponding to ethanol decreased dramatically in intensity
after heat treatment. Concomitantly, three peaks appear in the spectrum which
align well with the bulk ethylene reference spectrum in Figure 84. In addition, the
ethanol peaks in the bulk torsional range (150-200 cm™) decrease in intensity
where the ethylene librational mode is expected to appear. In the higher
frequency regime (see Figure 85), the peaks at 1500, 2750, and 3400 cm* all
decrease upon heating. The loss of the strong ethanol bands in the heat-treated
spectra suggest that the dehydration reaction proceeds at 300 °C. Additionally,
from the appearance of peaks in the low frequency spectrum, it appears ethylene
is the main product in the dehydration on 8-alumina. Bulk ethylene has no strong
excitations in the higher energy region, thus no statement can be made about the
appearance of reaction products. A reference INS spectrum for diethyl ether was
obtained from Parker et al. (Bennett 2015) The heat-treated sample did not

contain any peaks that corresponded with the formation of diethyl ether.

224



~ 1.0

0.99 4
- — — Bulk Ethylene L | 5
] \\ —— Ethanol on 6-Alumina | 0.9
0.88 - U V7 \ —— Ethanoal on 8-Alumina Heat Treated
- -
’ ‘\ e, L 0.8
0.77 - ~ .7 N L
R
- - 0.7
— 0.66 - Ethanol decreases - 0
s n
- - 0.6
c
- 0.55 - B
n L 05
0.44 M
- 0.4
0.33 Ethylene increases Ethle.ne i - -5
]‘ Libration 0.3
0.22 I I 0.2
T T T

25

50

75

T T T T T T T T
100 125 150 175 200 225 250 275 300

Energy (cm-1)
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Conclusion

The adsorption, TPD, and INS measurements performed provided a bulk
and microscopic understanding of the acid-catalyzed dehydration of ethanol on
the surface of transition phase aluminas. Adsorption isotherm measurements
revealed a decrease in available surface area with increasing calcination
temperatures. The temperature programmed desorption measurements indicated
that the dehydration reaction proceeds around 200 °C for y-aluminas and nearly
300 °C for 6-alumina and beyond. This feature provided direct evidence that the
surface reactivities are notably different for y- and 8-alumina phases. INS is a
technique which has only recently seen use in heterogenous catalysis. The
sensitivity of INS to providing information about surface-catalyzed reactions can
yield a potentially significant breakthrough in this realm. Our inelastic neutron
scattering measurements confirmed that the ethanol chemically reacted with the
alumina surface where a variety of intermediate ethoxide and surface hydroxyl
species were observed. Due to the limited beam time provided for the INS
measurements, our results do not justify the full potential of this technique.
Further INS measurements and calculations performed on the interaction of
ethanol with alumina are required before a comprehensive determination of the
surface species can be made. The geometry optimized structures can be used to
generate normal vibrational modes based on the classical GF-method using the
program aClimax. Additional INS measurements are also planned for

investigating the interaction of ethanol with other transition-phase aluminas.
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CHAPTER SEVEN — CONCLUSIONS AND FUTURE WORK
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The physical adsorption of normal alkanes was examined on the surfaces
of MgO(100), graphite, and hBN using volumetric adsorption isotherms and MD
simulations. These results provide thermodynamic and microscopic insight into
the influence of substrate symmetry and chemical composition on the adsorption
properties of n-alkanes. The alkanes interact with these substrates primarily
through weak vdW intermolecular forces. The thermodynamics of adsorption
suggest that n-alkanes bind the strongest with the basal plane of graphite,
followed by hBN and MgO(100) respectively. The weaker interaction with hBN
indicates that the presence of a partial electrostatic potential does not increase
the binding energy via polarization of alkane electrons. This was not too
surprising considering the static polarization of alkanes is low. Using the
homologous series of n-alkanes as adsorbates in a systematic study revealed
that there is a relatively linear increase in the heat of adsorption with an increase
in chain length on hBN and MgO(100). The critical phase transitions were
identified using the change in 2D compressibility as a function of temperature.
The precise location of these transitions can be improved in subsequent
experiments using calorimetric methods. The MD showed how the geometry of
the adsorbate molecule influences its layering behavior. The C(z) for methane,
ethane, and propane revealed that there are rotational dynamics even in
confined layers. The C(z) for longer alkanes indicated that there is less layer
stratification in the multilayers, but the overall attraction to the surface results in a

stabilization of the layer nearest to the surface at temperatures above the bulk
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triple point. Structural and dynamical quantities were calculated from the MD
trajectory; however, the analysis of these functions will be performed in a later
publication. Additionally, neutron and x-ray diffraction experiments have been
proposed in order to clarify the monolayer solid structures of alkanes on hBN and
graphite. Future inelastic neutron scattering experiments aim to provide
information about how the substrate’s potential hinders rotational/configurational
motions as well as the propagation of longitudinal and transverse acoustic modes
previously observed in bulk alkanes.

In a secondary study, the chemical adsorption of ethanol was studied on
the surface of transition aluminas. Upon adsorption, the ethanol was catalytically
dehydrated to produce ethylene by surface Lewis and Brgnsted acid sites. The
dehydration reaction was studied in-situ using temperature programmed
desorption and inelastic neutron scattering. The TPD measurements revealed
that the surface reactivities differ between the y- and 6-alumina phases where
ethylene desorbs from the surface at higher temperatures on 6-alumina.
Additionally, the side reaction that forms diethyl ether was minimized on the
surface of 8-alumina. The INS measurements indicated that 1) the ethanol
chemically binds to the surface, 2) the dehydration reaction proceeds near 300
°C, and 3) bulk ethylene is formed. The INS spectra were analyzed by making
comparisons to previous spectroscopic measurements of surface bound ethanol.
Future studies involve modeling the reaction intermediates on the surface of the

transition aluminas. This has proven difficult in the past since the surface
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structures of transition aluminas are not well defined and it is unclear how
surface charges are redistributed from the undercoordinated surface atoms.
Upon design of an accurate surface model for transition aluminas, density
functional theory can be used to optimize the structure of a chemically-bound
species and produce coordinates and force constants for normal mode analysis.
The program aClimax (Ramirez-Cuesta 2004) can be used to produce a neutron
vibrational density of states from the normal modes.

Finally, these studies underscore the value of INS techniques for the
investigation of surface mediation of chemical reactions. Although the study
described here is brief, the results clearly indicate that INS will play an important
role in understanding the microscopic underpinnings of chemical reactions at

interfaces.
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Figure 94 — Clausius-Clapeyron plot for methane adsorbed on hBN
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Figure 95 — Clausius-Clapeyron plot for ethane adsorbed on hBN
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Figure 96 — Clausius-Clapeyron plot for propane adsorbed on hBN
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Figure 97 — Clausius-Clapeyron plot for butane adsorbed on hBN
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Figure 98 — Clausius-Clapeyron plot for pentane adsorbed on hBN
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Figure 99 — Clausius-Clapeyron plot for hexane adsorbed on hBN
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Figure 100 — Clausius-Clapeyron plot for heptane adsorbed on hBN
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Figure 101 — Clausius-Clapeyron plot for octane adsorbed on hBN
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Figure 102 — C(z) for trilayer coverage n-butane adsorbed on hBN
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Figure 103 — C(z) for trilayer coverage n-pentane adsorbed on hBN
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Figure 104 — C(z) for trilayer coverage n-hexane adsorbed on hBN
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Figure 105 — C(z) for trilayer coverage n-heptane adsorbed on hBN
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